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Foreword

While one could be forgiven for thinking that the era of a single, comprehensive anaesthetic textbook has been superseded by
the need for a series of individual specialist texts, this is certainly
not the case for the vast majority of anaesthetists, who tend to be
generalists with a special interest. During training, anaesthetists
are exposed to all the major surgical subspecialties, together with
intensive care medicine and pain management, but also need to
acquire skill and versatility to treat patients in a variety of nontheatre environments. On the one hand, these two volumes are a
comprehensive ‘bible’ of all that the anaesthetic trainee needs to
know to pass their general and specialist anaesthetic examinations
and complete their higher training. On the other, they provide a
single reference for everything that one is likely to encounter as a
specialist, who, in all but the most specialist hospitals, will normally
provide anaesthesia for a variety of surgical specialities, together
perhaps with one or two special interests. The real issue for the general clinical anaesthetist is their acute, on-call commitment, when
they may be asked to work outside their normal comfort zone, particularly in the non-teaching hospital environment. Having access
to a comprehensive and up-to-date text book is a vital reference
point, which many will find invaluable during their clinical practice. This book is therefore something which, having been one’s
bedrock during training, will provide an invaluable reference point
in one’s subsequent clinical practice.
Written by clinicians for clinicians, arranged in two volumes along
familiar lines, and with contributions from eminent anaesthesiologists from around the world, this Oxford Textbook of Anaesthesia
sets out both the evidence base and current practice in anaesthesia
from first principles. It not only covers those areas that traditionally are part of a basic science and clinically orientated textbook
of this nature, but also includes a number of new and innovative
areas which are increasingly important and yet, apart from reading
individual journal articles, are not available in a collated form for
the clinician to read and understand.
Volume one focuses on applied basic science in anaesthesia
together with evidence-based medicine and the practice and management of anaesthesia, the latter comprising a collection of chapters of major relevance to modern anaesthetic practice. Each chapter
is well set out using colour to highlight text alongside excellent diagrams, illustrations and photographs. The chapter on central nervous system physiology in anaesthetic practice is an example of up
to date knowledge on theories of consciousness, sleep and memory

and their implications for anaesthesia. This volume concludes with
two excellent and relevant chapters on post-surgical analgesia and
acute pain management.
The second volume centres on clinical practice, beginning with up
to date anaesthetic techniques and including two additional chapters on conscious sedation and blood conservation and transfusion.
Regional anaesthesia of the upper and lower limbs, extensively illustrated by the use of ultrasound images is followed by chapters on
the conduct of anaesthesia for each surgical specialty. These are a
key part of any comprehensive textbook written either for those in
training, or for the general anaesthetist confronted with occasional
problems outside a specialist unit and needing to have an up to date
understanding of current practice. The chapter on cardiac anaesthesia is an excellent example of such a sub-speciality overview, after
which one would need to resort to specialist textbooks. The same is
true of neuroanaesthesia, neuroradiology and intensive care.
By contrast, there is a comprehensive section on paediatric
anaesthesia, which gives excellent guidance to the occasional paediatric anaesthetist as well as the trainee and certainly cautions that
children are certainly not just small adults! The chapter on ethics,
consent, and safeguarding in paediatric anaesthesia is particularly
opportune. Chapters on pre-hospital care and military anaesthesia also significantly enhance the breadth and depth of the whole
book. Again by contrast, the final section on critical care is simply
limited to four important areas for the general anaesthetist, thus
avoiding trying to recreate a comprehensive textbook on intensive
care medicine within a general text.
In this new and innovative Oxford Textbook of Anaesthesia, the
authors, under the close direction of the three editors, have produced an outstanding text, relevant to both trainees and established
clinicians alike. The extensive use of illustrations, photographs and
diagrams makes the text easy to read and dividing it up into small
relevant sections, allows the reader to rapidly access the necessary
information. Written by experts in their individual fields and yet
with an acute awareness of their readers’ needs, I am sure that this
textbook will become one of the key anaesthetic texts in the United
Kingdom, in Europe and further afield.
Sir Peter Simpson
MD FRCA FRCP FRCS (Hon) FCARCSI (Hon)
Past President, Royal College of Anaesthetists
Past President, European Society of Anaesthesiology
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Preface

The Oxford Textbook series represents the pre-eminent authority
on medical practice worldwide. In creating this, the first edition
of the Oxford Textbook of Anaesthesia, a unique opportunity was
presented: to craft a major scholarly work detailing the evidence
base and current practice in anaesthesia from the ground up. Not
being shackled to previous contents lists or existing editors, we have
designed this textbook from the many years of learning and the
ongoing scientific endeavour that underpin our specialty. While we
are each experienced researchers, authors, and book and journal
editors, foremost we are practising anaesthetists who are passionate
about providing the very best clinical care to our patients: we hope
that this is reflected in this book.
This two-volume, comprehensive work has been written by leading experts as the definitive resource for anaesthetists. It covers all
aspects of anaesthesia, including those aspects of intensive care and
pain medicine that are core knowledge for the general anaesthetist.
While it focuses on the clinical aspects of anaesthesia, it also covers
the underpinning sciences, the understanding of which is required
for a logical, effective, and evidence-based approach to practice.
In aspiring to match the quality of other titles in the Oxford
Textbook series, our chapter authors have been invited as representing the very pinnacle of practice, learning, and prestige in
their discipline. Contributors have been drawn from across the
globe, although we have concentrated our invitations in the United
Kingdom, Europe, and Commonwealth countries in order to maintain a necessary degree of standardization of the context of practice
and consistency of content. The contributing authors are all experts
in the relevant field, either through appropriate research, extensive
clinical experience in the specialist area, other demonstrable relevant scholarly activity, or a combination of these. However, where
they present their own preferred approach to clinical management
of a specific condition or surgical procedure it must be recognized

that other techniques may be equally valid in the hands of an anaesthetist with the relevant experience and expertise.
Today’s anaesthetists need to access trustworthy up-to-date
information while on the move. In response to this, the Oxford
Textbook of Anaesthesia will publish both in print and online on
Oxford Medicine Online where it can be accessed via smartphones
and other devices. The online version will be updated annually
to reflect major changes in clinical practice. The print edition of
the Oxford Textbook of Anaesthesia comes with a year’s access to
the online version. By activating your unique access code, you
can print, save, cite, email, and share content; download high-
resolution figures as Microsoft PowerPoint slides; and save often-
used chapters, or searches, all on a mobile-optimized platform. By
closely linking the printed book to the online edition and by pursuing this integration between major textbook and portable device,
we hope to re-invigorate the usability and popularity of the ‘tome of
anaesthesia’, rendering it indispensable to anaesthetists of all grades
and subspecialty interest.
We see this book as being essential for all anaesthetists who
require a comprehensive text covering all aspects of anaesthesia.
With its focus on UK, European, and Commonwealth practice, it
brings a fresh insight and coverage of our specialty. We very much
hope that you find the Oxford Textbook of Anaesthesia brings benefit to your working lives and to the treatment your patients receive.
Producing this edition has been a mammoth task, coordinating
the efforts of over 160 authors from all corners of the world. We
thank all those who have contributed to this project.
January 2017

J. G. Hardman
P. M. Hopkins
M. M. R. F. Struys
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CHAPTER 1

Cardiac and vascular
physiology in anaesthetic
practice
Kulraj S. Sidhu, Mfonobong Essiet,
and Maxime Cannesson
Introduction
Two individuals have completely revolutionized the field of cardiovascular physiology during the past two centuries. The first is the
French physiologist Claude Bernard (1813–1878) (see Fig. 1.1), the
father of modern physiology who, in 1865, invented the term milieu
intérieur (homeostasis), which refers to the ability of a physiological system to maintain its internal environment in balance. The second is an American, Arthur Guyton (1919–2003) (Fig. 1.2), who
captured the essence of human physiology in his famous Textbook
of Medical Physiology (Hall and Guyton 2011) and who changed
the understanding of cardiovascular physiology by describing the
relationships between cardiac output, arterial pressure, and oxygen
demand. Guyton offers one of the most accurate definitions of the
goals of the cardiovascular system and of the circulation. According
to Guyton:
The function of the circulation is to service the needs of the body
tissues, to transport nutrients to the body tissues, to transport waste
products away, to conduct hormones from one part of the body to
another, and, in general, to maintain an appropriate environment in
all the tissue fluids of the body for optimal survival and function of
the cells.1

the vessels emerge was in Egypt, c.1700 bc, in the Edwin Smith
Papyrus, and is attributed to Imhotep (c.2650–2600 bc). Then,
near 300 bc, the Greek anatomist Erasistratus (304–250 bc) was
the first to describe the cardiac valves and to suggest that the heart
functions as a pump, and not to convey sensation, as it was then
believed. Interestingly, while Erasistratus made a clear distinction
between veins and arteries, he also believed that arteries were filled
with air and that they were carrying the pneuma (breath or soul).
Around 180 ad, Galen of Pergamon [c.129–200 ad (c.216 ad by
other accounts)] made a major contribution to our understanding of the circulatory system by describing the circulation as two
semi-parallel systems. He believed that after being generated by the
liver, the venous blood was distributed to the right ventricle and
then to the lungs where wastes were eliminated before going back
to the right heart and then to the left ventricle through micropores
located in the interventricular septum where it mixed with air to
create spirit. These theories held for about 1000 years before being
refuted by Ibn al-Nafis (1213–1288), an Arab physician born in
Damascus, who was the first to describe the pulmonary circulation,
as follows:
The blood from the right chamber of the heart must arrive at the left
chamber but there is no direct pathway between them. The thick septum of the heart is not perforated and does not have visible pores as
some people thought or invisible pores as Galen thought. The blood
from the right chamber must flow through the vena arteriosa (pulmonary artery) to the lungs, spread through its substances, be mingled
there with air, pass through the arteria venosa (pulmonary vein) to
reach the left chamber of the heart and there form the vital spirit.3

He then clearly states:
To be achieved, this goal requires two physiological objectives: 1) adequate perfusion pressure in order to force blood into the capillaries of
all organs, and 2) adequate cardiac output to deliver oxygen and substrates, and to remove carbon dioxide and other metabolic products.2

The understanding of cardiovascular physiology went a very long
way before these two visionaries changed the way we approach it.
The first mention of the heart being the central organ from which

Finally, in his 1628 book De Motu Cordis translated ‘On the Motion
of the Heart and Blood’, an English physician named William
Harvey (1578–1657) was the first to describe the anatomy of the
circulatory system the way we know it today. The first description
of blood pressure is often attributed to Stephen Hales (1677–1761),

1

This extract was published in Textbook of Medical Physiology, 11th edition,
Guyton, A. H. Hall, J. E. Heart Muscle; The heart as a pump and function of
the heart valves. Copyright © 2005 Elsevier.
2

This extract was published in Textbook of Medical Physiology, 11th edition,
Guyton, A. H. Hall, J. E. Overview of the circulation: medical physics of
pressure, flow, and resistance. Copyright © 2005 Elsevier.

3

Reproduced with permission from Haddad, S. I. & Khairallah, A. A.,
A Forgotten Chapter in the History of the Circulation of the Blood. Annals of
Surgery, Volume 104, pp. 1–8, Copyright © 1936 Wolters Kluwer Health.
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Figure 1.1 Portrait of the French physiologist Claude Bernard (1813–1878).
Claude Bernard, Wikimedia Commons, accessed 24 July 2014, http://en.wikipedia.org/wiki/
File:Claude_Bernard.jpg. This image is in the public domain because its copyright has expired.

an English clergyman, inventor, and scientist, who published his
work in Haemastaticks in 1733 (Burchell 1961). By cannulating the
femoral artery of a horse and attaching a glass tube, he observed
the pulsatile rise and fall of blood indicating the presence of blood
pressure and pulse pressure. In 1929, Werner Forβmann (1904–
1979), a German physician, conducted an experiment on himself
and measured central venous pressure in a human being for the
first time in history. He inserted a ureteral catheter into his own
antecubital vein and took the risk to float the tip of the catheter
up to his right heart cavities (Heiss 1992). In 1956, he shared the
Nobel Prize in Medicine for developing a technique for cardiac
catheterization. Technologically, the invention of a medical procedure to achieve safe access to blood vessels, described in 1953
by Sven Ivar Seldinger (1921–1998), a radiologist from Sweden
(Seldinger 1953), has been crucial in the understanding of human
cardiovascular physiology. It suddenly allowed access to any vessels or hollow organs and the ability to measure pressure, and
subsequently flow, in human beings. This breakthrough led to the
invention of the pulmonary artery catheter by Jeremy Swan and
William Ganz from Cedars-Sinai Medical Center in Los Angeles,
United States, in 1970 (Swan et al. 1970). This invention has been
the cornerstone of many cardiovascular physiology discoveries
during the past 40 years and is still in use today in the perioperative setting (Cannesson et al. 2011b), even though its impact on
patient outcome has been under question in our era of evidence-
based medicine (Connors et al. 1996; Pinsky 2006; Wiener and
Welch 2007).

Figure 1.2 Portrait of the American physiologist Arthur Clifton Guyton
(1919–2003).
Family photo of Arthur Clifton Guyton (September 8, 1919–April 3, 2003), American
physiologist (1980), Wikimedia Commons, accessed 24 July 2014, http://en.wikipedia.org/wiki/
File:Arthur_Clifton_Guyton_(1980).jpg. The right to use this work is granted to anyone for any
purpose, without any conditions, unless such conditions are required by law.

Today, in the perioperative setting, the cardiovascular physiology focus has been on the development of new mini-and non-
invasive haemodynamic monitoring technologies (Funk et al.
2009; Cannesson and Manach 2012) and on the development of
new functional haemodynamic monitoring indices (Cannesson
2010; Ramsingh et al. 2013). The other major trend is the application of physiological concepts to the clinical management of septic
or high-risk surgery patients; goal-directed therapy (GDT) (Rivers
et al. 2001; Cannesson 2010; Cecconi et al. 2013). The future of
the application of cardiovascular physiology to the clinical management of perioperative patients may be in the development of
systems allowing for automated haemodynamic management
(Rinehart et al. 2012). The understanding of the cardiovascular
physiology has advanced immensely during the past 30 years and
we have now reached a point where the model is robust enough to
allow for its automation using closed-loop/feedback systems.
The goal of this chapter is not to cover the whole of cardiovascular physiology; that would require a fully dedicated textbook.
Moreover, several excellent authors, including some ‘giants’, have
already extensively detailed this fascinating field (Hall and Guyton
2011). Rather, the goal of this chapter is to cover elements of cardiovascular physiology that are the most critical to the practice of
anaesthesiology. Our specialty is rapidly progressing. Anaesthetists
are already, or will very soon become, perioperative physicians. We
now clearly realize that our practice can impact patient outcome
in the short term, and in the long term after surgery (Rhodes et al.

5

2010; Hamilton et al. 2011). The cardiovascular system is the cornerstone of homeostasis, and its optimization during surgery is of
major importance, as we will describe in this chapter.
The plan of this chapter is as follows: we will first describe the
anatomy of the cardiovascular system as we know it today (‘form
follows function’). We will then discuss the cardiac physiology and
the vascular physiology before integrating both concepts into what
we will describe as haemodynamics. Finally, we will cover the main
implications of the cardiovascular physiology for the practice of
anaesthesiology.

Pulmonary
circulation

cardiac and vascular physiology in anaesthetic practice

Lungs
Pulmonary
artery

Pulmonary vein

Vena cava

Aorta

Upper body
Liver
Hepatic vein

Hepatic artery

Systemic
circulation

Chapter 1

Cardiovascular anatomy

Hepatic portal vein
Stomach,
intestines

Renal vein

Renal artery

Cardiac anatomy

Kidneys

The heart (Fig. 1.3) is a muscular pump that functions to drive
blood, via pressure gradients, and by means of vessels, to and from
all parts of the body. It can be thought of as having three separate
circuits, or circulations: the pulmonary on the right side, which
receives the systemic oxygen-deficient blood and oxygenates it; the
systemic on the left side, which receives the oxygen-filled blood
from the lungs and pumps it to all organs of the body; and the coronary, which supplies the heart itself. The pulmonary and systemic
circulations (Fig. 1.4) work at two very different pressure levels
while sharing the same flow (Table 1.1). The pulmonary circulation
is a low-resistance/low-pressure system while the systemic circulation is a high-resistance/high-pressure system.
The heart is composed of three layers: an outer layer of connective tissue called the epicardium, a middle layer of cardiac muscle
called the myocardium, and an inner layer of mainly endothelial
cells called the endocardium. The epicardium serves to protect the
heart. The myocardium functions to control the pumping of the
heart; it contains the cardiac muscle. Since it has to be powerful
enough to pump blood to the rest of the body, the left (systemic)

Lower body

Figure 1.4 Systemic and pulmonary circulations can be thought of as having
three separate circuits, or circulations: the pulmonary on the right side, which
receives the systemic oxygen-deficient blood and oxygenates it, the systemic on
the left side, which receives the oxygen-filled blood from the lungs and pumps it
to all organs of the body, and the coronary, which supplies the heart itself.
OpenStax College (2013) Blood Flow Through the Heart. Illustration from Anatomy &
Physiology, Connexions Web site. http://cnx.org/content/col11496/1.6. Licensed under CC-
BY-3.0 via Wikimedia Commons, accessed 24 July 2014, http://commons.wikimedia.org/wiki/
File:2101_Blood_Flow_Through_the_Heart.jpg. This image is licensed under the Creative
Commons Attribution-Share Alike 3.0 Unported licence. https://creativecommons.org/
licenses/by-sa/3.0/

Table 1.1 Average circulatory pressures for the pulmonary and
systemic circulations
Circulatory pressure (mm Hg)
Systolic
Left atrium

Brachiocephalic artery
Superior vena cava
Right pulmonary arteries
Right pulmonary veins
Right atrium
Atrioventricular
(tricuspid) valve
Chordae tendineae
Right ventricle

Vessels transporting
oxygenated blood
Vessels transporting
deoxygenated blood
Vessels involved in
gas exchange

Diastolic

Mean

7

10

Left ventricle

120

8

Aorta

120

80

100

Aorta

Right atrium

   4

4

0

Left pulmonary
arteries

Right ventricle

15

2

Left pulmonary
veins
Left atrium
Semilunar valves
Atrioventricular
(mitral) valve

Pulmonary artery

15

7

12

Wedge pressure

   7

10

4

Left common
carotid artery
Left subclavian
artery

Left ventricle
Septum

Inferior vena cava

Figure 1.3 The anatomy of the heart.
The heart is a muscular pump that functions to drive blood, via pressure gradients,
and by means of vessels, to and from all parts of the body.
ZooFari, Heart diagram-en. Licensed under CC-BY-SA 3.0 via Wikimedia Commons, accessed
24 July 2014, http://en.wikipedia.org/wiki/File:Heart_diagram-en.svg. This image is licensed
under the Creative Commons Attribution-Share Alike 3.0 Unported licence. https://
creativecommons.org/licenses/by-sa/3.0/
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side is thicker (i.e. is more muscular) than the right. The endocardium helps modulate myocardial function. It covers the lining of
blood vessels and heart valves, and contains the Purkinje fibres,
specialized cardiomyocytes which allow synchronization of the
contraction of the ventricles. The endocardium is also thought to
function as a blood–heart barrier, thus controlling the myocardial extracellular environment, including ionic composition. Due
to the thickness of the myocardium and the endocardium’s barrier function, the heart needs its own blood supply. The right and
left coronary arteries arise from the right and left aortic sinuses,
respectively, at the origin of the ascending aorta, at or distal to the
aortic valve. Usually, soon after its origin, the left coronary artery
branches into the left anterior descending and circumflex coronary
arteries. The right coronary artery, which divides into the right
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posterior descending and acute marginal arteries, supplies blood
to the right ventricle, right atrium, and the sinoatrial and atrioventricular nodes that regulate cardiac rhythm. The circumflex artery
encircles the heart muscle, and supplies blood to the lateral and
posterior sides of the heart. The left anterior descending artery has
multiple branches, and supplies blood to the anterior of the left side
of the heart, and supplies a majority of the septum. The cardiac
veins carry deoxygenated blood away from the heart. Most of the
blood from the left ventricle empties into the coronary sinus, and
that from the right ventricle is via the anterior cardiac vein. These
veins both open into the right atrium. Thebesian veins drain a small
portion of coronary blood directly into the cardiac chambers, creating a true shunt.
Oxygen-poor blood enters the thin-walled right atrium via three
veins: superior vena cava from the upper part of the body (i.e.
above the diaphragm), inferior vena cava from the lower part of
the body (i.e. below the diaphragm), and the coronary sinus from
the heart itself.
The pulmonary circuit is separated from the systemic circuit
superiorly by the interatrial septum, which is composed of muscle
(septum secundum) and mesenchymal connective tissue (septum
primum), and inferiorly by the interventricular septum, which
is mostly muscular (muscular ventricular septum) with a small
fibrous component (septum membranaceum).
In order to have one-way flow, in addition to pressure gradients,
valves are needed to prevent backflow. This is accomplished by two
varieties of valves within the heart: the atrioventricular valves and
the semilunar valves.
The atrioventricular valves, the tricuspid on the right, and the
mitral on the left, are thin flaps which are made up of folds of endocardium that are braced by a dense layer of connective tissue. This
connective tissue, at the base of the cusp, is continuous with the
opening of the valve. Papillary muscles, located within the ventricles, connect the chordae tendineae, which are chords of dense connective tissue, to the connective tissue of the cusps. There are three
papillary muscles (anterior, posterior, and septal) for the three
cusps on the right and two for the cusps on the left (anterior and
posterior). Being in a more high-pressured circuit, the mitral valve
is thicker, and even more reinforced, than the tricuspid. The semilunar valves are located where the pulmonary artery leaves the right
ventricle (the pulmonary valve) and where the aorta leaves the left
ventricle (aortic valve). The pulmonary valve has two cusps, while
the aorta has three. These cusps are similar in structure to the ones
in atrioventricular valves, except that they are thinner and are not
attached to chordae tendineae. These two valves prevent backflow
into their respective ventricles.
This specialized anatomy allows deoxygenated blood to enter
the heart via the inferior and superior venae cavae, into the right
atrium, through the tricuspid valve, into the right ventricle,
through the pulmonary artery, becoming oxygenated in the lungs,
leaving the lungs via the four pulmonary veins (two from each
lung, with the veins from upper and middle right lobes uniting
to create one vein), into the left atrium, through the mitral valve,
into the left ventricle, through the aorta, and then distributed to
the rest of the body via branches of the aorta. Due to the cardiac
anatomy, this is all done in a coordinated fashion with contraction spreading from the atria through the atrioventricular valves,
into the ventricles, and through the semilunar valves, all without
backflow.

Vascular anatomy
Knowledge of vascular anatomy is essential to the in-depth understanding of cardiovascular physiology. The vessels are a vital component of the cardiovascular system and function to carry out one
of the most important tasks of the circulation, which is to bring the
blood and its components to the tissues.
The vascular anatomy consists of a closed-loop system that starts
with the aorta, its many branches of arteries, dividing into arterioles
which branch into capillaries that then converge to form venules,
which form veins and then converge into venae cavae.
Arteries consist of three layers: the inner-most tunica intima, an
endothelial layer supported by an internal elastic lamina; the middle tunica media which consists of smooth muscle cells and elastic
fibres that encircle the vessel (this layer is thicker in arteries than in
veins); and the outer tunica adventitia which is composed of collagen and elastic fibres, and thus the strongest of the three layers. The
tunica media allows for expansion while the tunica adventitia prevents over-expansion. The tunica media of larger arteries contains
more elastic fibres and less smooth muscle. In the gradual progression from arteries to arterioles, the tunica media loses the elastic
fibres and consists solely of a single layer of smooth muscle fibres.
Subsequently, a further gradual metamorphosis into capillaries
occurs; losing the tunica adventitia, and then the tunica media,
with the smallest arterioles containing only a single layer of smooth
muscle cells surrounding the tunica intima, and finally the capillaries, containing a single layer of endothelial cells as a continuation of the tunica intima of arteries and veins. This large network
of small and thin capillaries which contain pores, allows a large
surface area for exchange of wastes, fluids, and essential nutrients
across the pores and thin walls via diffusion between blood and
tissues. The capillary beds then converge to form venules. The post-
capillary venules contain a tunica intima, a tunica media consisting
of pericytes (undifferentiated mesenchymal cells), and a thin tunica
adventitia, but other venules may contain anywhere from one to
three layers of smooth muscle in the tunica media. Venules then
aggregate to form veins which contain all three layers, similar to
arteries, but with less smooth muscle and elastic tissue in the tunica
media. The blood pressure in the veins is significantly lower than
in the arteries, and in order to prevent backflow, veins have valves
which are formed by folds of the tunica intima. Cerebral veins do
not have valves, however, because human beings are upright creatures and blood flows from the cerebral region back to the right
atrium by gravity alone. This explains why the cerebral veins exhibit
a venous pulse, which is the reflection of the atrial kick during atrial
systole, while other veins do not.
The systemic arterial system, as stated earlier, arises from the
aorta. The aorta is then divided into the ascending aorta, the aortic arch (or transverse aorta), and then the descending aorta. The
descending aorta can be further divided into the thoracic aorta and
the abdominal aorta. As mentioned previously, the right and left
coronary arteries branch off the ascending aorta. From the heart,
the first branch off the aortic arch is the innominate (or brachiocephalic) artery, the left common carotid artery secondarily, and
thirdly, the left subclavian artery. The innominate artery travels
superiorly and near the right sternoclavicular joint, dividing into
the right common carotid and right subclavian arteries. The left and
right common carotid arteries travel in a parallel fashion on the
corresponding sides of the neck, and at the level of the superior
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portion of the thyroid cartilage, they each branch into external and
internal carotid arteries. The right and left subclavian arteries give
rise to the vertebral arteries which join at the base of the brain to
form the basilar artery. The vertebral arteries along with the internal carotid arteries are major contributors to the circle of Willis,
a circulatory anastomosis which gives rise to the anterior, middle,
and posterior cerebral arteries.
The subclavian artery on the left and the innominate artery on
the right, near the first rib, become the axillary arteries, which in
the upper arm become brachial arteries, then branch into the radial
(on the lateral side) and ulnar (on the medial side) arteries near the
elbow.
The thoracic aorta, in descending order, gives rise to left and
right branches of the bronchial, mediastinal, oesophageal, pericardial, and superior phrenic arteries. The posterior intercostal arteries originate throughout the length of the posterior aspect.
As the aorta descends further through the diaphragm, it becomes
known as the abdominal aorta. The branches, in descending order,
of the abdominal aorta are the following: right and left inferior
phrenic arteries (at the level of the twelfth thoracic vertebra), coeliac artery, superior mesenteric artery, right and left middle suprarenal arteries, the right and left renal arteries, the right and left
gonadal arteries (testicular arteries in males and ovarian arteries
in females), right and left lumbar arteries (from the first to fourth
lumbar vertebrae), inferior mesenteric artery, median sacral artery,
and the right and left common iliac arteries (at the level of the
fourth lumbar vertebra). These last arteries result in a bifurcation,
and the termination of the abdominal aorta.
The left and right common iliac arteries further branch off into
external and internal iliac arteries. The external iliac arteries branch
into the inferior epigastric arteries, the deep circumflex iliac arteries, and the femoral arteries. The femoral arteries are the terminal
branches of the external iliac arteries, after they pass through their
respective inguinal ligaments.
From just above the knee, the femoral artery becomes the popliteal artery, from which the anterior and posterior tibial arteries arise. Just inferior to the knee, the peroneal artery arises from
the posterior tibial artery. At the ankle, the anterior tibial artery
becomes the dorsalis pedis artery.
Most arteries have corresponding veins of the same name, which
run alongside of them. Venous drainage of the upper half of the
body, and into the heart, is via the superior vena cava, and that
from the lower half of the body is via the inferior vena cava, both of
which are valveless.
Venous sinuses between the dura join on either side of the neck
to form the internal jugular veins, and at the level of clavicle, these
coalesce with the subclavian and external jugular veins to form the
innominate veins, which then drain into the superior vena cava. In
addition, the superior vena cava receives blood from the azygous
vein. The azygous venous system connects the inferior and superior
vena cava, and consists of veins that run adjacent to either side of
the vertebral column. The terminal branches of this system are the
azygous vein (from the right ascending lumbar vein), the hemiazygous vein (from the left ascending lumbar vein), and the accessory
hemiazygous vein. This system serves as drainage for the back, and
for the walls of the thorax and abdomen.
The dorsal venous arch drains the foot and continues superficially as the great and small saphenous veins. The small saphenous vein branches into the popliteal vein, while the great saphenous

vein receives branches from the leg above the popliteal vein, and
then becomes the femoral vein. At the inguinal ligament, the femoral vein becomes the external iliac vein, which then joins with the
internal iliac vein at the level of the fifth lumbar vertebra to become
the common iliac vein.
The inferior vena cava runs from the eighth thoracic vertebra to
the fifth lumbar vertebra. In ascending order, its branches include
the common iliac vein, the right and left lumbar veins, the right
gonadal vein, the right and left renal veins, the right suprarenal
vein, the inferior phrenic vein, and the right and left hepatic veins.
The left suprarenal and gonadal veins drain into the left renal vein
instead of directly into the inferior vena cava. Just as with the superior vena cava, the azygous and hemiazygous veins enter separately
into the inferior vena cava.

Cardiac physiology
Myocytes and excitation-contraction coupling
Cardiomyocytes are cells forming the cardiac muscle tissue.
Together with surrounding connective tissue, these cells make
a myofibre. Myofibres are connected together by strands of collagen. At the cellular level, myocytes contain myofibrils (which
form the contractile elements and account for 50% of the cardiomyocyte volume), cytosol, the nucleus, mitochondria, and
sarcoplasmic reticulum. Cardiac muscle contraction depends on
extracellular calcium, which enters the cells during the plateau of
the action potential and stimulates calcium release from the cardiac muscle’s sarcoplasmic reticulum. This phenomenon is called
a calcium-induced calcium release phenomenon. The initiation of
this process is as a result of the generation of an action potential
by pacemaker cells in the sinoatrial node. This action potential
travels to the myocyte and causes a depolarization that induces
an influx of Ca2+ into the myocyte through voltage-gated calcium
channels (L-type). This influx of Ca2+ is regulated by Na+-Ca2+
exchange channels working together with Na+/K+ ATPase channels, both of which are located on the cell membrane of the myocyte. Once Ca2+ gets into the myocyte, it causes a release of Ca2+
from the sarcoplasmic reticulum, through ryanodine receptors,
thus increasing the intracellular Ca2+ concentration. Calcium
interaction with the troponin–tropomyosin system leads to a
cascade of events allowing for the interaction between actin and
myosin, resulting in a contraction. Calcium is then eventually
actively pumped out of the cell.

Electrical activity
The normal electrical activity of the heart results in six distinct
waves and intervals recorded at the body surface (Figs 1.5 and 1.6).
The P wave corresponds to the atrial depolarization. The PR interval reflects the conduction delay through the atrioventricular node
and is normally less than 200 ms. The QRS complex corresponds
to the ventricular depolarization and is normally less than 120 ms.
The QT interval relates to the mechanical contraction of the ventricle and the T wave reflects the ventricular repolarization. Finally,
the ST segment corresponds to the isoelectric state of the ventricle
between the depolarization and repolarization. Each of these waves
or intervals can present with abnormalities. A delayed PR interval is seen in the case of atrioventricular block, an abnormally long
QRS is a sign of bundle branch block, and a non-isoelectric ST segment suggests myocardial ischaemia.
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Figure 1.5 Heart action potentials and ECG. The normal electrical activity of the heart results in six distinct waves and intervals recorded at the body surface.
Adapted by J. Heuser (2007) Electrical conduction system of the heart; Reproduced from Patrick J. Lynch, medical illustrator; C. Carl Jaffe, MD, cardiologist (2006) Heart normal anatomy coronal
cross section. Licensed under CC-BY-2.5 via Wikimedia Commons, accessed 29 July 2014, http://commons.wikimedia.org/wiki/File:RLS_12blauLeg.png. This image is licensed under the Creative
Commons Attribution–Share Alike 2.5 Generic license. https://creativecommons.org/licenses/by-sa/2.5/
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Generally speaking, the main determinants of the cardiac cycle are
the electric phenomena that lead to the mechanical events affecting
the atria and the ventricles. The cardiac cycle is classically divided
into two phases, diastole and systole. During diastole, the ventricles
fill with blood from the atria. During systole, the ventricles eject the
blood through the aorta (left ventricle) and pulmonary artery (right
ventricle). The mechanical stages of the cardiac cycle can be easily
understood using a pressure–volume loop that describes the relationship between intraventricular pressure and ventricular volume
during a complete cardiac cycle (Fig. 1.7). These pressure–volume
loops are divided into four successive stages. The first stage starts just
after the atrioventricular valve opening and consists of the diastolic
filling of the ventricle. During this stage, the volume of the ventricle
increases significantly while the intraventricular pressure increases
slightly. The first part of the diastolic filling is passive and relies on the
recoil of the ventricle, while the second phase is active and is related
to the atrial kick (atrial systole) that ejects the blood from the atrium
to the ventricle; of note, the atrial kick only contributes to 20% of
the ventricular filling. This stage ends with the closure of the atrioventricular valve. After the atrioventricular valve closes, a transient
stage is observed, the isovolumic contraction. During this stage the
ventricle starts contracting, but both the atrioventricular and semilunar valves are closed. The intraventricular pressure increases rapidly
while the ventricular volume remains the same. When the intraventricular pressure reaches the systolic arterial pressure (systolic aortic
pressure for the left ventricle or systolic pulmonary artery pressure
for the right ventricle), the semilunar valves open and ejection (third
stage) begins. During ejection, the ventricular volume decreases and
the intraventricular pressure increases slightly until it equalizes with
the arterial pressure, resulting in semilunar valve closure. The final
stage is isovolumic relaxation, when the intraventricular pressure
decreases rapidly while the ventricular volume remains unchanged
until the pressure in the ventricle reaches the atrial pressure and the
atrioventricular valve opens again to start a new cardiac cycle. The
cardiac cycle is thus composed of diastole and systole, and can be
divided in five distinct phases: (1) passive diastolic filling, (2) active
diastolic filling (atrial kick), (3) isovolumic contraction, (4) ejection,
and (5) isovolumic relaxation.
The resulting ventricular, atrial, and aortic pressures, along with
ventricular volumes are plotted in Figure 1.6. Of note, the central
venous pressure and right atrial pressure waveforms exhibit the jugular venous pulse, which is composed of three distinct waves: the
a wave, produced by the atrial contraction, the c wave, the result of
right ventricular contraction with the tricuspid valve bulging into
the right atrium, and the v wave, which is related to the increased
atrial pressure as a result of filling against a closed tricuspid valve.
The systolic performance of the heart depends on ventricular
preload, afterload and ventricular contractility. The ventricular contractility is an intrinsic factor of the heart, while preload and afterload
are extrinsic. However, the contractility is difficult to assess independently because it is directly dependent on the loading conditions of
the ventricles. We will discuss preload and afterload further during
the discussion on cardiac output, but it is still important to emphasize
at this stage that the relationship between preload and stroke volume
is illustrated by the Frank–Starling relationship (Fig. 1.8). The Frank–
Starling relationship reflects an intrinsic property of the myocardium which is based on the law of Young–Laplace or surface tension

law: stretching of the myocardial fibres (increased preload) results in
enhanced myocardial performance for subsequent contraction. For
each level of contractility, a specific Frank–Starling curve is observed.
An increased contractility will raise the Frank–Starling relationship,
indicating that for the same ventricular preload, a greater stroke volume is produced. Inversely, a decreased contractility will flatten the
Frank–Starling relationship, indicating that for the same preload, a
smaller stroke volume is produced. Later in this chapter we will see
how this concept can be used in the clinical setting to assess what is
commonly referred to as ‘fluid responsiveness’, and how the different
concepts of preload, contractility, total blood volume, venous return,
and stroke volume can be used together to collect clinical information regarding the haemodynamic status of a patient.
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Figure 1.7 Pressure–volume loop of a single cardiac cycle. The cardiac cycle
is classically divided into two phases, diastole and systole. During diastole, the
ventricles fill with blood from the atria. During systole, the ventricles eject the
blood through the aorta (left ventricle) and pulmonary artery (right ventricle).
The mechanical stages of the cardiac cycle can be easily understood using a
pressure–volume loop that describes the relationship between intraventricular
pressure and ventricular volume during a complete cardiac cycle.
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Figure 1.8 Frank–Starling relationships.
BitzBlitz (2010) Frank-Starling Curve. Licensed under CC-BY-3.0 via Wikimedia Commons,
accessed 24 July 2014, http://commons.wikimedia.org/wiki/File:Frank-Starling_Curve.jpg. This
image is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported licence.
https://creativecommons.org/licenses/by-sa/3.0/

9

10

10

PART 1

applied physiology in anaesthesia

Cardiovascular physiologists and cardiologists have been searching for the ideal index of ventricular contractility for decades.
Ideally, an index of ventricular contractility should be able to detect
small changes in contractility (good sensitivity), be preload and
afterload independent, operator-independent, non-invasive, independent from the ventricular geometry, and be widely available.
To date, no index fulfils all of these conditions in clinical practice.
The most commonly used index to assess ventricular contractility
remains the ejection fraction, assessed using echocardiography,
and which is defined as:
EF (%)=

SV
(LVEDV − LVESV)
=
LVEDV
LVEDV

(1.1)

where EF is the ejection fraction, SV is the stroke volume, LVEDV
is the left ventricular end-diastolic volume, and LVESV is the left
ventricular end-systolic volume.
However, the ejection fraction assessed echocardiographically is
preload and afterload dependent, operator dependent, and depends
on the ventricular geometry (can be assessed for the right ventricle with echocardiography). Even in the physiology setting, indices of contractility do not fulfil all of these criteria. The reason is
more likely because contractility is actually inherently dependent
on preload and afterload. The more reliable index of ventricular
contractility is the end-systolic elastance, which can only be measured by varying the ventricular preload—showing how important
preload is with regards to contractility, as also demonstrated by the
Frank–Starling relationship. The more sensitive index of preload in
the experimental and clinical settings is the dP/dt, which is measured as the ratio between the intraventricular pressure gradient
during systole.

Arterial pressure
The arterial pressure waveform
The arterial pulse is the result of the acute impulse induced by the
rapid ejection of blood from the left ventricle through the aorta,
and the arterial pressure varies in a pulsatile fashion between the
systolic pressure (maximum pressure during a single cardiac cycle)
and the diastolic pressure (minimum pressure during a single cardiac cycle). The pulse wave is then transmitted along the vascular
system at a speed of 4–6 m s−1. This velocity is increased when the
arterial compliance is decreased, that is, the stiffer the arteries, the
faster the pulse wave. It is important to clearly understand the shape
of the arterial pressure waveform in order to interpret the clinical
meaning of the arterial pressure-derived variables (Fig. 1.9). The
ascending part of the arterial pressure waveform is induced by the
forceful ejection of blood from the left ventricle through the aorta
(stroke volume). The arterial pressure reaches a peak (systolic pressure) and then decreases. At the point when the left ventricular
pressure is lower than the aortic pressure, the aortic valve closes,
inducing a rebound in the arterial pressure waveform (the dicrotic
notch). This corresponds to the end of systole and to the beginning of diastole (Figs 1.6–1.9). During diastole, the arterial pressure
decreases gradually. This is the result of the elastic properties of the
arteries. When the arterial compliance is low (in elderly patients)
the slope of the ascending part of the arterial pressure waveform
is significantly increased, and the decrease in the arterial pressure
during diastole is faster. Inversely, when the arterial compliance is
increased (in children) the slope of the ascending part is decreased,

and the decrease in arterial pressure during diastole is slower.
Diastole accounts for about 60% of the cardiac cycle duration. The
lower arterial pressure value during the cardiac cycle occurs when
the isovolumic contraction phase begins; this is the diastolic pressure. The difference between the systolic arterial pressure and the
diastolic arterial pressure is called the pulse pressure (Fig. 1.9).
Finally, the mean arterial pressure is defined as the average arterial pressure during a single cardiac cycle. In other words, it is the
value obtained by integrating the pressure over time considering
that equal weight is given to time interval. In normal conditions,
the mean arterial pressure can be calculated as:
MAP = DAP + 1/3 PP
or
MAP =

SAP + 2DAP
3
or

MAP = 1/3 SAP + 2/3 DAP

(1.2)

When the heart rate increases, the mean arterial pressure is
closer to:
1
MAP = DAP + PP
2

(1.3)

where MAP is mean arterial pressure, DAP is diastolic arterial pressure, PP is pulse pressure, SAP is systolic arterial pressure.

Transmission of the arterial pressure along the arterial tree
The transmission of the arterial pressure waveform along the arterial tree impacts not only the arterial pressure values, but also the
shape of the arterial pressure waveform. The systolic arterial pressure increases progressively from the aorta to the distal arteries,
while the diastolic and mean arterial pressures decrease. As a consequence, the pulse pressure is increased in the distal arteries compared with the aorta, and this phenomenon is more pronounced
when the vascular compliance is decreased. The reason for these
changes in the arterial pressure values and waveform is mainly the
reflection of pressure waves from peripheral arteries being added
to the forward wave.

Determinants of arterial pressure
The driving pressure in the systemic circulation is the difference
between the mean arterial pressure and the pressure at the endpoint of the circuit, that is, the right atrial pressure. According to
the Hagen–Poiseuille law, the flow in a circuit is equal to the driving
pressure divided by the total resistance of the system. Applied to the
systemic circulation, we have:
CO =

MAP − RAP
TPR
or

MAP − RAP = CO × TPR

(1.4)

or

MAP = (CO × TPR ) + RAP
where CO is cardiac output, MAP is mean arterial pressure, RAP is
right atrial pressure, and TPR is total peripheral resistance.
Accordingly, we understand how any change in cardiac output,
right atrial pressure, total peripheral resistance, or all of these, will
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Figure 1.9 Arterial pressure waveform.

impact mean arterial pressure. Furthermore, as cardiac output
depends on stroke volume and heart rate (CO = SV × HR; where
CO is cardiac output, SV is stroke volume, and HR is heart rate), we
understand that these two variables can also impact mean arterial
pressure.
The total peripheral resistances are an important component
of mean arterial pressure and depend on several variables. Again,
this can be approached using the Hagen–Poiseuille equation. The
resistance of a circuit depends on the length of the circuit (constant
in the cardiovascular system), the radius of the circuit, and on the
viscosity of the fluid contained in the circuit. These variables are
linked together by equation (1.5):
R=

8 ηl

πr 4

(1.5)

where R is the resistance, η is the viscosity of the fluid contained
in the circuit, l is the length of the circuit, and r is the radius of
the circuit. In cardiovascular physiology, l is constant and the
blood viscosity does not vary considerably (only haemodilution or
haemoconcentration can slightly modify the blood viscosity), so
the main determinant of the total peripheral resistance is the radius
of the vessels, especially of the small vessels and capillaries that can
be manipulated with vasopressors.
The determinants of systolic and diastolic arterial pressures are
slightly different from the determinants of the mean arterial pressure. Systolic arterial pressure is mostly determined by the ventricular stroke volume and by arterial compliance (systolic arterial
pressure increases when stroke volume increases or when arterial
compliance decreases), while diastolic arterial pressure is mainly
dependent on total peripheral resistances and heart rate. When
total peripheral resistances increase, diastolic pressure increases.
Similarly, a decrease in heart rate, which decreases diastolic time,
will increase diastolic pressure.
This has some important therapeutic implications. For the systemic arterial pressure, we understand that a high systolic pressure
induced by an increased stroke volume is best treated with drugs that
decrease contractility and stroke volume (e.g. in the management

of patients with severe aortic regurgitation or aortic dissection). On
the other hand, high systolic arterial pressure related to a decreased
arterial compliance as seen in elderly patients, does not respond
well to drugs that decrease contractility; treatment with drugs that
increase vessel compliance, such as nitrates, can be successful in
such cases. In a patient with shock, a low systolic pressure with a
normal diastolic pressure is a good sign of decreased stroke volume with high total peripheral resistance, and thus a mean arterial
pressure within normal limits, allowing for maintenance of organ
perfusion. Basically, the analysis of arterial pressure derived parameters can provide significant information for the management of
patients in the critical care setting.

Cardiac output
Cardiac output is defined as the volume of blood pumped by the
heart per minute. Each cardiac cycle produces a stroke volume (volume of blood pumped by the heart during one cardiac cycle), and
the sum of stroke volumes produced during 1 min defines cardiac
output:
CO = SV × HR

(1.6)

where CO is cardiac output, SV is stroke volume, and HR is heart
rate.
The stroke volume itself depends on three factors: ventricular
contractility, preload, and afterload.
Physiologically, preload is defined as ‘the degree of tension of the
cardiac muscle when it begins to contract’ and afterload is defined
as ‘the tension or stress developed in the ventricular wall during
ejection’ (Guyton and Hall 2006). The basis for this definition is the
law of Young–Laplace or surface tension law. In the clinical setting,
ventricular wall stress cannot be measured. Consequently, variables
such as end-diastolic ventricular filling pressure (such as wedge
pressure or central venous pressure) or end-diastolic volume are
used as surrogates to assess preload. While these variables contribute to preload, they do not equal preload, as explained previously
in this chapter. Additionally, several different concepts are related
to preload and are used in the clinical setting by anaesthetists or
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intensivists, which may, at times, induce a little bit of confusion.
Total blood volume, for instance, is the volume of blood circulating
through the body. Normal total blood volume is 65–75 ml kg−1,
and can only be measured using biochemical tracers that stay in
the intravascular compartment. This measurement technique is not
feasible on a daily basis in the operating room. Hypovolaemia, a
decreased total blood volume, induces a decrease in mean systemic
pressure leading to a decrease in venous return. It then decreases
ventricular preload and stroke volume despite an increase in heart
rate. Eventually, oxygen delivery to the tissues is decreased during
hypovolaemia. Venous return, the flow of blood back to the heart,
is also related to a certain extent, to preload and total blood volume. In normal conditions, it equals cardiac output over time. It is
determined by the pressure gradient between venous pressure and
right atrial pressure (mean systemic pressure) and the resistance
to venous return. Therefore, the concepts of total blood volume,
venous return, ventricular preload, and cardiac output are related
but are not equivalent. Each of these terms has a specific definition
and one should not be used in place of another.

Cardiac output measurement
The gold standard for measuring cardiac output in a living system is
based on the Fick principle. This very simple principle is based on
the concept of conservation of mass. Basically, the underlying idea
is as follows: if for a given organ, the concentration of a substance
in the arterial blood supplying this organ is known, the concentration of the same substance in the venous blood leaving the organ
is known, and the amount of the same substance taken up by the
organ per unit time is also known, then blood flow to this organ can
be calculated. In cardiovascular physiology, the organ is the whole
organism and the substance used is oxygen.
The Fick principle applied to cardiovascular physiology translates into the following equation:
flow =

oxygen consumption
arteriovenous oxygen difference
or
VO2
O=
CO
Ca − Cv

× 100
(1.7)

where CO is cardiac output, V̇o2 is oxygen consumption (in
ml min−1), Ca is oxygen concentration of arterial blood, and Cv is
oxygen concentration of venous blood.
The Fick principle can theoretically be applied in clinical practice to measure cardiac output, but is difficult and thus rarely done,
especially because the measurement of oxygen consumption is
challenging. However, if oxygen consumption is considered normal and constant, cardiac output can be calculated by measuring
arterial oxygen content (arterial oxygen saturation is used as a surrogate for pulmonary vein oxygen saturation) and venous oxygen
content (pulmonary artery oxygen saturation).
In the clinical setting, cardiac output can be measured using several technologies. The most widely accepted is the indicator dilution technique, which is also based on the law of conservation of
mass. The underlying concept is that the output of the heart is equal
to the amount of indicator entering the heart divided by its average
arterial concentration in the aorta after a single circulation through
the heart. Practically, the technique used is either dye dilution or

thermodilution, and the flow is calculated as the quantity of dye
(or as the temperature) injected in the venous system divided by
the area under the dilution curve measured downstream; this is
based on the so-called Stewart–Hamilton principle. In the anaesthesiology setting, this principle can be applied, and cardiac output
can be measured with the pulmonary artery catheter. Today, the
use of this technique is declining (Wiener and Welch 2007) and
several new mini-or non-invasive cardiac output monitoring systems have been developed. One of the most accurate and popular
technologies is echocardiography, but this requires some training
and is not a continuous cardiac output monitoring system, which
explains why some other technologies have emerged during the
past 20 years (Table 1.2).

Oxygen balance
Cardiac output is an essential part of cardiovascular physiology,
and while most anaesthetists still rely solely on arterial pressure
when managing the haemodynamics of surgical patients, one must
not forget that cardiac output is actually one of the main determinants of oxygen delivery to the tissues. Oxygen balance, one of the
main determinants of life, is defined as the balance between oxygen delivery and metabolic demand. Oxygen delivery, the rate at
which oxygen is transported from the lungs to the microcirculation, is defined as the product between cardiac output and arterial
oxygen content of blood. Arterial oxygen content (Cao2) is defined
as the amount of oxygen bound to haemoglobin plus the amount of
oxygen dissolved in arterial blood. Practically speaking, the amount
of oxygen dissolved in arterial blood is such a small value that most
clinicians neglect it for the calculation of arterial oxygen content:
 mLo2 
Ca O2 
= (1.34 × haemoglobin concentration
 dL 
× Sa O2 ) + (0.0031 × Pa O2 )

(1.8)

Where Sao2 is the arterial oxyhaemoglobin saturation and Pao2
is the arterial oxygen tension. Normal Cao2 is approximately
20 ml O2 dl−1.
Consequently, oxygen delivery is defined as:
D o2 = CO × Ca O2

(1.9)

where Ḋo2
Cao2 is the arterial oxygen content. The normal oxygen delivery is
around 1000 ml min−1 for adults.
The other part of the oxygen balance equation is the oxygen
demand that was discussed earlier. Ideally, the oxygen delivery
matches the oxygen demand. However, even if oxygen delivery
matches oxygen demand, oxygen extraction needs to be adequate
to ensure an acceptable oxygen balance. Oxygen extraction (or the
oxygen extraction ratio) is defined as the slope of the relationship
between oxygen delivery and oxygen consumption, and reflects the
quantity of oxygen removed from the arterial blood when it passes
though the microcirculation:
is oxygen delivery (ml min−1), CO is cardiac output and

O2 extractionratio =

(Ca O2 − Cv O2 )
Ca O2

(1.10)

where Cao2 is arterial oxygen concentration and Cvo2 is venous
oxygen concentration.
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Table 1.2 Available cardiac output monitoring systems with their respective advantages and disadvantages
Technology

System

Invasiveness

Mechanism

Advantages

Disadvantages

Pulmonary artery
catheter

Vigilance

+++

Thermodilution

Gold standard for continuous/
intermittent cardiac output
monitoring. Allows measuring
pulmonary pressures and mixed
venous oxygen saturation

No dynamic parameters of fluid
responsiveness, provides cardiac
output information every few minutes

Calibrated pulse
contour analysis

PiCCO plus

++

Transpulmonary
thermodilution + pulse
contour analysis

Continuous cardiac output
monitoring. Central venous oxygen
saturation with specific device. Good
accuracy

Remains significantly invasive. Requires
a specific femoral artery catheter

VolumeView

++

Transpulmonary
thermodilution + pulse
contour analysis

Continuous cardiac output
monitoring. Central venous oxygen
saturation with specific device. Good
accuracy

Remains significantly invasive. Requires
a specific femoral artery catheter

LiDCO plus

+

Lithium dilution

Continuous cardiac output
monitoring

FloTrac

+

Pulse wave analysis

Continuous cardiac output
monitoring. Mini invasive,
self-calibration systems

Accuracy of cardiac output has been
a concern. Sensitive to changes in
vasomotor tone. Requires a specific
arterial pressure sensor

LiDCO Rapid

+

Pulse wave analysis

Continuous cardiac output
monitoring. Mini invasive, self-
calibration systems. Can be used with
any arterial line and arterial pressure
sensor

Not enough validation studies

Pulsioflex

+

Pulse wave analysis

Continuous cardiac output
monitoring. Mini invasive, self-
calibration systems. Can be used with
any arterial line and arterial pressure
sensor

No validation study

PRAM

+

Pulse wave analysis

Continuous cardiac output
monitoring. Mini invasive,
self-calibration systems

Not enough validation studies.
Requires a specific arterial kit

Nexfin

0

Non-invasive pulse wave
analysis

Continuous cardiac output
monitoring. Completely non-invasive,
self-calibration system

Not enough validation study. Motion
artefact

Cardio Q

0+

Doppler ultrasound

Less invasive then arterial-based
systems, qualifies for billable
monitoring in the United States

Requires frequent manipulation for
proper position, significant potential
for user variability

US Com

0

Suprasternal ultrasound

Non-invasive cardiac output
measurement

Intermittent. Operator dependent

Bioreactance

NiCOM

0

Bioreactance

Non-invasive continuous cardiac
output monitoring

Few validation studies. Many
limitations

Endotracheal
bioimpedance

ECOM

+

Bioimpedance

Mini invasive and continuous cardiac
output monitoring

Few validation studies. Requires a
specific arterial kit and a specific
endotracheal tube

Thoracic
bioimpedance

BioZ

0

Bioimpedance

Non-invasive cardiac output
measurement

Many negative studies in the critical
care setting

Uncalibrated pulse
contour analysis

Ultrasound
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Pathophysiology
An abnormal oxygen balance can be the result of a decreased oxygen delivery or an increased metabolic demand. A decrease in
oxygen delivery can be observed in the cases of decreased cardiac
output or decreased arterial oxygen content. Since cardiac output
depends on heart rate and stroke volume, all the variables related to
these two determinants can impact oxygen delivery (bradycardia,
decreased preload, increased afterload, and decreased ventricular contractility). Arterial oxygen content can decrease because
of anaemia or poor oxygenation (lung disease, right-to-left shunt,
decreased inspired oxygen, or hypoventilation). Oxygen extraction
increases when oxygen delivery decreases in an effort to maintain
normal oxygen consumption. If oxygen extraction is not enough
to maintain oxygen consumption by itself, then cardiac output
increases. If these changes cannot maintain oxygen consumption,
then it will decrease below a critical level and oxygen imbalance
will result. At this stage, anaerobic metabolism is activated and lactic acid production begins.
Increased metabolic demand can be observed in several critical
illnesses, with one of the most frequently cited being sepsis. In
this setting, oxygen consumption increases and more oxygen is
required to maintain aerobic metabolism; as just described, this is
achieved via increased oxygen extraction, increased oxygen delivery, or both.

Heart failure
Cardiomyopathies
Cardiomyopathies are primary disorders of heart muscle. Based
on the 1995 World Health Organization and International Society
and Federation of Cardiology recommendations, there are three
main types of cardiomyopathies: dilated, hypertrophic, and restrictive. The consequences of these cardiomyopathies are dependent
on whether there is systolic dysfunction, diastolic dysfunction, or a
combination of these.

Systolic dysfunction
Altered ventricular contractility is the hallmark of systolic dysfunction. This decreased contractility causes a downward shift in the
Frank–Starling curve (Fig 1.6), resulting in a decrease in stroke volume and compensatory increase in preload, that is, end-diastolic
pressure or pulmonary capillary wedge pressure. This increase in
preload helps maintain the stroke volume in spite of the loss of contractility; if the preload did not increase, the stroke volume would
be even lower for any given loss of contractility. When viewing this
using pressure–volume loops, we see that this loss of contractility
decreases the slope of the end-systolic pressure–volume relationship, which results in an increase in end-systolic volume. There is
also a compensatory increase in preload (end-diastolic volume),
but this is not as great as the increase in end-systolic volume. The
resultant decrease in stroke volume (viewed as a decrease in the
width of pressure–volume loop) and increase in end-diastolic volume results in a decreased ejection fraction.
Another method of viewing this is via the force–velocity relationship. At any certain preload and afterload, a loss of contractility
results in a decrease in the shortening velocity of cardiac fibres, and
as the time for ejection is finite, a slower velocity of ejection results
in a decreased stroke volume and increased end-systolic volume.

A consequence of this systolic dysfunction is the increase in end-
diastolic volume, as previously described. When the left ventricle is
affected, there is pooling in this one-way closed-loop system, causing an increase in left atrial and pulmonary venous pressures, which
may in turn lead to pulmonary congestion and oedema. When the
right ventricle is involved, for the same reasons, there is an increase
in right atrial and systemic venous system pressures, with possible
resultant oedema and ascites.
Dilated cardiomyopathy is mainly characterized by systolic
dysfunction, although some diastolic dysfunction can be present.
It results in dilation and thinning of the myocardium, with compensating hypertrophy. Both ventricles are affected in most cases.
There are many known causes, including ischaemia, viral (including HIV), drugs, toxins, metabolic disorders, connective tissue
disorders, tumours, genetic abnormalities, hereditary neurological
disorders, and the peripartum period (after 36 weeks’ gestation up
to 5 months postpartum).
Symptoms are determined by which ventricle is dilated. Left
ventricular dysfunction results in exertional dyspnoea and fatigue.
Right ventricular dysfunction leads to peripheral oedema and neck
vein distention. About 25% of all patients have atypical chest pain.
Diagnosis is made by history, physical examination, and exclusion of other common causes of ventricular dysfunction, such as
myocardial infarction or systemic hypertension. On physical exam,
upon cardiac auscultation, an S3 heart sound, and potentially an
S4 heart sound are heard. A chest X-ray, electrocardiogram, and
echocardiography are all required for diagnosis. If chest pain or
other acute symptoms of myocardial infarction are present, serum
cardiac markers should be measured. A chest X-ray would show
cardiomegaly and pulmonary venous congestion. An electrocardiogram would show sinus tachycardia, non-specific ST-segment
depression, and low-voltage or inverted T waves, and may likely
show left bundle branch block, and occasionally pathological Q
waves in the precordial leads. Echocardiography shows dilated and
hypokinetic cardiac chambers, segmental wall motion abnormalities, and mural thrombi may also be present.
Prognosis depends on the severity of dysfunction, but is relatively poor. Medical management includes angiotensin-converting
enzyme inhibitors, which have been shown to improve survival
in all grades of left ventricular failure (Flather et al. 2000); angiotensin II inhibitors are used for those who are not able to tolerate angiotensin-converting enzyme inhibitors (Pitt et al. 2000).
In patients undergoing surgery, it should be noted that both
angiotensin-converting enzyme inhibitors and angiotensin II
inhibitors are known to cause intraoperative hypotension. The former may still be taken on the day of surgery, with intravenous fluids
and other usual treatments to normalize blood pressure, but the
latter should be held on the day of surgery because they cause more
severe and prolonged episodes of hypotension. β-blockers have also
been shown to improve mortality in chronic heart failure patients.
In addition, β-blockers have been shown to improve outcomes in
surgical patients at high risk for coronary events, though there are
some controversies about their impact. Spironolactone, an aldosterone antagonist, has been shown to decrease mortality by 30%
in those with severe (New York Heart Association class III or IV)
chronic heart failure on angiotensin-converting enzyme inhibitors
and loop diuretics. The loop diuretics help alleviate symptoms, but
have not been shown to improve survival. Other useful medications
are digoxin and anticoagulants. In dilated cardiomyopathy, with
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damaged myocardium, the conduction system may also become
damaged, resulting in a lack of coordination of the ventricles;
biventricular pacing can restore this synchronization, thus improving stoke volume.
For the surgical patient with dilated cardiomyopathy, medical
management before surgery is very important, with issues such as
arrhythmias (especially atrial fibrillation) and electrolyte abnormalities being addressed before surgery. For patients who have been
taking diuretics long-term, hypokalaemia and hypomagnesaemia
are especially likely to be present, and these can cause arrhythmias.
Applying the cardiovascular physiology we just detailed, the
goals of the anaesthetists should be to prevent tachycardia, avoid
increases in afterload, minimize the effects of negative inotropic
agents, and to maintain an adequate preload in the presence of an
elevated left ventricular end-diastolic pressure. The second goal
might be aided via the use of regional anaesthesia, which when
used alone or in combination with general anaesthesia, can reduce
afterload, thus decreasing cardiac work and increasing cardiac output. Invasive monitoring, such as central venous pressure monitoring and pulmonary artery catheterization would help in this
process with higher risk patients undergoing general anaesthesia.
Transoesophageal echocardiography, oesophageal Doppler monitoring of the aortic root velocities, or both, could further aid the
anaesthetist in meeting the aforementioned goals.

Diastolic dysfunction
During diastole, the filling of a ventricle or the end-diastolic volume (and therefore the length of the sarcomere), is dependent on
venous return (flow) and the compliance of the ventricle. With
decreased ventricular compliance, there is a reduced end-diastolic
volume and increased end-diastolic pressure (central venous pressure or pulmonary capillary wedge pressure), thereby decreasing
the stroke volume.
Incomplete ventricular relaxation is another mechanism leading
to diastolic dysfunction. In order to have expeditious and complete
relaxation of the myocyte, the sarcoplasmic reticulum must actively
take up calcium in order to decrease the concentration of calcium
in the proximity of troponin C, so that the calcium may leave its
binding site on the troponin C, therefore allowing actin to uncouple from myosin. Without this, the rate of relaxation is decreased;
this reduces the rate of ventricular filling, especially during the
rapid filling phase of the cardiac cycle.
A major adverse outcome of this diastolic dysfunction is the
increase of end-diastolic pressure. This increase of pressure has
the same consequences as the increase in end-diastolic volume
in systolic dysfunction. Furthermore, activation of the renin–
angiotensin–aldosterone system results in renal retention of sodium
and water, and thus increased blood volume, contributing to the
increased venous pressures. Both hypertrophic and restrictive cardiomyopathies show diastolic dysfunction, with hypertrophic dysfunction potentially having an additional outflow obstruction.
Hypertrophic cardiomyopathy is mainly a congenital inherited
disorder, and all mutations discovered thus far are inherited in an
autosomal dominant fashion. The myocardium is abnormal, with
disorganization of the cardiac cells and myofibrils. In the most
common variant of this disorder, there is considerable hypertrophy
and thickening of the upper interventricular septum below the aortic valve, with a normal or near-normal left ventricular posterior
wall, resulting in asymmetric septal hypertrophy (in other cases,

the hypertrophy can be diffuse and symmetric). The septum is
thickened during diastole, and the anterior cusp of the mitral valve
is drawn toward the septum by the Venturi effect caused by the high
velocity blood flow. This variant can be referred to as hypertrophic
obstructive cardiomyopathy, as the outflow tract is obstructed, thus
decreasing cardiac output.
Although usually asymptomatic, presentation may include
dyspnoea, angina on exertion (and sometimes at rest), syncope or
pre-syncope, arrhythmias, and sudden cardiac death. On physical
examination, signs may include hypotension, low-volume pulse, a
bifid carotid pulse, a left ventricular heave, a systolic ejection murmur (increased by the Valsalva manoeuvre), a mitral regurgitation (holosystolic, at the apex of heart and at the axilla) murmur,
and atrial or ventricular arrhythmia (the arrhythmias can lead to
rapid decompensation), or both types of arrhythmia. The major
risk factors for sudden death include a family history of sudden
death, unexplained syncope, extreme hypertrophy of the left ventricular wall (>30 mm), and non-sustained ventricular tachycardia. Echocardiography shows the degree of hypertrophy, and may
also display the anterior movement of the mitral valve in systole,
although this is a dynamic occurrence, visible at random, including
when patients are in surgery.
Medical intervention is needed in patients with symptoms of
heart failure. β-blockers with or without disopyramide or verapamil are necessary in these cases; these medications are continued during the perioperative period, as they reduce heart rate,
and via a negative inotropic mechanism, improve coronary perfusion pressures. Other possible interventions include the insertion of an implantable cardioverter–defibrillator in high-risk
patients, or myotomy or non-surgical ablation to treat the septal
hypertrophy causing the ventricular outflow tract obstruction. If
present, these pacing devices should be checked before surgery,
and specific instructions for intraoperative management should
be obtained.
The goal of the anaesthetist during surgery is to prevent or treat
left ventricular outlet tract obstruction, arrhythmia, and ischaemia,
if present. This is accomplished by maintaining a sinus rhythm,
the filling of the left ventricle and the systemic vascular resistance,
and reducing sympathetic activity (in order to reduce chronotropy
and inotropy, thereby decreasing oxygen demand). Premedication
during anaesthesia may help in reducing sympathetic activity.
Hydration helps maintain adequate preload. Just as with the dilated
cardiomyopathy, invasive arterial monitoring and use of transoesophageal echocardiography can help the anaesthetist monitor if
the goals are being met. Hypotension should be treated with hydration and α-agonists. Hypertension is treated with β-blockers, and
vasodilators are avoided.
Restrictive cardiomyopathy is the least common of the cardiomyopathies, and is more prevalent in tropical regions. Idiopathic
fibrosis, the most common form in non-tropical regions, is associated with increasing age. Other causes include, but are not limited
to, genetic abnormalities (e.g. haemochromatosis), connective tissue disorders (e.g. amyloidosis), sarcoidosis, and hypereosinophilic
syndrome.
Restrictive cardiomyopathy is further subdivided into non-
obliterative, consisting of myocardial infiltration by an abnormal
substance, and obliterative, in which there is fibrosis of the endocardium and subendocardium. Both types can be diffuse or non-
diffuse, and one or both ventricles can be affected. Thrombi fill
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the ventricle(s) of the obliterative form, while the non-obliterative
form lacks thrombi. Due to the infiltration or fibrosis, the mitral
or tricuspid valves may malfunction, with resultant regurgitation.
If nodal and conduction tissues are affected by this infiltration/
fibrosis, the sinoatrial node may malfunction, leading to atrioventricular block. Just as with hypertrophic cardiomyopathy, diastolic
dysfunction and its aforementioned consequences are characteristic of restrictive cardiomyopathy.
Clinical symptoms include fatigue, dyspnoea on exertion, orthopnoea, and peripheral oedema. Signs on physical exam include a
low-volume pulse, an S3 heart sound, regurgitation murmurs, and
an increased jugular venous pressure with rapid x and y descent
that, upon inspiration, increases (i.e. Kussmaul sign) or fails to
decrease.
On chest X-ray, mild or no cardiomegaly is seen. The electrocardiogram changes are usually non-specifically abnormal, showing ST-segment and T-wave abnormalities and sometimes showing
low voltage. Pathological Q waves, not as a result of previous myocardial infarction, sometimes occur as well. The echocardiogram
shows normal systolic function and no hypertrophy of the ventricles, and may show dysfunction in either ventricle. The specific
diagnosis is made with a myocardial biopsy.
In addition to disease-specific treatments, such as corticosteroids
for sarcoidosis, phlebotomy and chelation for haemochromatosis, and chemotherapy for amyloidosis, medical therapy includes
angiotensin-converting enzyme inhibitors and β-blockers which
can result in improvement, and diuretics as needed for symptom
relief. Diuretics, however, do not improve long-term outcomes.
There are many arrhythmias associated with restrictive cardiomyopathy, and these need to be addressed. For example, amiodarone
can be used to treat ventricular arrhythmias in high-risk patients,
and digoxin can be used to treat atrial fibrillation (although it
should be avoided in amyloidosis as there is higher risk for digoxin
toxicity). Anticoagulation is used when necessary. The use of pacemakers and implantable cardioverter–defibrillators is deferred for
the more serious cases, though is not an option for those with atrial
fibrillation, as this could result in complete heart block as a result of
the damaged intrinsic pacemaker.
During the perioperative period, echocardiography allows one to
determine if there is any right ventricular dysfunction, thus indicating the need for a high right ventricular filling pressure. The
goals of the anaesthetist in restrictive cardiomyopathy are to maintain a sinus rhythm, adequate filling pressures, systemic vascular
resistance (even though there is a relatively fixed cardiac output
therefore regional anaesthesia is avoided here as well), and manage
any electrolyte imbalances.

Applied haemodynamics

The problem is that in clinical practice, anaesthetists rarely know
how fluids are partitioned or how contractile the ventricles are.
Consequently, if volume expansion is administered inappropriately,
it does not increase stroke volume and fails to achieve its main goal.
More importantly, an inappropriate volume expansion can lead to
tissue oedema and oxygen extraction alteration, working against
the original goal of increased oxygen delivery to the tissue that volume expansion tries to achieve. Therefore, it is of major importance
to accurately predict the effects of volume expansion before it is
actually performed.
As discussed earlier, ventricular preload is defined as ‘the degree
of tension of the cardiac muscle when it begins to contract’ (Guyton
and Hall 2006). In clinical practice, it is obviously impossible to
measure the degree of tension of the cardiac muscle when it begins
to contract and clinicians often use pressure or volume parameters for the surrogate assessment of preload (Boldt et al. 1998).
For instance, left and right ventricular filling pressures can be used
as surrogates for left and right ventricular preloads, and then left
ventricular end-diastolic volume obtained through left ventricular
end-diastolic area can be used to assess left ventricular preload.
Interestingly, surrogate indices of preload have been used extensively over the past 40 years to guide volume expansion in the critical care setting (Boldt et al. 1998). This approach partially relies on
the misinterpretation of the Frank–Starling relationship (Fig. 1.8).
This relationship, which describes the intrinsic ability of the heart
to adapt to increasing volumes of inflowing blood, suggests that the
greater the heart muscle is stretched during filling, the stronger it
contracts and the greater the quantity of blood pumped into the
aorta during systole. Or stated another way, ‘Within physiologic
limits, the heart pumps all the blood that returns to it by the way of
the veins’ (Guyton and Hall 2006). The shape of the Frank–Starling
relationship is curvilinear (Fig. 1.8). The first component of this
relationship is called the steep portion and the second is called the
plateau. Classically, if the heart is working on the steep portion then
an increase in preload (e.g. induced by volume expansion) will lead
to a significant increase in stroke volume (preload dependence).
If the heart is on the plateau, then a similar increase in preload
would not induce a significant increase in stroke volume (preload
independence). The problem is that the Frank–Starling relationship depends not only on preload and stroke volume, but also on
ventricular function. When the ventricular function is impaired,
the Frank–Starling curve is flattened (Fig. 1.8). Consequently, for
a given preload value or central venous pressure, it is not possible
to predict the effects of an increase in preload on stroke volume
(Perel et al. 1987; Tavernier et al. 1998; Michard and Teboul 2000;
Michard et al. 2000, 2001; Michard and Teboul 2002; Michard and
Reuter 2003; Osman et al. 2007; Marik et al. 2008; Muller et al.
2008).

Cardiopulmonary interactions

Preload dependence

Volume expansion is the first-line therapy to improve haemodynamics during surgery and in the intensive care unit. The goal of
volume expansion is to increase right ventricular end-diastolic
volume, left ventricular end-diastolic volume, stroke volume, and
then cardiac output. This response is expected because of the positive relationship between ventricular end-diastolic volume and
ventricular stroke volume. However, in reality, this relationship is
rarely straightforward and most of the time it is impacted by several
extrinsic factors such as ventricular function and fluid partitioning.

Clinically speaking, the main question before administering fluid
is whether or not this fluid administration will increase stroke volume. In other words, the question is whether the heart is preload
dependent or preload independent. As we have seen earlier, preload
dependence is defined as the ability of the heart to increase stroke
volume in response to an increase in preload. For this purpose,
preload in itself is not predictive of preload dependence; preload
and preload dependence are two different concepts. Recently, we
witnessed the emergence of parameters that are able to accurately
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predict preload dependence in the critical care setting. These
parameters fall under the umbrella of what has been called functional haemodynamic monitoring. This concept is based on the
monitoring of the effects of a stressor such as volume expansion
on a haemodynamic variable such as stroke volume, rather than on
the simple monitoring of this haemodynamic variable (Bendjelid
and Romand 2003). In the critical care setting, cardiopulmonary
interactions have been used as a surrogate to assess the effects of a
fluid challenge on stroke volume (Michard 2005). In patients under
general anaesthesia, positive pressure ventilation induces cyclic
changes in venous return, pulmonary artery flow, and aortic blood
flow. During inspiration, venous return decreases and pulmonary
artery flow decreases (Michard 2005). Consequently, mechanically
ventilated patients under general anaesthesia exhibit cyclic (respiratory) changes in left ventricular stroke volume. When the heart
is working on the steep portion of the Frank–Starling relationship
(preload dependent), these respiratory variations are significant
because slight changes in venous return induced by mechanical
ventilation will cause significant changes in stroke volume, while
when the heart is working on the plateau of this relationship, respiratory variations are small because changes in venous return
induced by mechanical ventilation have no impact on stroke volume. As some arterial pressure parameters, such as pulse pressure,
are closely related to stroke volume, respiratory variations in arterial pressure parameters reflect respiratory variations in left ventricular stroke volume.
Rick and Burke (1978) showed that respiratory variations in
the arterial pressure were related to the patient’s fluid status and
that respiratory variation in the systolic pressure was frequently
more than 10 mm Hg in hypovolaemic patients. Coyle et al. (1983)
described the Delta up and Delta down components of systolic
pressure variation in an abstract presented at the American Society
of Anesthesiology annual meeting, but never released this in a full
paper. Perel et al. (1987) demonstrated that systolic pressure variation was related to volume status in an animal model, and in the
1990s several studies demonstrated that systolic pressure variation
was an accurate predictor of fluid responsiveness in adult patients
undergoing surgery (Coriat et al. 1994) and in the intensive care
unit (Tavernier et al. 1998). During the past 10 years, several studies have suggested that pulse pressure variation is superior to systolic pressure variation for the assessment of fluid responsiveness
in mechanically ventilated patients with septic shock (Michard
et al. 2000) and in the operating room (Cannesson et al. 2011a; Le
Manach et al. 2012).

Limits of the dynamic parameters of fluid
responsiveness
Dynamic parameters of fluid responsiveness based on cardiopulmonary interactions present with multiple limitations. First, they
have to be used in mechanically ventilated patients under general
anaesthesia. Secondly, tidal volume affects the predictive value of
dynamic parameters, so a tidal volume of 8 ml kg−1 of body weight
(De Backer et al. 2005; Charron et al. 2006) with a positive end-
expiratory pressure between 0 and 5 cm H2O is required to use
the indices. A significant weakness in the current literature on
arterial pressure variation is the lack of control or documentation
of intrathoracic pressure when the measurements are made. Any
patient can appear ‘fluid responsive’ with enough pressure in the
chest. Since many sicker patients have variable lung compliance,

the intrathoracic pressure that results from a given tidal volume is
unpredictable. This is especially true in the operating room where
surgical position or other factors, such as the use of laparoscopy,
can significantly influence effective lung compliance. Previous
studies are limited by the fact that they typically use volume ventilation, and pressure in the chest (plateau pressure) is not reported.
Patients have to be in sinus rhythm (Michard 2005), the chest must
be closed as an open chest and an open pericardium strongly modifies the cardiopulmonary interactions (de Waal et al. 2009), and
intra-abdominal pressure has to be within normal limits (Duperret
et al. 2007). These dynamic indicators need to be further explored
in children (Durand et al. 2008), and in the settings of left ventricular failure (Reuter et al. 2003) and acute respiratory distress
syndrome (Huang et al. 2008; Payen et al. 2009).

Haemodynamic optimization
during surgery
In the operating room and in the intensive care unit, the optimization of a patient’s haemodynamics is the key to improving morbidity and mortality. Evidence suggests that either too little or too
much fluid administration during the perioperative period can
worsen tissue perfusion and oxygenation, leading to organ dysfunction. Furthermore, this impairment may not be reliably revealed by
alterations in conventional haemodynamic indices such as heart
rate, urine output, central venous pressure, or blood pressure.
Numerous investigative studies in a spectrum of patient populations (sepsis, cardiovascular surgery, trauma, and other critical illnesses) have challenged the notion that these indicators accurately
predict volume status (Diebel et al. 1994; Tavernier et al. 1998;
Michard and Teboul 2002; Bendjelid and Romand 2003; Hollenberg
et al. 2004; Kumar et al. 2004; Osman et al. 2007). Goal-directed
therapy (GDT) is the concept of using indices of continuous blood
flow, tissue oxygen saturation, or both, to optimize end-organ function. By using flow-related parameters such as stroke volume and
cardiac output, and markers of fluid responsiveness such as stroke
volume variation, one is able to precisely infer where the patient
is on their Frank–Starling relationship, and thus optimize oxygen
delivery. Similarly, by using markers of tissue oxygenation/extraction, such as central venous saturation, one is able to provide GDT
to improve end-organ oxygenation. The body of evidence in favour
of GDT continues to grow; therefore, GDT is rapidly becoming the
standard-of-care in the intensive care unit, emergency department,
and in the operating room.
The study by Shoemaker et al. (1983) was one of the first to show
that in the critically ill patient, one should treat using physiological criteria, and administration of therapy should be monitored
to attain optimal physiological goals. These concepts have been
advanced through a landmark study by Rivers et al. (2001) which
showed improved patient outcome using early GDT based on a
protocol maintaining ScVo2 above 70% during treatment of severe
sepsis and septic shock. Pearse et al. (2005) demonstrated that it is
possible to bridge intraoperative GDT to the intensive care unit;
by maximizing a patient’s oxygen delivery index, postoperative
complications and duration of postoperative hospital stay can be
decreased.
With regard to this therapeutic strategy, emergency room physicians serve a key role in recognition of early disease presentation
and the implementation of GDT. During the past few years, several
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randomized controlled trials in patients with severe sepsis and septic shock have demonstrated significant reductions in mortality
rates with the institution of GDT (Bernard et al. 2001; Rivers et al.
2001). While these have shown the importance of haemodynamic
flow-guided indices, there are still many areas of clinical practice
that need to be further developed. These include the more widespread use of stroke volume optimization algorithms in the intensive care and emergency departments.
The use of flow-related indices to guide intraoperative goal-
directed fluid therapy has appeal as these parameters provide a
numeric representation of the patient’s volume status, which can
frequently be difficult to ascertain using standard haemodynamic
monitors, urine output, or even central venous pressure (Howell
et al. 2007; Gelman 2008; Marik et al. 2008). Gan et al. (2002)
reported earlier return of bowel function, lower incidence of postoperative nausea and vomiting, and decrease in length of hospital stay in patients whose stroke volume was optimized using an
oesophageal Doppler (Gan et al. 2002). Intraoperative GDT has
also been reported to improve outcomes after surgery in high-risk
patients, decreasing both morbidity and length of hospital stay
(Bundgaard-Nielsen et al. 2007; Abbas and Hill 2008; Rahbari
et al. 2009; Hall and Guyton 2011). Previously published studies
have shown decreased complications and hospital length of stay
in high-risk patients undergoing major abdominal surgery with
stroke volume variation-guided GDT (Lees et al. 2009; Mayer
et al. 2010). In addition, similar results have been described in
non-high-risk surgical patients undergoing elective total hip
arthroplasty (Cecconi et al. 2011) and major abdominal surgery
(Ramsingh et al. 2010). These studies support the idea that the use
of flow-guided parameters can aid in continuous maintenance of
a euvolaemic state by indicating the appropriate timing of fluid
administration.

Conclusion
There has been considerable progress in our understanding of cardiovascular physiology during the past century. Today, anaesthetists should be familiar with the most up-to-date cardiovascular
physiology concepts because our community deals with them on
a daily basis.
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CHAPTER 2

Respiratory physiology
in anaesthetic practice
Andrew B. Lumb and Natalie Drury
Introduction
This chapter provides an overview of respiratory physiology,
including the alterations that occur with both general (GA) and
regional anaesthesia (RA). The chapter structure aims to follow an
oxygen molecule on its journey from the air to the mitochondria,
with some digressions to cover other relevant aspects of respiratory
physiology.

Airway
Functional anatomy
Functionally the airway consists of the conducting and respiratory
zones, the latter being characterized by the presence of alveoli in
the airway walls and occurring from approximately the 15th airway
division after the trachea.

Upper airway
The upper airway describes the conducting passages of the nose or
mouth and the trachea. The nose is supported by bone and cartilage
externally and lined internally with nasal mucosa. It filters, warms,
and humidifies inspired air and produces mucous as part of the
pulmonary defence mechanisms (see ‘Pulmonary defence mechanisms’). During quiet breathing the nasal route is normal.
The anterior region of the nasal cavity is lined with stratified
squamous epithelium and possesses hairs. Posteriorly the epithelium changes to a ciliated pseudostratified layer with goblet cells
(i.e. a mucous membrane) which secretes mucous and propels it
towards the posterior portion of the nasal cavity and pharynx.
Just below the mucous membrane is an extensive network of veins
which supply water and heat to the nasal mucosa.
The pharynx is funnel-shaped and connects the nasal cavity and
mouth to the larynx. It can be subdivided into the nasopharynx,
oropharynx, and laryngopharynx. The larynx extends from the
level of the third to the sixth cervical vertebrae and is formed by a
complex arrangement of cartilages and muscles. Both the pharynx
and the larynx are lined with mucous membrane and are actively
involved in regulating airflow in and out of the lungs. Pharyngeal
muscles display both tonic (continuous) contraction to maintain
an open airway and phasic contraction (in phase with the respiratory cycle) to further dilate the airway as required (Kuna et al.
1997), including during physiological sleep (Eckert et al. 2009). The
activity required depends on body position, being greatest when
supine, and varies between individuals with factors such as obesity

(Yildirim et al. 1991). Patients with sleep-disordered breathing have
more tonic and phasic muscle activity even when awake (Douglas
et al. 1993). The muscles controlling the laryngeal folds (vocal
cords) are also active in phase with respiration, abducting the folds
during inspiration and adducting them slightly on early expiration
to control the rate of expiratory airflow and attenuate small airway
collapse (see ‘Flow rate’).

Trachea
The trachea descends from the larynx at its connection with the
cricoid cartilage through the neck and into the mediastinum. The
trachea is stabilized by 16–20 C-shaped cartilages which prevent it
from collapsing. In the posterior wall of the trachea the trachealis
muscle supports the open ends of the tracheal rings. Longitudinal
connective tissue fibres called annular ligaments link the individual
cartilages and allow both lengthening and shortening of the trachea, for example, with neck flexion and extension. In an average
adult the trachea is 10–12 cm long. At the base of the trachea, at
the level of the seventh thoracic vertebra, the last cartilaginous ring
that forms the bifurcation for the two main bronchi is called the
carina. The right main bronchus is wider, shorter, and more vertical
than the left; this makes it the more common side for an inhaled
foreign object to enter.

Bronchi
Each main bronchus subdivides into lobar bronchi, three on the
right and two on the left, each supplying one lung lobe (Fig. 2.1).
The right lung is divided by horizontal and oblique fissures into
upper, middle, and lower lobes and the left lung by a single oblique
fissure into an upper and lower lobe. The left lung also possesses a
subdivision within its upper lobe called the lingula which corresponds developmentally to the right middle lobe. Due to the position of the heart the right lung is approximately 15% larger than
the left.
Each lobe is further subdivided into bronchopulmonary segments, 19 in total (Fig. 2.1), each supplied by a single bronchus.
Bronchi then continue to repeatedly subdivide into smaller bronchi, usually by bifurcations though in smaller airways trifurcations also occur (Sauret et al. 2002). As bronchi divide and become
smaller the cartilaginous rings become replaced by irregular plates
of cartilage in the bronchi walls. Airways of less than 1 mm in
diameter, termed bronchioles, have no supportive cartilage at all
and so are held open only by the surrounding lung tissue in which
they are embedded.
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Figure 2.1 Lobes and bronchopulmonary segments of the lungs. Red, upper
lobes; yellow, lower lobes; green, right middle lobe. The 19 major lung segments
are labelled.

Airways of less than 0.4 mm diameter have scattered alveoli in
their walls and are classified as respiratory airways. The respiratory
bronchioles lead into alveolar ducts which in turn lead to terminal clusters or sacs of alveoli. A single terminal bronchiole supplies
a cluster of respiratory airways: this unit is termed a pulmonary
acinus and is approximately 3.5 mm in diameter and comprises
numerous respiratory bronchioles, alveolar ducts and around
10 000 alveoli (Haefeli-Bleuer et al. 1988). Each acinus is supplied
by a single pulmonary arteriole and venule, and has its own lymphatic drainage and nerve supply.

Respiratory epithelium
Histology
Conducting airways have walls made up of three layers. The outer
layer, or adventitia, consists of connective tissue (including cartilage in larger airways); the middle layer contains airway smooth
muscle (ASM) cells. The inner layer, or mucosa, consists of epithelial cells on a submucosal layer of connective tissue called the
lamina propria, which includes a thick layer of elastic fibres.
As airways become smaller, the type of epithelial cell gradually
changes. In the trachea and large airways pseudostratified ciliated
epithelial cells are seen: the term pseudostratified acknowledges
the fact that the tall, thin cell morphology makes the tissue appear
multilayered, though on close inspection it is not. In small bronchi
the epithelial cells become columnar in nature, before flattening
further into cuboidal cells in bronchioles. In respiratory airways
the cells continue to flatten further and lose their cilia until they
merge with the thin alveolar cells. Dispersed between the epithelial cells are mucous-producing goblet cells and the openings of the
submucosal bronchial glands (Rogers 1994). The bronchial glands
are exocrine glands formed by secretory epithelial cells (serous and
goblet cells); myoepithelial cell contraction produces an ejection of
mucous into the bronchial glands and airways (Jeffery 1995; Knight
and Holgate 2003).

Airway lining fluid
Secretory epithelial cells in the airway produce the airway lining
fluid (ALF) which covers the surface of the mucosa to a depth of

10–20 μm. ALF exists in two distinct layers: a superficial mucous
(or ‘gel’) layer resting on top of a thin periciliary (or ‘sol’) layer
(Boucher 2003). The mucous layer is predominantly water with the
remaining 5% comprised of large, carbohydrate-rich glycoproteins
called mucins (Hattrup and Gendler 2008) which give the mucous
its gel-like quality, allowing it to deform and spread when force is
applied. In contrast, the periciliary layer contains no protein and
is effectively an ultrafiltrate of the plasma, the depth and ionic
composition of which is closely controlled by the epithelial cells
(Widdicombe 2002). Mucous production increases when the respiratory tract is irritated, either as a result of direct stimulation of
goblet cells by irritants, by the actions of inflammatory cytokines,
or parasympathetic stimulation. Increased numbers and activity
of goblet cells is a universal finding in smokers and patients with
chronic obstructive pulmonary disease (COPD) (Wanner et al.
1996).
ALF is responsible for humidification of inspired gases and is the
lung’s first line of defence against the multitude of particles inhaled
along with the daily volume of approximately 7000 litres of air.

Cilia
Each epithelial cell possesses about 200 cilia on its luminal surface,
equating to 1–2 billion cilia cm−2. Each cilium is an extension of
the cell with an average length of about 6 μm (Omran and Loges
2009; Shah et al. 2009). In cross-section, a cilium is composed of an
inner pair and nine outer pairs of microtubules encased in the cell
membrane. The outer microtubule pairs are interlinked by nexin, a
filamentous protein. Adjacent microtubule pairs are also connected
by protein filaments, in this case, dynein. There is a protein spoke
extending from each outer pair towards the central pair of microtubules. The rapid bending of the cilium is brought about by magnesium and adenosine triphosphate (ATP) causing the dynein arms
and spokes to attach and slide along the outer and inner microtubules. This occurs at a rate of around 15 times per second, propelling the mucous towards the pharynx at a speed of approximately
4 mm min−1 in the trachea (Houtmeyers et al. 1999; Salathe 2007).
The cilia on epithelial cells beat synchronously within the ALF
low-viscosity periciliary layer, catching the underside of the
mucous layer only briefly with their tips causing it to be moved
along (Fig. 2.2). Many factors can disrupt this mechanism, including any change in the depth of the periciliary layer or viscosity of
the mucous layer, either of which will make it impossible for the
cilia to intermittently grip and release the mucous layer. This occurs
in response to a variety of processes:
◆

◆

◆
◆

◆

◆

Tobacco smoking slows cilial beat frequency, impairs cilia coordination, and in the long-term induces structural defects in the
cilia, which become shortened (Leopold et al. 2009)
Inhaled air pollutants, particularly sulphur dioxide and ozone
have similar effects to smoking
Infection
Specific lung diseases which affect the cilia (e.g. Kartagener’s syndrome) or produce an abnormal ALF which impairs ciliary function (e.g. cystic fibrosis and COPD)
Prolonged exposure to high oxygen concentrations (Stannek
et al. 1998)
Atropine
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Figure 2.2 Phases of a single beat of a cilium on respiratory epithelium. (a)
Recovery stroke: the cilium bows backwards and sideways within the low-viscosity
periciliary layer. (b) Effective stroke: the cilium extends perpendicular to the
epithelial cell into the mucous layer and propels it forward. The red dashed line
shows the trajectory of the cilium tip.

◆

Inhaled anaesthetic agents impair ciliary action both indirectly
by effects on neuroepithelial cells and directly by reducing cilial
beat frequency, though the less soluble agent sevoflurane seems
to have a lesser direct effect compared with its predecessors halothane and isoflurane (Matsuura et al. 2006).

Humidification
The respiratory airways are sensitive to the temperature and
humidity of gases within them. Cold and dry gases entering
lower airways can alter the balance of the ALF and may result in
structural damage, increased mucous production, decreased cilial
motility, and bronchospasm. The upper airway warms inspired
gas to body temperature and achieves 100% relative humidity
before gas reaches the carina. When hyperventilating, for example, during exercise, the large airways beyond the carina may also
be involved in humidification. Warming and humidification is
less efficient when mouth breathing or when the upper airways
are bypassed, such as with tracheal intubation or tracheostomy.
Inhalation of very dry air requires more water to be evaporated
from the ALF surface, such that the mucous layer becomes thinner, and water moves into the mucous from the periciliary layer.
The resulting change in periciliary solute concentration results
in passive movement of water into the ALF from epithelial cells.
If the depth of the periciliary layer reduces, the changes in cilia
beat function are detected by the epithelial cells, which secrete
extra salt via the cystic fibrosis transmembrane regulator chloride channel protein to correct the depth of the periciliary layer
(Button et al. 2007).

Pulmonary defence mechanisms
The respiratory tract has both specific and non-specific defences to
prevent tissue injury and infection from inhaled particles. They are
effective mechanisms as microorganisms are rarely found beyond
the large airways.

Airway reflexes
Irritation of the respiratory tract can elicit a number of reflexes
which aim to either close the airway, preventing the particle reaching the lower respiratory tract, or to physically expel the particle
from the airway:
◆

Sneezing occurs when irritant receptors in the nasal cavity are
stimulated, producing high velocity expulsion of air.

◆
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The gag reflex follows stimulation of the base of the tongue, laryngopharynx, and larynx. It is mediated via the vagus nerve and
causes closure of the glottis.
Coughing occurs when irritant receptors in the pharynx, trachea,
or large bronchi are stimulated, either by mechanical or chemical stimuli. A cough involves three distinct phases: inspiratory, to
a large lung volume; compressive, contraction of the expiratory
muscle against a closed glottis to increase intrathoracic pressure;
and expulsive, with rapid opening of the glottis (Widdicombe
and Fontana 2006).
The expiration reflex occurs in response to an inhaled foreign
body, and is similar to a cough but without the first, inspiratory,
phase (Tatar et al. 2008).

Capture and disposal of inhaled particles
The nasal cavity is the first filter for inhaled material, removing
most particles greater than 10 µm in diameter. Aerosols with particles of less than 10 µm pose a greater threat to the respiratory tract
because they can penetrate deeper into the lung. The fate of inhaled
particles is determined by three mechanisms:
1. Inertial impaction: large particles have inertia, determined by
their mass and velocity, which causes them to impact onto surfaces, particularly when the gas flow changes direction (e.g. in
the nose, pharynx, and at bifurcations). The sticky nature of ALF
mucous prevents them becoming airborne again.
2. Sedimentation: as gas velocity decreases in smaller airways the
weight of a particle causes it to ‘drop out’ of the air onto the ALF.
3. Diffusion: very small particles have negligible mass and will be
inhaled all the way into the alveoli and back out again without
ever coming into contact with the airway walls.
Humidification of airway gas improves both impaction and sedimentation because a particle gains mass as it absorbs water, providing another benefit of complete humidification. Sedimentation is
dependent on gravity and so will not occur in microgravity environments such as in orbiting spacecraft, potentially threatening the
long-term health of their occupants (Darquenne et al. 1998).
Examples of particles and how they are captured by the lung are
shown in Table 2.1.
Very small particles deposited in the respiratory airways or alveoli are removed by the phagocytic action of macrophages found
on the alveolar side of the alveolar–capillary barrier. Phagocytosed
organic material is usually digested, and inorganic material is
sequestered inside the cell. For all other particles, which become
trapped by the ALF, numerous mechanisms exist to remove or render them harmless (Smyth 2009).
Non-immune defences in the airway
The continuous flow of mucous towards the larynx takes most particles with it, and these are then expectorated from the lungs. In
addition, the mucous layer forms a physical barrier between the
airway surface and the underlying cells through which most pathogens cannot penetrate. Within the ALF, a variety of non-specific
mechanisms aim to kill or inhibit growth of pathogens:
◆

Protease enzymes, most commonly neutrophil elastase, which
will degrade proteins deposited in the ALF, whether part of an
intact pathogen or not. Proteases found in ALF are powerful and
non-specific, so have the potential to damage the lung tissue. This
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Table 2.1 Effect of particle size on the site of capture in the lung
Particle size

Deposited

Mechanism

Examples

Very large
(>8 μm)

Nose and
pharynx

Inertial
impaction

Pollen, sawdust

Large (3–8 μm)

Large airways

Inertial
impaction

Fungal spores

Small
(0.5–3 μm)*

Bronchioles

Sedimentation

Particulate
pollution, stone
dust, asbestos

Very small
(<0.5 μm)*

Exhaled

Diffusion

Smoke (including
cigarettes)

* = affected by humidity.

is prevented mostly by the enzymes being confined to the mucous
layer but also by the presence of antiprotease enzymes such as
α1 antitrypsin which inhibit the action of proteases (Carrell and
Lomas 2002).
◆

◆

◆

Lysozyme is secreted by granulocytes in large quantities in the
airways and has antifungal and bactericidal properties (Travis
et al. 1999).
Antimicrobial proteins with non-specific activity such as lactoferrin, and a range of specific antimicrobial proteins called
defensins are found in normal ALF.
Surfactant protein (SP)-A and SP-D have antibacterial activity, and
also contribute to activating immune mechanisms in the lung.

Immune defences in the airway
Humoral immunity is vital to the lung. Secretory immunoglobulin (Ig)-A is the principal immunoglobulin in the airway secretions
and consists of a dimer of two IgA molecules in combination with
a glycoprotein secretory component produced by the epithelial
cells. Alongside IgM and IgG these secretory immunoglobulins act
to agglutinate and opsonize antigenic particles. IgA further acts to
restrict the adherence of microbes to the mucosa. Cell-mediated
immunity involves the epithelial cells and airway macrophages
normally present in the lung releasing an array of cytokines. In
response, a range of phagocytic and pro-inflammatory immune
cells can then enter the lung tissue and initiate an inflammatory
response.

Control of airway diameter
Respiratory system resistance
The pressure gradient between the mouth and alveolus generates
flow of air. There are three sources of resistance to air flowing into
the lungs:
1. Frictional resistance to flow within the airways (airway
resistance)
2. Resistance by thoracic tissues to their deformation into a new
shape (tissue resistance)
3. Overcoming the inertia of gases in the airway.
The last of these is negligible and will not be considered further.
Tissue resistance makes up approximately half of total respiratory

system resistance (Table 2.2), and the majority of this originates in
the chest wall rather than lung tissue. In comparison with airway
resistance, tissue resistance is rarely a cause of clinical problems so
is often neglected in pathophysiological discussions. In anaesthesia, the effect of varying tissue resistance is easily observed when
ventilator parameters change with the onset and offset of muscle
relaxation.

Airway resistance
The total cross-sectional area of the airways is minimal at the
fourth generation (segmental bronchi) and then increases logarithmically as each airway divides into two bronchi with a greater
combined cross-sectional area. Because total cross-sectional area
is lowest in large airways this is the major site of airways resistance. Flow of air in the pharynx, larynx, and large airways is turbulent because the irregular shape and frequent corners prevent
laminar flow from becoming established. Resistance to turbulent
airflow is directly proportional to flow rate. As air passes further
into the lungs the increasing cross-sectional area causes air velocity to fall and flow becomes laminar at an airway size of around
1 mm, though the point at which this transition occurs is highly
variable, depending mostly on inspiratory flow rate (Cohen et al.
1993). During normal resting breathing, gas movement within
a pulmonary acinus is by diffusion, with tidal ventilation of the
alveoli only occurring during hyperventilation, in particular during exercise or at high altitude.
The cartilaginous walls of large airways make their cross-sectional
area fairly constant, while the respiratory smooth muscle of small
airways make them capable of large changes in diameter. Laminar
flow is described by the Hagen–Pouseille equation:
Flow =

∆P × π × radius 4
8 × length × viscosity

(2.1)

where ΔP is the pressure difference along the tube. As can be
seen from equation (2.1), a change in airway radius has the greatest impact on resistance to flow: halving the radius of an airway
increases resistance to flow by 16 times.

Passive changes of airway diameter
Lung volume
Lung volume directly affects airway resistance: as lung volume
increases, the small airways embedded in the tissue are progressively dilated. Resistance is therefore maximal at residual volume
(RV) and minimal at total lung capacity (TLC). The relationship is
not linear and is mathematically an inverse relationship such that
conductance (the inverse of resistance) as a function of lung volume is a straight line (Fig. 2.3). This makes conductance an easier
measurement to correct for lung volume, which led to the development of specific conductance, or sGAW [conductance divided by
functional residual capacity (FRC)] as a useful single measurement
of the amount of small airway resistance.
This relationship of lung volume and resistance explains why
patients with COPD gain some benefit from developing a hyperexpanded chest, though there are even greater detrimental effects
of this adaptation (O’Donnell and Parker 2006; Lumb 2016). In
anaesthetic and critical care practice, increasing lung volume by
the application of positive end-expiratory pressure (PEEP) will also
reduce airway resistance.
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Table 2.2 Normal values for the components of total respiratory system resistance (kPa litre−1 s).
Bold text indicates which components contribute to each form of resistance
Mouth and
pharynx

Larynx and
large airways

Small airways
<3 mm diameter

Alveoli and
lung tissue

Chest
wall

Total

0.05

0.05

0.02

0.02

0.12

0.26
0.12

Airway resistance

0.14

Pulmonary resistance
Tissue resistance
Respiratory system resistance

15

0.3

10

0.2

5
0.1

RV
0

0

2

FRC
4
Lung volume (litres)

Airway conductance (litres s−1 kPa−1)

Airway resistance (kPa litres–1 s)

Conductance
Resistance

TLC
6

8

0

Figure 2.3 The effect of lung volume on airway resistance and conductance
(in an upright subject). Conductance is 1/resistance and so the relationship with
lung volume is linear.

Flow rate
Airway gas flow rate also influences airway resistance. The effect
is negligible during resting breathing but becomes progressively
more significant with larger breaths, and is easily seen during a
forced vital capacity (FVC) manoeuvre when intrathoracic pressure becomes positive. During forced expiratory manoeuvres, two
forces contribute to generate alveolar pressure: the pressure generated from elastic recoil of the lungs and the pleural pressure. The
pressure resulting from elastic recoil gradually decreases, as does
airway pressure from the alveolus to the mouth. The point at which
the pressure inside the airway equals the pressure outside the airway is known as the equal pressure point (EPP) and the airways
will close in this region. Flow limitation is seen when exhaled flow
rate reaches a maximum value independent of further increases in
expiratory muscle activity. Subjects with normal muscle function
can reach this limiting flow over most of the vital capacity (VC)
range. In healthy individuals, an EPP and flow limitation only

0.14
0.26

occur at lung volumes well below FRC, but expiratory flow limitation at FRC is common in patients with COPD.
Flow-related airway collapse is best demonstrated with flow–
volume loops, which are a graphical illustration of the relationship
between lung volume and airflow (Fig. 2.4a).
Flow–volume loops show characteristic shape changes with
different pathological states (Bass 1973) as shown in Figure 2.4.
In patients with obstructive lung disease, the expiratory phase is
characteristically concave as a result of collapse of smaller airways
early in expiration (Fig. 2.4b). In cases of large airway obstruction, the flow–volume loop shape differs depending on whether
the obstruction is fixed or variable, and intra-or extrathoracic. In
variable extrathoracic obstruction such as extrathoracic goitre or
laryngeal pathology, the expiratory part of the flow–volume loop is
often normal as the obstruction is pushed outwards by the force of
the expiration. However, during inspiration there is partial obstruction resulting in flattening of the inspiratory portion of the curve
(Fig. 2.4c). Where there is variable intrathoracic obstruction the
opposite occurs. There is normal morphology of the inspiratory
portion of the loop but during expiration the obstruction causes
partial obstruction of airflow, flattening the expiratory part of the
loop (Fig. 2.4d). Finally, fixed large airway obstruction can be
either intrathoracic or extrathoracic, such as tracheal stenosis, and
the flow–volume loop is typically flattened during inspiration and
expiration (Fig. 2.4e).

Active control of airway diameter
In addition to the passive factors affecting small airway calibre there
are four mechanisms controlling contraction of ASM (Canning
2006).
Neural pathways
ASM is innervated by two neural pathways:
1. Parasympathetic: this is a bronchoconstrictor pathway from the
vagus nerve acting via M3 acetylcholine receptors. Increased
activity causes both bronchoconstriction and an increase in
respiratory tract secretions and mostly occurs in response to
stimulation of airway irritant receptors, though the response
is exaggerated by inflammatory mediators. Stimulation of the
M3 receptor acts via a Gq-protein to activate phospholipase C
to produce inositol trisphosphate which binds to sarcoplasmic
reticulum receptors releasing calcium, causing contraction of
ASM (Burwell and Jones 1996).
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2. Non-
cholinergic parasympathetic nerves (Widdicombe
1998a): airways have some innervation by non-adrenergic,
non-cholinergic nerves which inhibit ASM contraction and so
bronchodilate the airway. The neurotransmitter is vasoactive
intestinal peptide, which increases nitric oxide release and the
production of cyclic guanosine monophosphate to bring about
ASM relaxation. The precise role of this system in humans
remains unclear (Widdicombe 1998a; Canning 2006).

(A)

Air flow rate

Expiratory

A

VT

Lung
volume

Inspiratory
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FRC

TLC
(B)

RV

(C)

Humoral control
ASM cells have numerous β2-adrenergic receptors on their surface which cause relaxation when stimulated by circulating
adrenaline. Stimulation of a β2-receptor results in activation of a
Gs-protein which activates adenyl cyclase to produce cyclic adenosine monophosphate (cAMP) which inhibits calcium release
from the sarcoplasmic reticulum so inhibiting ASM contraction.
Bronchodilation can therefore be pharmacologically achieved
either by stimulation of β2-receptors resulting in increased cAMP
production or by inhibition of cAMP breakdown by phosphodiesterase inhibitors (Thomson et al. 1996).
Direct physical and chemical effects
Stimulation of epithelial cells or irritant receptors in the airway wall
can result in ASM contraction either by a direct effect on the ASM
cells, by local neural reflexes, or via the central parasympathetic
reflex previously described. Types of stimulant vary from simple
cold air inhalation to the presence of physical foreign bodies in
the airway or inhalation of irritant chemicals. These responses are
exaggerated in patients with asthma, particularly after recent viral
infection when bronchial hyper-responsiveness may exist for up to
6 weeks (Calhoun et al. 1994). A typical GA results in stimulation
as a result of foreign bodies in the pharynx or trachea, inhalation
of dry, inadequately warmed gases, aspiration of small amounts
of saliva or lubricating gel, and an inability to clear accumulated
sputum.
Local cellular responses
Lung infection, airway disease, or allergy all contribute to increased
bronchoconstriction, acting via a host of mediators (Table 2.3). In
long-term airway disease, remodelling of the ASM and epithelial
cells leads to irreversible small airway narrowing (Barnes et al.
2003; Fixman et al. 2007).

Effects of anaesthesia on the airway

(D)

(E)

GA has both direct and indirect effects on airway resistance (Nyktari
et al. 2006). The reduction in FRC seen with GA in the supine position will increase resistance as the curve of airway resistance vs lung
volume (Fig. 2.3) is steep around FRC. Fortunately, most GA drugs
also cause bronchodilation, acting both directly on ASM at high
doses and indirectly by suppressing reflex bronchoconstriction via
the parasympathetic pathways. As a result there is little change in
respiratory system resistance during GA.

Breathing

Figure 2.4 Normal and abnormal flow–volume loops. (a) Normal loop for
tidal breathing (red circle) and a vital capacity breath from RV to TLC. The VT is
the maximum width of the flow–volume loop. The peak expiratory flow point
(a) is quickly followed by a linear decline in flow rate as a result of small airway
collapse—this part of the loop remains the same however much expiratory
effort the subject applies. (b) small airway obstructive disease such as COPD with
a concave expiratory phase as a result of early closure of small airways (normal
loop is shown as a dashed grey line); (c) variable extrathoracic obstruction with a
flattened inspiratory phase and normal expiratory loop; (d) variable intrathoracic
obstruction in which the inspiratory phase is normal but flow limitation occurs
early on expiration; (e) fixed large airway obstruction, either intra-or extrathoracic,
causes flow limitation in both phases of respiration.

The muscles of the chest wall and diaphragm work together along
with the inherent elasticity of the chest cavity to oppose the lungs’
tendency to collapse. By cyclical variation in their activity the respiratory muscles can alter the chest volume and so bring about
breathing. Contraction of inspiratory muscles increases thoracic
volume causing a fall in intrapleural and so alveolar pressure.
Establishing an alveolar–mouth pressure gradient causes air to be
drawn into the lungs. During quiet breathing no expiratory muscles
are used, instead the lungs will simply recoil by themselves pulling
the now relaxed chest wall and inspiratory muscles with them.

Respiratory muscles
Quiet breathing in a supine subject is mainly diaphragmatic,
with only around one-third of tidal volume (Vt) resulting from
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Table 2.3 Mediators involved in alteration of bronchial smooth muscle tone during airway inflammation
Source

Bronchoconstriction

Bronchodilation

Mediator

Receptor

Mediator

Receptor

Mast cells and other
pro-inflammatory cells

Histamine
Prostaglandin D2
Prostaglandin F2α
Leukotrienes C4 D4 E4
PAF
Bradykinin

H1
TP
TP
CysLT1
PAF
B2

Prostaglandin E2
Prostacyclin (PGI2)

EP
EP

C-fibres

Substance P
Neurokinin A
CGRP

NK2
NK2
CGRP

Endothelial and
epithelial cells

Endothelin

ETB

B, bradykinin; CGRP, calcitonin gene-related peptide; EP, prostaglandin E-specific prostanoid receptor; ET, endothelin; H, histamine; LT, leukotriene;
PAF, platelet activating factor; PG, prostaglandin; NK, neurokinin; TP, thromboxane-specific prostanoid receptor.
Data from Barnes, P.J. (1998). Pharmacology of airway smooth muscle. American Journal of Respiratory and Critical Care Medicine, 158, S123–32.

intercostal muscle activity. In an upright posture the situation is
reversed and the diaphragm only contributes about one-third of
the VT. When upright, the scalene muscles are also active during
normal resting breathing to raise the upper ribs and so push the
sternum forward, increasing the anterior–posterior diameter of the
chest.

Intercostal muscles
The intercostal spaces contain external intercostal muscles, internal
intercostal muscles, and an incomplete innermost intercostal layer
of muscles. The external intercostal muscles have fibres which pass
downwards and forwards between the ribs and are instrumental in
achieving the bucket-handle effect during inspiration. By contracting they pull the ribs forward and upward, which acts to increase
chest cavity volume by increasing both its lateral and anterior–
posterior diameters. During quiet breathing, the first rib remains
still and the intercostal muscles elevate and evert the succeeding
ribs. Intercostal muscle contraction also stiffens the intercostal
spaces preventing them from being sucked in during inspiration.
Internal intercostal muscles are generally active during expiration,
having the opposite effect to the external intercostals.
Intercostal muscles also play a role in maintenance of posture,
particularly in the upright position, and their roles in inspiration
and expiration can be reversed, for example, when the trunk is
rotated.

Diaphragm
The diaphragm is a dome-shaped muscle separating the thoracic
and abdominal cavities which has a thickness of approximately
3 mm and an area of 750 cm2 (Gauthier et al. 1994). The muscular peripheral part takes its origin from the vertebrae and arcuate
ligaments, the rib cage, and the sternum. The right crus arises from
the upper three lumbar vertebrae and the left crus from the upper
two lumbar vertebrae. The diaphragm has a number of openings
to allow structures to pass between the thoracic and abdominal
cavities:

◆

T8 level, inferior vena cava and right phrenic nerve

◆

T10 level, oesophagus, and both vagus nerves

◆

T12 level, aorta, thoracic duct, and azygous vein.

Contraction of the muscle fibres of the diaphragm brings about
inspiration via three different mechanisms, which are described
according to the piston-in-a-cylinder analogy shown in Figure 2.5
(Petroll et al. 1990):
1. Pure piston-like behaviour: the zone of apposition, where the
diaphragm is directly apposed to the inside of the chest wall,
shortens and the dome moves in a caudad direction. This is the
most efficient mechanism by which muscle contraction increases
chest volume because the direction of diaphragm movement is
the same as the muscle fibre shortening. During maximal inspiration the diaphragm can be pulled down approximately 10 cm,
producing a large VT.
2. Flattening of the diaphragm dome: reduction of the curvature of
the dome increases chest volume. This is very inefficient, because
as the dome flattens, most of the work being performed by the
muscle fibres simply opposes the opposite side of the diaphragm,
such that when the dome is entirely flat this activity has zero
effect on chest volume.
3. Expanding the cylinder: contraction of the diaphragm muscle
against the weight of the abdominal contents will result in a
slight widening of the lower ribcage, so increasing chest volume.
With this analogy it is easy to see why in a patient with COPD who
has a hyperinflated chest cavity the efficiency of the diaphragm
is impaired by a flattened diaphragm dome and reduced zone of
apposition.
The muscles of the diaphragm usually function as a single unit
although anatomically the diaphragm is divided into right and left
hemidiaphragms. Each hemidiaphragm is innervated by a separate phrenic nerve. Damage to one nerve affects only the hemidiaphragm that it innervates. Sensory innervation of the diaphragm
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Chest
cavity

ZA
ZA
Abdominal
cavity

Figure 2.5 Mechanical actions of the diaphragm using the piston-in-a-cylinder analogy. The outer blue box represents the cylinder, including both chest and abdominal
cavities. The piston (inner purple line) represents the diaphragm. See text for details. (a) Resting position at FRC. (b) Pure piston-like behaviour, shortening the zone of
apposition (ZA). (c) Flattening of the diaphragm dome. (d) Expanding the cylinder as the diaphragm contracts against the weight of the abdominal contents (in the
supine posture).

also runs in the phrenic nerve, and pain from irritation of the diaphragm is often referred to the corresponding dermatome for C4,
the shoulder tip.

Respiratory accessory muscles
When minute volume of ventilation or resistance to breathing is
increased, accessory inspiratory muscle activity becomes necessary.
The sternocleidomastoid muscles pull on the sternum to increase
thoracic volume. Serratus anterior act to lift the ribs upward while
the scalene muscles lift the first two ribs upward. The pectoralis
muscles can further raise the ribs and sternum: their use can often
be identified clinically as patients lean forward and anchor their
forearms on a flat surface allowing the pectoral muscles to further
expand the chest.
When ventilation exceeds about 40 litres min−1, instead of relying on the lungs’ natural recoil for exhalation, expiratory muscle
activity begins. The expiratory muscles decrease thoracic volume
by increasing intra-abdominal pressure thereby pushing the diaphragm in a cephalad direction. The expiratory muscles mainly
consist of the abdominal wall muscles rectus abdominis, and the
external and internal obliques. The internal intercostals also help to
decrease thoracic volume.

Respiratory muscle fibre types
The structural characteristics of skeletal muscle are determined
by the proportion and types of the different fibres present in these
muscles. One classification system has designated fibres as type1,
type 2a or 2b based on myofibrillar ATPase activity. Type 1 fibres
are slow-twitch fibres, with high myoglobin concentration and
mitochondrial density and hence high oxidative potential. These
fibres have low myosin ATPase activity and are highly resistant to
fatigue. In contrast, type 2a and 2b fibres are fast-twitch fibres with
a low myoglobin concentration and mitochondrial density and thus
have low oxidative potential but high glycolytic potential and high
fatigueability (Levine et al. 1997; Gayan-Ramirez and Decramer
2002; Laghi and Tobin 2003).
As the primary inspiratory muscle, the diaphragm is continuously active throughout life (for breathing) with bursts of high
activity (e.g. for coughing). The muscle fibres of the diaphragm are
therefore resistant to fatigue and have a high oxidative capacity, and
there is a good blood supply to the muscle ensuring that increasing
oxygen requirements are met mainly by increasing blood flow. The

diaphragm is composed both of type 2b fast-twitch fibres that are
useful during brief periods of maximal ventilatory effort, coughing,
hiccupping, and so on, and type 1 slow-twitch fibres which provide
endurance (Sieck 1994). About 50% of diaphragm fibres are type
1, a proportion which is lower than in the intercostals and scalene
muscles which contain approximately 60% (Polla et al. 2004). These
proportions are altered in disease states and patients with COPD
may have up to 70% of type 1 fibres in the diaphragm (Stubbings
et al. 2008).
Skeletal muscle fatigue occurs when the muscle is unable to generate the required force or velocity of contraction in response to a
load. Respiratory muscle fatigue is an inability to generate sufficient
pressure to maintain alveolar ventilation, resulting in ventilatory
failure. Artificial ventilation can induce inspiratory muscle atrophy.
This is often compounded by a state of relative malnourishment
or hypoperfusion of the respiratory muscles which further reduces
muscle function leading to problems with weaning from artificial
ventilation (Sieck 1994; Callahan 2009; Sieck and Mantilla 2009).

Effects of anaesthesia on respiratory muscle activity
General anaesthesia
Both tonic and phasic activity of the upper airway muscles is immediately lost on induction of anaesthesia (Nandi et al. 1991; Mathru
et al. 1996), with the almost inevitable airway obstruction with
which all anaesthetists are familiar. In a spontaneously breathing
patient, the pattern of contraction of respiratory muscles becomes
very abnormal. Increased upper airway resistance and hypercapnia
will result in increased overall muscle activity. Diaphragm activity may be less affected by GA than the intercostals muscles, commonly leading to a paradoxical ‘see-sawing’ respiratory pattern
even with an apparently unobstructed airway. Expiratory muscle activity commonly increases during GA (Drummond 2003),
with clear contraction of the abdominal muscles occurring late
in expiration. Finally, the coordination of the respiratory muscles
is abnormal during GA, most commonly manifesting as a phase
delay between the activity of the intercostal and abdominal muscles
(Lumb et al. 1991).
Regional anaesthesia
High thoracic epidural anaesthesia (block up to T1 dermatome)
reduces the contribution of the rib cage to resting ventilation
and increases FRC slightly as a result of caudad displacement of
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the diaphragm and reduced thoracic blood volume (Warner et al.
1996). Despite these changes most respiratory variables remain
unchanged during RA with only small changes in FVC and peak
expiratory flow rate (PEFR). A greater effect is seen when RA is
used in late pregnancy when there are significant reductions in
FVC and PEFR with spinal and epidural techniques, the latter causing lesser changes (Gamil 1989; Kelly et al. 1996).

Control of respiration
Claudius Galen (ad 129–199) was the first physiologist to realize
that breathing activity originated in the brain, based on his observations on the breathing of gladiators with severe injuries (Perkins
1964). In the early twentieth century a plethora of animal experiments identified various areas of the brain that altered respiratory
patterns when stimulated or removed. Only in the last few decades, with the advent of functional imaging techniques, have we
finally elucidated which areas of the intact human brain are actually
involved in respiratory control.

Central pattern generator
Functionally, the basic underlying rhythm of breathing begins in
the central pattern generator (CPG) in the brainstem, which is a
complex neuronal network involving diffuse groups of respiratory
neurones in the pons and medulla. The CPG sets the rate and pattern of ventilation (e.g. inspiratory time) and regulates the activity of
the respiratory muscle motor neurones (Richter et al. 1992; Bianchi
et al. 1995). It is modulated by other areas of the central nervous
system and receives feedback from multiple sensors including
chemoreceptors and lung mechanoreceptors. Unlike in the heart,
there is no single ‘pacemaker’ neurone in the CPG; the rhythm is
instead generated by waves of alternating excitatory and inhibitory
neurotransmitters acting between different neuronal groups. Each
of these groups contains many thousands of individual neurones,
providing considerable redundancy within the system so ensuring
that a respiratory rhythm continues to be generated even if many of
the neurones are not functioning.
Anatomically the medulla contains two groups of respiratory
neurones:
1. Dorsal respiratory group (DRG): these neurones are located
in the nucleus tractus solitarii in the medulla oblongata and
mostly contain inspiratory neurones. The DRG receives excitatory impulses from other regions of the brain and from chemoreceptors via the glossopharyngeal and vagus nerves. The DRG
extends axons down the spinal cord in the cervical and thoracic
regions. These axons are organized into nerves that innervate the
diaphragm, intercostal, and accessory muscles of breathing.
2. Ventral respiratory group (VRG): these neurones bring about
expiration, mostly by inhibiting the inspiratory DRG. The VRG
is a network of neurons that extends in the ventral brainstem
from the spinal cord to the pons-medulla junction. When the
VRG become active, they inhibit the DRG resulting in relaxation
of the respiratory muscles and passive exhalation.

about their breathing (e.g. for physiological experiments). The cortical influences can overcome most of the other reflexes described
below, including chemical control of breathing. For example, when
a subject hyperventilates until their Pco2 is below the normal
apnoeic threshold for breathing it is the cerebral cortex that stimulates breathing to continue even with no chemical drive to do so. Of
course this response does not occur in a sedated or anaesthetized
subject, explaining why hypocapnia causes more significant apnoea
in these patients. Another more complex influence of the cerebral
cortex on breathing is for speech. Complex unconscious calculations of forthcoming speech patterns are made before taking an
appropriate sized breath to ensure breaks in the speech for the next
breath occur at suitable positions (Winkworth et al. 1995).
The pons contains many neurones with firing patterns in phase
with respiratory activity [pontine respiratory group (PRG)].
Previously known as the pneumotaxic centre, the PRG is not essential for a normal respiratory pattern, but is now believed to act more
as an integrator of the various, sometimes conflicting, inputs into
the CPG from both the central and peripheral nervous systems.
Once activated the PRG neurones have direct connections to the
CPG, for example, sending excitatory signals to the VRG causing
inhibition of the DRG and so slowing or stopping inspiration and
delaying the next cycle.

Neuronal respiratory reflexes
Numerous nerves provide afferent input into the respiratory control systems, acting either directly on the CPG or via the PRG:
Upper airway irritant receptors
Upper airway irritant receptors are rapidly adapting free nerve endings located between epithelial cells, with afferent myelinated fibres
running in the vagus nerve. They react to inhaled particles such as
dust or to inhaled irritants such as air pollutants, and when stimulated result in cough, sneezing, bronchial or laryngeal constriction,
and increased mucous production. Irritant receptors are also stimulated by rapid large inflations and deflations of the lungs, airway
deformation, and inflammation.
Upper airway mechanoreceptors
These receptors respond rapidly (<50 ms) to changes in airway
pressure causing reflex phasic activity in airway muscles to open
the airway and overcome increased resistance. This physiological
reflex is vital during sleep, abolished by many drugs including GA,
and when inadequate contributes significantly to sleep-disordered
breathing (Widdicombe 1998b).
Pulmonary stretch receptors
Lung tissue contains many different types of receptors, monitoring many aspects of lung movement, but there are functionally two
important groups:
◆

◆

Central nervous system influences on the CPG
There is extensive volitional control of respiration, mediated via cerebral cortex connections to the CPG (Horn et al, 1998). The most
obvious one is conscious breath-holding, but more subtle effects
occur such as changes in breathing pattern when the subject thinks
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Slowly adapting stretch receptors (SARs) are found mostly in airway walls and are termed ‘slowly adapting’ after their ability to
maintain their firing rate even when lung inflation is sustained
for many seconds. These effectively act as lung volume sensors.
Rapidly adapting stretch receptors (RARs) are found mostly in
the mucosa and are stimulated by changes in tidal volume, respiratory rate and lung compliance. RARs also have nociceptive
activity similar to the pulmonary C-fibres (described in the next
paragraph). Afferent input from these numerous receptors is
integrated in the nucleus tractus solitarius of the medulla before
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acting on the other groups of respiratory neurones. This integration displays the phenomenon of neuronal plasticity, that is,
the reflex response can adapt to longstanding alterations of lung
function (Bonham et al. 2006).
Pulmonary C-fibres
These nerve fibres are found in the lung parenchyma and are closely
associated with small branches of either the pulmonary (juxtapulmonary or J-receptors) or bronchial circulations. They are nociceptive, and also stimulated by nearby tissue damage, oedema, or
inflammatory mediators. Stimulation results in apnoea or rapid
shallow breathing, sometimes associated with bradycardia and
hypotension, and these receptors are believed to be the source of
the symptoms seen with many forms of lung pathology, including pulmonary embolism and pulmonary oedema (Widdicombe
1982).
Extrapulmonary afferent input
The phrenic nerves include afferent fibres but the function of
these is unknown as they appear to have no effect on the control of normal breathing. It is possible they are involved in the
response to overcoming increased respiratory loads (e.g. during
partial airway obstruction). Other afferents from the baroreceptors and musculoskeletal system influence breathing, the latter
being important in the ventilatory response to exercise (Gandevia
et al. 2000).
Other respiratory reflexes
Apart from the cough reflex already described, other respiratory
reflexes include the following:
◆

◆

The inflation (Hering–Breuer) reflex, which occurs when lung
inflation inhibits inspiratory muscle activity.
The deflation reflex, which is the reverse of the Hering–Breuer
reflex in that deflation of the lung augments inspiratory muscle
activity (Guz et al. 1971).
Both these reflexes are active mostly when tidal volume
is greater than 1 litre, and easily demonstrated in animals.
Their existence in adult humans is questioned as bilateral
vagal block has little effect on normal breathing (Guz et al.
1964) and the rhythm of breathing is normal in patients with
denervated lungs after transplantation (Shaw et al. 1991). The
reflexes are accepted as being present in human neonates
(Rabbette et al. 1994).

◆

◆

Head’s paradoxical reflex (a ‘gasp reflex’): a brief and sudden
increase in lung volume causes a transient increase in inspiratory
activity, resulting in a single large gasp (Head 1889). Again, this
reflex is easily demonstrated in animals, occurs in neonates, but
its existence in adult humans is uncertain. A similar response is
commonly seen in apnoeic patients during anaesthesia when a
short inflation by squeezing the breathing system reservoir bag
elicits a welcome large single gasp from the patient.
Baroreceptor reflexes: changes in systemic blood pressure can
influence breathing pattern. Extreme hypotension can cause
hyperventilation or gasping in humans, and in animals the
converse occurs with slowing of breathing or apnoea being
seen with severely increased blood pressure.

Chemical control of breathing: carbon dioxide and pH
The ultimate aim of breathing is to achieve closely controlled tensions of O2 and CO2 in the blood irrespective of changing metabolic requirements, so it is unsurprising that these blood gases have
an important role in respiratory control. Chemical control of ventilation is mediated via central and peripheral chemoreceptors, with
these predominantly responding to CO2 and O2 respectively.
The term ‘central chemoreceptors’ describes a diffuse collection of
neurones located near the ventrolateral surface of the medulla, close
to the exit of the 9th and 10th cranial nerves (Sato et al. 1991). These
neurones react to changes in the chemical composition of the surrounding extracellular fluid, responding to changes in pH and Pco2
but not to changes in Po2. Extracellular fluid pH is the main factor
influencing chemoreceptor neurone firing rate and this is influenced
by the metabolic activity of the brain cells and the chemical composition of cerebral blood and cerebrospinal fluid (CSF). CSF is separated from blood by the blood–brain barrier, which is impermeable
to polar molecules including H+ and HCO3− but permeable to CO2.
CSF pH is therefore determined by the arterial Pco2 and the bicarbonate concentration of the CSF. There is little buffering capacity
within the CSF so small changes in Pco2 result in large pH changes.
A fall in pH stimulates the central chemoreceptor neurones
and results in activation of the DRG with an increase in both the
depth and rate of breathing. Central chemoreceptors are responsible for approximately 70% of the ventilatory response to CO2 in
humans, the remainder arising in the peripheral chemoreceptors
(see ‘Chemical control of breathing: oxygen’). It has a relatively slow
response time of around 20 s because of the delay in CO2 diffusing
across the blood–brain barrier and being converted into H+ ions
(O’Regan and Majcherczyk 1982; Dean and Nattie 2010).
As the arterial Pco2 increases there is a linear increase in minute
ventilation (Fig. 2.6). This continues until the Pco2 increases above
10 kPa, above which ventilation actually begins to decrease as a
result of the direct depression of the central respiratory neurones
by hypercapnia. There is wide variation between individuals in the
gradient of their Pco2/ventilation response line.
This relationship between Pco2 and ventilation can also be influenced by the presence of metabolic acidosis, the effect of which on
extracellular pH is additive to that of Pco2 so the response lines are
shifted to the left. Hypoxia also influences the response, causing the
Pco2/ventilation line to become steeper as a result of inducing a metabolic acidosis and by stimulation of ventilation via peripheral chemoreceptor activation (see ‘Chemical control of breathing: oxygen’).
Central chemoreceptor sensitivity can be altered by changes to the
buffering potential of CSF, which in turn changes the buffering potential of the extracellular fluid. The primary buffer in CSF is HCO−3 , a
greater concentration of which results in a higher CSF pH, and more
importantly, means there is less change in pH when CO2 enters the
CSF. This effectively resets the chemoreceptor activity to only respond
to a higher Pco2. Chronic disease conditions where hypercapnia is
prolonged result in an adaptive increase in bicarbonate concentration.
The CSF pH normalizes as a result of this compensatory increase in
bicarbonate transport across the blood–brain barrier. These patients
may have a blunted ventilatory response to increased Pco2 concentrations and rely more on hypoxia for respiratory stimulation.
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Figure 2.6 Ventilatory response to changes in arterial Pco2. The normal response
(blue solid line) is linear with a gradient of about 15 litres min−1 kPa−1, but this
value varies widely between individuals. The dotted line shows the normal
response extrapolated to zero ventilation, showing the Pco2 at which, in theory,
apnoea will occur (the apnoeic threshold), though actually breathing continues
as a result of cortical input and the in vivo line is hockey-stick-shaped as shown.
General anaesthesia with volatile agents depresses the response in a dose-
dependent fashion (red dashed lines).

Chemical control of breathing: oxygen
Peripheral chemoreceptors are found within the carotid and aortic
bodies. Carotid body receptors respond to both low Po2 and raised
Pco2 but it is decreased Po2 that is the main stimulant (López-
Barneo et al. 2008). It is the partial pressure of oxygen to which
the chemoreceptors respond rather than oxygen content, so anaemia has no effect if the arterial Po2 remains normal. The peripheral
chemoreceptors also respond to an increase in Pco2 and decrease
in pH, this response makes up about 30% of the overall response
to Pco2.
Carotid bodies have a high blood flow and are able to respond
rapidly (1–3 s) to small changes in blood gases, in particular the
development of hypoxaemia. Carotid bodies respond to these
changes by increasing the firing rate in the carotid sinus nerve
which stimulates the DRG to increase ventilation, predominantly
by increasing respiratory rate.
The molecular oxygen sensor responsible is a potassium
channel, activation of which changes the cell membrane potential, opens voltage-dependent calcium channels, and so stimulates release of a neurotransmitter. It is unknown whether the
hypoxia has a direct effect on the potassium channel or whether
oxygen-dependent intermediaries are required; possible contenders including reactive oxygen species or carbon monoxide
(CO). Similarly, the neurotransmitter involved is uncertain, with
numerous contenders such as dopamine, acetylcholine, ATP,
noradrenaline, angiotensin II, and substance P being implicated
either as neurotransmitters or neuromodulators (Weir et al. 2005;
López-Barneo et al. 2008).
Unlike the linear response to CO2 the acute hypoxic ventilatory
response (AHVR) to progressive hypoxia is hyperbolic (Fig. 2.7).
In a similar fashion to the effect of hypoxia on the ventilatory
response to Pco2 an abnormal Pco2 also influences the ventilatory response to hypoxia. This synergism between the two reflexes

is a fundamental protective response for patients with coexisting
acute hypoxia and hypercapnia. However, the opposite response
also occurs when Pco2 falls in a hypoxic patient. The normal curve
shown in Figure 2.7 is recorded under isocapnic conditions that is,
throughout the experiment the subject’s Pco2 is kept the same as
under the control conditions. In practice, patients do not do this
and Pco2 is uncontrolled (referred to as poikilocapnia). The hyperventilation caused by hypoxia will lower Pco2, so reducing their
respiratory drive and attenuating the response.
With prolonged hypoxia the ventilatory response passes through
further phases. The AHVR is short lived and begins to decline after
only 5–10 min, a phase referred to as hypoxic ventilatory decline
(Easton et al. 1986). If hypoxia continues for several hours, ventilation again begins to increase until a new plateau is reached after
24 h, probably as a result of changes to the carotid body response,
possibly mediated by angiotensin II (Leung 2006).

Effect of anaesthesia on respiratory control
General anaesthesia
Almost all anaesthetic agents decrease both resting and stimulated
ventilation, an effect which is attenuated by the respiratory stimulant effects of pain. Analgesia also influences this balance both by
removing the pain stimulus and by direct respiratory depressant
effects. In a spontaneously breathing patient, anaesthetists are
skilled at balancing these two effects, but hypercapnia is common.
For volatile anaesthetic agents, depression of unstimulated breathing and the reduction in the response to both hypercapnia and
hypoxia are dose dependent, with equi-minimum alveolar concentrations (MACs) of most agents having similar effects (Dahan and
Teppema 2003). The depression of the hypoxic response (Fig. 2.7)
is more profound than for the hypercapnic response (Fig. 2.6), with
levels of only 0.1 × MAC having a significant effect (Knill and Gelb
1978; Pandit et al. 2002). This has major implications in clinical
practice because low concentrations of inhaled anaesthetic are still
present in the post-anaesthesia care unit, when patients remain at
40
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Figure 2.7 Ventilatory response to progressive reduction of arterial Po2. The
normal isocapnic response (blue solid line) is hyperbolic. General anaesthesia with
volatile agents depresses the response (red dashed lines) which is abolished at 1
MAC, and significantly impaired at only 0.1 MAC, a level of anaesthesia likely to
still exist in patients in the recovery room.
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risk of airway obstruction and respiratory depression from opioids.
Under these circumstances, the protection provided by AHVR will
be impaired allowing hypoxia to become potentially damaging.
A similar degree of sensitivity is seen with propofol (Nagyova et al.
1995).
Regional anaesthesia
In elderly patients thoracic epidural anaesthesia may cause a small
reduction in resting tidal volume because of reduced rib cage
movement (Sakura et al. 1996). Hypercapnic and hypoxic ventilatory responses during epidural anaesthesia may be influenced by
anxiety in the subjects (studies often being performed immediately
before surgery), by direct effects of local anaesthetic agents on the
respiratory neurones, or by inhibition of respiratory muscle activity
limiting the ventilatory response. As a result of these often opposing effects there are no consistent changes seen in either hypercapnic or hypoxic responses (Labaille et al. 1985; Sakura et al. 1996).

Lungs and pleura
Pleura
Pleural anatomy
The chest cavity is lined with a serous membrane, the parietal
pleura, which covers the inside of the thoracic wall, the superior
surface of the diaphragm, and continues around the heart to form
the lateral walls of the mediastinum. It is apposed by another serous
membrane, the visceral pleura, which covers the lung surface, dipping into the fissures between the lobes. Both pleura consist of a
thin layer of mesothelial cells on a connective tissue membrane
containing blood vessels, lymphatics, and nerves. The parietal
pleura has sensory fibres that are responsible for the painful sensation associated with pleural inflammation. A thin, fluid-filled space
exists between the parietal and visceral pleura.

Pleural fluid physiology
The parietal pleura receives its blood supply from the systemic circulation: this is a high-pressure system relative to the low pressure
in the pleural space and so fluid filtration occurs into the pleural
space. Visceral pleural blood supply originates in the low-pressure
pulmonary circulation and so no fluid filtration occurs. Pleural
fluid leaves the pleural space via openings through the parietal
pleura called stomata which drain into the pulmonary lymphatics
and so back to the circulation.
The small volume of pleural fluid (approximately 18 ml) is spread
over the surface of both lungs and enables the pleural membranes
to slide easily over each other so reducing friction as the lungs move
within the thorax (Zocchi 2002). This space acts as a coupling system between the lungs and the chest wall and the opposing elastic
forces between the chest wall and lungs result in a negative pleural
pressure. The separation of the two membranes is strongly resisted
by the surface forces of the pleural fluid. As such the lungs adhere
tightly to the chest wall and consequently are forced to expand and
recoil as the thoracic volume changes.
Starling’s forces control fluid flux through the pleural space via
the interaction between micro-vascular pressures, oncotic pressures, permeability, and surface area. Under normal circumstances
there is net filtration of transudative fluid into the pleural space
that is balanced by resorption via the stomata. Pleural effusions
may develop when either pleural fluid production is excessive or

resorption is inadequate. When there is an imbalance of Starling’s
forces across normal pleural membranes a transudative effusion
develops. The fluid has low protein content and usually occurs
bilaterally. More common causes for transudative effusions include
congestive heart failure, cirrhosis, and nephritic syndrome. Where
the effusion has higher protein content, the effusion is termed exudative and its presence implies disease of the pleura or adjacent
lung. Exudative effusions are, in part, caused by protein or cellular
debris in the pleural fluid blocking the stomata and so impairing
fluid drainage. With this type of effusion diagnoses such as infection, malignancy, and autoimmune disease are more likely.

Alveolar–capillary unit
Alveolar structure
The adult lungs contain about 300 million alveoli, each with a mean
diameter of 0.2 mm at FRC. Each alveolus is formed by walls made
up of a fibre scaffold of connective tissue strands of collagen and
elastin. The scaffold fibres interlock extensively and at a molecular
level are believed to be under tension to maintain their structural
integrity, a crucial feature which means that damage to one area of
the scaffold will cause extensive breakdown of nearby regions, as
seen in emphysema (Weibel 2008). The fibre scaffold is continuous with the alveolar basement membrane layer of collagen which
provides the strength of the alveolar septa and point of attachment
for the alveolar cells. Pulmonary capillaries are shared with adjacent alveoli and weave in and out across the fibre scaffold, bulging into different alveoli on each side (Fig. 2.8). The walls of the
alveoli and alveolar ducts are formed primarily by a single layer of
unciliated squamous epithelial cells. Predominantly these are type1
pneumocytes which form the gas exchange surface with the capillary endothelium and cover more than 90% of the alveolar surface.
Interspersed among the type 1 pneumocytes on the alveolar surface are a small number of cuboidal type 2 pneumocytes. Making
up only a small proportion of the alveolar surface area, type 2
pneumocytes are mainly found at the corners formed by junctions between alveoli. As stem cells they are able to form new type
1 pneumocytes (Uhal 1997) and they are also responsible for the
manufacture, storage, and secretion of surfactant.
Macrophages are also found in the alveolus, where they contribute to pulmonary defences by moving around the alveolar surfaces
and engulfing particles, debris, and foreign cells (see ‘Pulmonary
defence mechansims’).
Small openings exist in the alveolar septa which allow gas to
move from one alveolus to another, providing an alternative air
passage to any alveoli whose bronchi have collapsed and allowing
air pressure throughout the lung to be equalized [see ‘Hypoxic pulmonary vasoconstriction’ (HPV)]. Other openings connect some
alveoli with a second respiratory bronchiole (Topol 1995).

The alveolar–capillary membrane
Where the pulmonary capillaries bulge into the alveolus the capillary wall and alveolar cells are extremely thin, so minimizing the
diffusion path for gases, and being referred to as the ‘active’ side
of the capillary (Fig. 2.8). On the opposite side, the capillary is
attached to the alveolar basement membrane, and in this region the
endothelial cell nuclei and other organelles are all located and the
interstitial space much thicker making the diffusion path for gas
greater: this is referred to as the ‘service’ side.
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Figure 2.8 Alveolar wall structure. (a) The junction of three alveolar walls. (b) Enlarged view of boxed section in (a). Capillaries (cap) are shared between adjacent alveoli
(alv), and bulge into the alveolar space forming a thin alveolar–capillary barrier (the ‘active’ side, AS). Elsewhere the alveolar capillary barrier is thicker because of the
presence of alveolar and capillary endothelial cell organelles (the ‘service’ side, SS). Alveolar lining fluid (ALF) can be seen pooled in the corners around the capillaries and
spanning a pore of Kohn between two adjacent alveoli.
Reprinted with permission of the American Thoracic Society from Gil J, Bachofen H, Gehr P, Weibel ER. Alveolar volume-surface area relation in air-and saline-filled lungs fixed by vascular
perfusion. Journal of Applied Physiology, Volume 47, Issue 5, pp. 990, Official journal of the American Thoracic Society Copyright © 1979 American Physiological Society.

Diffusion of gas in the lung

◆

Principles of diffusion
Diffusion in a gaseous mixture is determined by the relative partial pressure of the gas between the two spaces and its molecular
weight. Graham’s law states that under the same conditions the diffusion rate of a gas is inversely proportional to the square root of
the molecular weight of the gas. This law determines how gases diffuse within the alveolus.
Fick’s law states that the rate of diffusion of a gas across a membrane is proportional to the surface area, the concentration gradient, and the diffusion coefficient, but inversely proportional to the
thickness of the membrane. These factors will determine the rate
at which gases move from the alveolus (gas phase) into the tissues.
For gases dissolved in liquids the situation is more complex as a
result of differing solubility coefficients. Henry’s law states that at
a given temperature the amount of gas that dissolves in a liquid is
proportional to the partial pressure of the gas over the liquid. The
amount of gas that can be dissolved in a liquid under specific conditions is the solubility coefficient. CO2 is approximately 20 times
more soluble in plasma than O2. The total amount of O2 and CO2
contained within plasma (i.e. their concentration) will therefore be
widely different even when they have the same partial pressure.
Factors that may affect gas diffusion therefore include:
◆

molecular weight of the gas

◆

solubility of the gas in tissue and fluid

◆

surface area of the membrane

◆

pressure gradient of the gas across the membrane

◆

thickness and chemical composition of the membrane.

Diffusion of gases across the alveolar–capillary barrier
Diffusion of oxygen from an alveolus to a red blood cell (RBC)
requires several layers to be traversed:

◆

◆

◆

◆

Alveolar lining fluid: this fluid contains surfactant and forms an
extremely thin layer over the active side of the capillary (Weibel
et al. 1993), but is thicker in alveolar corners where the fluid may
pool (Fig. 2.8).
Alveolar epithelial cells (type 1 pneumocytes): the cytoplasm of
these cells is especially thin over the active side of the capillary.
Basement membrane: this is closely apposed to the alveolar epithelial cells, and includes a dense central layer of collagen only
50 nm thick surrounded by layers of diamond-shaped loose collagen and laminin proteins that are believed to control the permeability of the basement membrane.
Interstitial space: again, the space is very thin on the active side of
the capillary, with the structural proteins forming the fibre scaffold mostly being located on the service side.
Capillary endothelial cells: also with deliberately thin cytoplasm
on their active side.

These components, which together constitute the tissue barrier to
diffusion, have a total thickness of 0.5 μm on the active side. The
diffusion of oxygen continues through the following layers:
◆

◆

Plasma layer: oxygen must diffuse across a layer of plasma of
variable distance to reach the RBC.
RBC: oxygen must diffuse across the RBC membrane and
through a variable distance of cytoplasm before coming into contact with haemoglobin (Hsia et al. 1995).

Oxygen traverses all these layers by following its partial pressure
gradient, but the design of the active side of the alveolar–capillary
barrier is so efficient that in healthy subjects a measurable diffusion
barrier to O2 only exists under extreme physiological conditions
such as at very high altitude (Grocott et al. 2009). Due to its greater
water solubility CO2 diffuses even more efficiently than O2 in the
opposite direction.
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Considering the complexity of the diffusion path it is unsurprising that minor pathological changes to the alveolar–capillary
membrane can disrupt gas exchange. Thickening of the cells
(inflammation), basement membrane (fibrosis), or interstitial space
(pulmonary oedema) can all impede gas exchange. A similar functional effect occurs if the surface area of the alveolar capillary membrane is reduced by alveolar collapse or rupture (e.g. emphysema).

Diffusing capacity
The volume of a specific gas that can be transferred per unit time
across the alveolar–capillary membrane is referred to as the pulmonary diffusing capacity. By the above-mentioned principles it will
be directly proportional to the pressure gradient across the membrane, the solubility of the gas, and the surface area of the membrane. It will be inversely proportional to the membrane thickness
and molecular weight of the diffusing gas. For a gas diffusing into
the RBC it will also be affected by the reaction rate of oxygen with
haemoglobin and the volume of blood in the pulmonary capillary
bed (Sarelius 1995).
Quantifying diffusing capacity
Diffusing capacity for O2 can be derived from the O2 uptake, which
is easily quantified, and the diffusion gradient between the alveolus and capillary blood. Alveolar Po2 can be calculated reasonably
accurately, but deriving mean pulmonary capillary Po2 is difficult.
Methods used mostly centred around mathematical extrapolation
from pulmonary arterial Po2 using models of the kinetics of oxygen’s reaction with haemoglobin and estimates of pulmonary capillary transit time. As a result of the numerous potential sources of
error with these calculations O2 diffusing capacity is rarely calculated (Wagner 1995).
Carbon monoxide behaves fundamentally differently to O2.
There is normally very little CO in pulmonary arterial blood and
any CO that diffuses into the RBC will be instantly and irreversibly
bound to haemoglobin, making the Pco of pulmonary capillary
blood effectively equal to zero. If uptake of CO is measured and
the alveolar CO calculated then diffusing capacity can be measured
(Neas and Schwartz 1996). The equation relating the components
of diffusing capacity in the lung for CO (DLCO) is:
1
1
1
=
+
DLco Dmco Vc × θco

(2.2)

where Dm is the membrane diffusing capacity, Vc the pulmonary
capillary volume (normally ≈100ml) and θCO the rate of reaction
of CO with haemoglobin. The rate of reaction of CO with haemoglobin is reasonably constant and can be assumed. Diffusing
capacity for CO equals approximately 0.8 times the diffusing
capacity for O2.
Factors affecting diffusing capacity
The area and thickness of the alveolar capillary membrane and the
capillary blood volume will all affect DLCO:
̇ Q)̇ disturbances (see ‘Matching ventila◆ Ventilation/perfusion (V/
tion and perfusion’) will present as a reduced diffusing capacity
because of inefficient transfer of CO to the pulmonary capillary
blood.
◆ Posture: in a supine subject V̇/Q̇ relationships are more even,
and increased venous return increases pulmonary blood flow.

Diffusing capacity is commonly around 20% higher when supine
compared with upright (Cotes et al. 2006).
◆

Exercise increases diffusing capacity by around 35% because of a
combination of increased capillary blood volume and increased
alveolar ventilation improving V̇/Q̇ relationships.

Lung disease can reduce diffusing capacity either by destruction
of the alveolar or capillary tissue, obstruction to alveolar ventilation or capillary blood flow, or by disturbing V̇/Q̇ relationships. The
variety of physiological and pathological factors that affect diffusing capacity measurements makes their interpretation challenging, but values do give a good overall assessment of lung function
(Cotton et al. 1996).

Elastic resistance
In addition to the three frictional forces (see ‘Respiratory system
resistance’) there are a further two elastic forces that must be overcome when air moves in and out of the lungs. Often termed ‘static’
forces, these are present even when the lung is not moving and
include the elasticity of the lungs and chest wall and the surface
forces at the air–liquid interface in the alveoli.

Elasticity of the lungs and chest wall
Both the chest wall and lungs are elastic structures, with the lungs
trying to contract in volume while the chest wall attempts to expand
in volume. This may be directly observed when opening or closing
the chest during cardiac or thoracic surgery. The balance between
the two forces determines the lung volume at rest, and changing
the structures from one position to another contributes to the tissue component of resistance to breathing (see ‘Respiratory system
resistance’).
Compliance is defined as volume change per unit pressure
change. For the lung, it is volume of lung distension generated for
a given change in the transpulmonary pressure (pressure difference
between the mouth and pleural space). These relationships are best
demonstrated with a pressure–volume curve (see ‘Time dependence of elastic behaviour’), and if this is drawn for both chest wall
and lung components the chest wall curve is always to the left of the
lungs’ curve, indicating that the chest wall is more compliant than
the lungs. In quantitative terms because the chest wall and lung
elastic forces act in opposite directions the relationship between
them is reciprocal:
1
1
1
=
+
total compliance lung compliance chest wall compliance

(2.3)

Normal values for the three components are:
1
1
1
=
+
0.85 litres kPa −1 1.50 litres kPa −1 2.00 litres kPa −1

(2.4)

Surface forces in the alveoli
Although elastin in lung tissue contributes to lung recoil, a majority of the tendency of the lung to collapse originates at the fluid–air
interface in the alveoli. Surface forces of a liquid draw the molecules closer together and reduce their contact with the dissimilar
gas molecules at the surface. They also resist any force that tends
to increase the surface area of the liquid. Water is composed of
highly polar molecules and has a high surface tension. As a major
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component of ALF, water acts to reduce the alveoli to their smallest
possible size, encouraging collapse of the lung.
Pulmonary surfactant is present in the lung to reduce the surface
forces in the alveoli (Hamm et al. 1996; Zuo and Possmayer 2007).
Surfactant is a mixture of phospholipids (90%) and protein (10%)
and is produced by type 2 pneumocytes. Four different SPs exist
(Weaver and Conkright 2001; Whitsett and Weaver 2002):
◆

◆

◆

◆

SP-A is closely involved in controlling the amount of surfactant
in the alveolus via a feedback mechanism with SP-A receptors
on type 2 pneumocytes, and also has an immune function (see
‘Non-immune defences in the airway’).
SP-B stabilizes the surfactant layer by aligning itself within a lipid
monolayer.
SP-C stabilizes the surfactant layer by straddling two lipid monolayers, forcing them to remain as a bilayer.
SP-D is probably also involved in controlling surfactant release.

Surfactant phospholipids have a hydrophilic end orientated into the
alveolar fluid and a hydrophobic end that projects into the alveolar gas. This molecular arrangement effectively reduces the contact
of water molecules with the air and so reduces surface forces. This
overall reduction in surface forces is only part of the role of surfactant. Alveolar size varies widely in different lung regions, and the
surface forces are affected by alveolar size with smaller alveoli have
a tendency to empty into larger alveoli making the lung unstable.
Surfactant counteracts this tendency because its effect on surface
forces changes according to the size of the alveolus, in effect reducing surface forces more when alveolar size reduces and so stabilizing the lung (Neimann et al. 1981).
The molecular mechanism by which surfactant performs this
role is unknown, with many hypotheses. The most common theory
describes a ‘squeeze out’ mechanism in which less stable phospholipid or SP-B molecules are pushed out of the lipid layer when it
is compressed, changing its physicochemical properties. The ‘morphological’ model is based on the knowledge that surfactant forms
multilayered lipid ‘rafts’ in the alveolus, the size of which will affect
surface forces, and which could form and disperse with changes in
alveolar size (Hills 1999). Finally, the ‘foam’ model describes surfactant as forming single lipid layers across alveolar openings and
alveolar ducts, effectively forming a stable foam within the pulmonary acinus at FRC, across which gases move by diffusion (Scarpelli
1998). Whichever of these diverse models is correct, there is agreement that SP-B and SP-C are closely involved in the molecular rearrangements that occur as alveolar size changes.

Time dependence of elastic behaviour
When the respiratory system is moved suddenly from one volume
to another and then held at the new volume, the initial distending
pressure quickly declines to a lower plateau value. This change in
pressure occurs because the elastic forces of the respiratory system
display hysteresis, that is, they are affected by the speed at which
the tissues change shape. Thus with larger or more rapid breaths the
greater is the degree of hysteresis seen. There are three reasons why
hysteresis occurs in the respiratory system:
1. Inherent property of elastic molecules, known as stress relaxation, and seen with springs or elastic bands and the elastin and
collagen molecules responsible for lung and chest wall elasticity.
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2. Gas redistribution between lung units with different time constants, that is, ‘fast’ lung units (low airway resistance, low compliance, or both) will empty into ‘slow’ ones (high airway resistance,
high compliance, or both).
3. Recruitment of closed lung units, which requires a high inflation pressure to achieve, may occur at large breath volumes and
explain why a different pressure–volume curve is then seen during expiration.
Time dependence of respiratory system elasticity is seen by comparing the measurements of static and dynamic compliance. Both
are measured at points of no flow on a pressure–volume curve. For
dynamic compliance a loop is drawn during normal tidal breathing
and the gradient of the no-flow points is the compliance. For static
compliance the subject breathes in, in steps, from RV to TLC. At
each step the breath is held for a second or two until plateau pressure is reached, and intrapleural pressure measured (e.g. by recording oesophageal pressure). In patients receiving artificial ventilation
the lungs may be inflated by injection of gas from a super-syringe or
electronically by a ventilator. At each volume there is a few seconds’
pause before measuring the inflation pressure. A pressure–volume
curve is plotted, the gradient of which is compliance. For static
compliance the curve flattens as the lung volume approaches TLC
and RV (Harris 2005). The difference between static and dynamic
compliance at FRC is an indicator of the time dependence of elastic
behaviour because for the dynamic measurements the respiratory
system does not have time to adapt to its new volume.
As already shown, lung compliance varies with lung volume, so
comparisons are normally made by measuring compliance at FRC,
termed specific compliance. This value is remarkably consistent,
and is the same for male and female subjects and changes little with
increasing age. Lung compliance is of course affected by a variety of
diseases by, for example, altering surfactant production or function,
lung connective tissue, lung volume, chest wall shape or flexibility,
or intra-abdominal pressure (Harris 2005).

Lung function tests
Static lung volumes
FRC is the volume of gas that remains in the lungs at the end of a
normal tidal volume. At FRC, the respiratory muscles are relaxed
and its volume is determined by the balance between the elastic
properties of the lungs and chest wall as described earlier. It is
the point of optimum compliance and lowest pulmonary vascular resistance (PVR) (see ‘Pulmonary vascular resistance’). VT is
the volume of each individual breath. At the end of a normal resting inspiration a subject can breathe in more volume, this being
the inspiratory reserve volume. Similarly the volume that can be
exhaled after a normal tidal volume is the expiratory reserve volume. The maximal volume that can be breathed in and out is the
vital capacity (VC). At the end of a maximal breath out, the volume
remaining in the lungs is the RV. A programme of static lung volumes is shown in Figure 2.9.
With the exception of RV and the other lung volumes that include
RV (TLC and FRC) the static lung volumes can be easily measured
at the bedside with small hand-held flow-meters. To measure RV a
different approach is needed with options including the following:
◆

Helium dilution, where the subject breaths from a closed
spirometer containing a known volume of gas with a known
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Figure 2.9 Spirometer trace of tidal breathing and a vital capacity manoeuvre. The volumes shown in green all involve the residual volume and so cannot be measured
with a bedside spirometer.

concentration of helium. The patient breathes normally and the
helium concentration reduces as it is diluted by the addition of
the volume of the patient’s FRC. The change in concentration
allows the FRC volume to be calculated. Helium is chosen as it is
mostly insoluble in blood so stays in the gas phase for the duration of the measurement.
◆

Body plethysmography, in which the subject sits in a closed
chamber (Cotes et al. 2006; Bar-Yishay 2009). Pressure and volume changes are measured as the subject makes an inspiratory
effort against a closed airway. By applying Boyle’s law, FRC can be
derived. It is more accurate than helium dilution when measuring volumes in patients with lung disease such as emphysema as
it takes into account air trapped beyond closed airways to which
the helium would not gain access.

Closing capacity
This is the volume at which small airways begin to close during
expiration (see ‘Flow rate’) Closing capacity is measured during
a forced expiration and relies on having a tracer gas in different
concentrations in the upper and lower regions of the lungs. If the
tracer gas is added to inspired gas only at the start of a breath from
RV, when many airways will be closed, it will be preferentially distributed to regions of lung with open airways. On expiration, the
tracer gas concentration will increase when the airways again close
and only the originally open regions are now emptying. Tracer
gases used include radioactive xenon or 100% oxygen, when nitrogen concentration is measured as the tracer gas (Cotes et al. 2006;
Milic-Emili et al. 2007).
Normally FRC is greater than closing capacity, but if FRC is
reduced it can encroach on the closing capacity and the small airways begin to close at the end of resting tidal breathing. Closing
capacity increases with age, and equals FRC in the supine position at around 45 years of age and in the upright posture at about
70 years (Leblanc et al. 1970). Under these circumstances small airway collapse becomes common, impairing oxygenation, and partly

explaining why arterial Po2 decreases progressively with increasing
age (see ‘Oxygen cascade’).

Dynamic lung volumes
FVC is the maximum volume of gas that can be expired as forcefully
and rapidly as possible after a maximal inspiration. This differs from
VC in which the subject does not attempt to forcibly breathe out,
instead giving a slow, steady expiration. The difference between FVC
and VC volumes in an individual gives an indication of the amount
of flow-related airway closure (see ‘Flow rate’). Forced expiratory
volumes measure the volume of gas expired over a given time interval during performance of the FVC manoeuvre (Fig. 2.10).
Abnormal patterns for dynamic lung volumes may result from
airway narrowing (obstructive pattern, e.g. asthma) or from loss of
elastic support in lung tissue (restrictive pattern, e.g. lung fibrosis)
as shown later in this chapter (see Fig. 2.18). In each case the forced
expiratory volume in 1 s (FEV1) is abnormal, and this lung volume is therefore the most useful single assessment of lung function,
albeit very non-specific when abnormal (Cotes et al. 2006).
PEFR is the maximum instantaneous flow of expiratory gas
achieved during expiration. During resting breathing the value is
around 30 litres min−1, but during exercise or during a forced expiratory manoeuvre values commonly reach several hundred litres
min−1. A variety of factors affect an individual’s PEFR, including
restrictive or obstructive lung disease, respiratory muscle strength,
and motivation when performing the manoeuvre.

Effects of anaesthesia on lung volumes
In an awake subject, simply changing from an upright to supine
posture reduces FRC by approximately 500 ml, and there is then
a further reduction of 15–20% when anaesthesia is induced
(Fig. 2.11). This reduction in FRC has three contributory factors:
◆

Change in diaphragm position from loss of tonic muscle activity
causing cephalad displacement of the diaphragm, particularly in
dependent regions.
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Figure 2.10 Dynamic lung volumes. The subject takes a maximal inspiration, then breathes out as hard and fast as possible. FEV1 and the FVC are measured at the
points shown by the dashed lines. Typical patterns occur in lung disease: the upper red line shows an obstructive pattern in which the final expired volume is normal but
only achieved slowly; the lower green line is a restrictive pattern where expiratory flow rate is normal but only a small FVC achieved.
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Figure 2.11 A simple experiment to demonstrate the fall in FRC on induction of anaesthesia. The subject is breathing from a closed spirometer when anaesthesia is
induced with thiopental, losing consciousness at point A. After a period of apnoea spontaneous respiration returns, but at a different baseline: the displacement in trace
position (red dotted lines and arrow) is the volume of gas that has moved from the patient’s FRC into the spirometer, in this case about 300 ml. The gradient of the slope
is a measure of the patient’s oxygen consumption.

◆

◆

Change in chest wall shape from altered intercostal and paraspinal muscle activity.
Shift of blood volume from the peripheral vasculature into the
chest may make a small contribution in some patients.

A reduction of FRC occurs irrespective of whether the patient is
breathing spontaneously or has received a muscle relaxant and is
being artificially ventilated (Hedenstierna and Rothen 2012). It
is unaffected by the type of anaesthetic agents used, the exception
being ketamine which maintains respiratory muscle tone and FRC.
As a result of the reduced FRC and the associated airway closure,
collapse of small regions of lung or atelectasis is seen in a majority of anaesthetized patients. It is easily demonstrated on computed
tomography (CT) scans (Fig. 2.12) and occurs in the dependent
areas of lung just above the diaphragm in whatever position the
patient may be placed in during GA. On cross-sectional images
the amount of atelectasis is measured as a percentage of the area

of the lungs in that CT slice, and values of 5–20% are common.
However, it should be remembered that this reflects a much greater
percentage of lung volume because the collapsed areas contain
approximately three times more alveoli cm−3 than inflated lung.
Atelectasis during anaesthesia arises from a combination of two
mechanisms:
◆

◆

Compression atelectasis occurs when lung tissue is physically
compacted by the weight of lung tissue above.
Absorption atelectasis occurs when a gas contained within the
alveolus is absorbed more quickly than it can be replaced through
a narrowed or closed airway, and so the pressure in the alveolus
falls, encouraging it to collapse.

It is now widely accepted that the use of high inspired oxygen concentrations during anaesthesia, particularly 100%, facilitates absorption atelectasis (Rothen et al. 1995; Magnusson and Spahn 2003).
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Hydrostatic pressure in blood vessels therefore varies with vertical height in relation to the heart. In an upright position perfusion
pressure at the base of the lung is equal to the mean pulmonary
artery pressure plus the hydrostatic pressure between the main pulmonary artery and the lung base. At the apices the hydrostatic pressure difference is subtracted from the pulmonary artery pressure
with the result that the perfusion pressure is very low, and may at
times fall below the pressure in the alveoli leading to cessation of
blood flow through some pulmonary capillaries. As a result, blood
flow per unit volume of lung tissue increases progressively from
apex to base.

Pulmonary vascular resistance

Figure 2.12 Dependent atelectasis with general anaesthesia. A single CT scan
at the level of the dome of the right diaphragm in an anaesthetized patient in
the supine position. There are increasing amounts of atelectasis in both lungs on
moving from non-dependent to dependent lung regions.

Matching ventilation and perfusion
Pulmonary circulation
The lungs are supplied by two circulations, pulmonary and bronchial (Paredi and Barnes 2009). Bronchial arteries supply lung tissue with oxygenated blood and arise from the aorta, entering the
lungs at the hilum and then running with the branching bronchi
as far as terminal bronchioles, beyond which tissue obtains oxygen
directly from the alveoli. About one-third of the bronchial blood
flow returns to the systemic venous system while the remainder
drains to the pulmonary vein and so constitutes a physiological
shunt (see ‘Venous admixture and shunt’). The bronchial circulation is responsible for providing nutrients to the airways, forming ALF and so providing the heat and moisture for inspired gas
conditioning.

Anatomy
The pulmonary circulation supplies the pulmonary capillary networks surrounding alveoli. Blood flow through the lung is at a
much lower pressure than in the systemic circulation. In comparison to the systemic circulation the walls of the pulmonary arteries
are thin, their media being around half as thick as systemic arteries.
The pulmonary capillary bed has a huge capacity to distend, as well
having some capillaries that are not perfused at all during resting
conditions, mostly at the top of the lung when in an upright posture.
As a result, the capillaries act as passive, distensible tubes which can
enlarge with increasing blood flow. It is this ability of pulmonary
blood vessels to distend and be recruited that minimizes changes in
perfusion pressure even when cardiac output increases several-fold.

Pulmonary blood flow
The lungs contain about 9% of total blood volume and blood flow
through the lungs is essentially equal to cardiac output. Regional
distribution of perfusion throughout the lung is influenced by gravity. The weight of blood leads to a hydrostatic pressure difference
between the top and the bottom of the pulmonary arterial system.

PVR varies as a result of both passive and active factors. The major
passive factor is lung volume. At both low and high lung volumes
PVR increases, it being minimal at FRC. It is believed that at high
lung volumes alveolar pulmonary capillaries become stretched longitudinally and compressed between the expanded alveoli on each
side, reducing their diameter. At low lung volumes the PVR may
increase because of compression of extra-alveolar blood vessels, or
more likely from regional hypoxia inducing arteriolar constriction
(see ‘Hypoxic pulmonary vasoconstriction’).
Regional blood flow in the lung is also influenced by the pressure
within alveoli, which also varies with vertical height as a result of
gravitational forces (see 'Pulmonary blood flow'). This concept is
most commonly described by West’s zones, in which the lung is
divided into three vertical zones, each with different mean alveolar,
arterial, and venous pressures (West and Dollery 1965):
◆

◆

◆

Zone 1 occurs where alveolar pressure is greater than both pulmonary arterial and venous pressure. There will be no blood flow
in this region, which exists at the apices of the lungs in an upright
subject.
Zone 2 occurs where pulmonary arterial pressure is greater than
both alveolar pressure and venous pressure. There will be blood
flow, the amount being determined by the alveolar pressure.
Zone 2 occurs in the mid-zone of the lungs.
Zone 3 occurs where both pulmonary arterial and venous pressures are greater than alveolar pressure. In this zone blood flow
is unrestricted by alveolar pressure, being dependent almost
entirely on the arteriovenous pressure difference. Zone 3 usually occurs in the dependent areas of the lungs and receives the
majority of pulmonary blood flow.

Of course, in vivo there will be an infinite variation in the three
pressures throughout the lung with gradual progression from zone
1 to zone 3 (Galvin et al. 2007). However, West’s zones are a useful way of predicting the effects of changes to the three pulmonary
pressures from disease or interventions. For example, the application of PEEP to a ventilated patient will increase alveolar pressure
in the whole lung resulting in more of the lung existing in zone 1
or 2 conditions.
Although the pulmonary circulation is a largely passive vascular
bed, several active factors also affect pulmonary vascular tone and
thus the distribution of pulmonary blood flow. Local or systemic
acidaemia, including alveolar hypercapnia, causes pulmonary
arteriolar vasoconstriction and an increase in PVR. Biochemical
triggers can also change pulmonary arteriolar smooth muscle
tone. Substances that cause pulmonary vasoconstriction include
noradrenaline, thromboxane A2, angiotensin II, and endothelin.
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Vasodilation and a drop in PVR are seen with acetylcholine, bradykinin, nitric oxide, and prostacyclin.

100 %

Hypoxic pulmonary vasoconstriction
One of the most important physiological factors affecting PVR
is hypoxia (Weir et al. 2005; Aaronson et al. 2006; Sommer et al.
2008). In the systemic circulation, hypoxia causes vasodilation
which helps to match blood flow to metabolic activity. In the pulmonary circulation, the opposite response occurs, and low Po2
causes the pulmonary arterioles of that lung region to constrict
with the aim of redistributing pulmonary blood flow to areas of
less hypoxic lung, so better matching perfusion to ventilation. Low
Po2 in either alveoli or mixed venous blood stimulates HPV, which
is a biphasic response (Talbot et al. 2005). The early phase occurs
in a few seconds and is mediated by oxygen-sensitive potassium
channels (Sylvester et al. 2012) similar to those found in the carotid
body oxygen sensors. The second, more intense phase develops
after about 45 min and is thought to be mediated by endothelin (a
21-amino acid peptide hormone) released from hypoxic endothelial cells (Talbot et al. 2008). Global hypoxia and activation of HPV
increases pulmonary artery pressure, and where this is prolonged it
may lead to right-sided heart failure. It has also been demonstrated
that HPV occurs in a patchy, inhomogenous, pattern (Fig. 2.13)
with some areas of lung constricting more intensely than others
(Dehnert et al. 2006). Presumably this is an evolutionary advantage to reduce pulmonary hypertension and right heart failure with
acute hypoxia. Indeed, subjects who are prone to high altitude pulmonary oedema have been shown to have a more inhomogenous
HPV response than subjects not susceptible to pulmonary oedema
(Dehnert et al. 2006).

Regional ventilation
Early studies using radiolabelled gases showed that regional ventilation was greater in the dependent part of the lung. In the same way
as for perfusion, regional ventilation differences were explained by
the effect of gravity. Lung tissue has weight (albeit less than blood)
and so there is a gradient in intrapleural pressure from the top to
the bottom the lung. As a result, alveoli in dependent areas are compressed and so smaller than at the lung apex. Smaller alveoli are on
a more favourable section of the compliance curve and are therefore more easily expanded for any given inflation pressure and so
receive more ventilation than less compliant alveoli further up the
lung. The magnitude of this variation in regional ventilation varies
with posture and tidal volume size. For a VC breath in the upright
posture, basal lung regions receive three times the ventilation of
apical regions but this reduces to 1.5:1 with normal resting ventilation and is even less in the supine position (Harris and Schuster
2007; Hopkins et al. 2007; Petersson et al. 2007).
Gravity only accounts for part of the regional variation in ventilation, with central regions of lung always receiving more ventilation
than peripheral regions, most likely as a result of the branching pattern of the larger airways (Galvin et al. 2007).

Ventilation–perfusion relationships
Gas exchange within the lungs will be optimal when regional
ventilation exactly matches regional perfusion. The V̇/Q̇ ratio
compares the relative amount of ventilation to the corresponding
amount of perfusion for a lung region and should therefore ideally
be 1. However, even under normal resting conditions ventilation

0%

Figure 2.13 Patchy nature of hypoxic pulmonary vasoconstriction. A magnetic
resonance imaging scan showing peak signal intensity, a marker of pulmonary
blood flow, in a subject who has been breathing 12% oxygen for 2 h, showing the
patchy changes in regional blood flow.
Reprinted with permission of the American Thoracic Society from Dehnert, C., Risse, F., Ley, S.,
et al. Magnetic resonance imaging of uneven pulmonary perfusion in hypoxia in humans.
American Journal of Respiratory and Critical Care Medicine, 2006, 174, 1132–8. Official Journal
of the American Thoracic Society. Copyright © 2006 American Thoracic Society.

and perfusion vary widely between different regions of the lungs
(Hlastala 1996). For example it has already been described how
both ventilation and perfusion increase from the top to the bottom
of the lung, but perfusion increases more than ventilation, so the
V̇/Q̇ ratio is lower at the bottom than at the top (Fig. 2.14).

Riley three-compartmental model

A simple way of conceptualizing varying V̇/Q̇ ratios in the lung is
the Riley three-compartment model, in which only three types of
alveoli exist (Riley and Cournard 1949):
1. ‘Ideal’ alveoli, where ventilation and perfusion are perfectly
matched (V̇/Q̇ = 1). The blood passing these regions is fully oxygenated, and the alveolar Pco2 is normal.
2. Ventilated alveoli with no perfusion (V/̇ Q̇ = ∞) in which alveolar
gas will have the same composition as inspired gas. This region
of lung constitutes alveolar dead space.
3. Perfused alveoli with no ventilation (V̇/Q̇ = 0) in which the
alveolar gas and the blood draining from the alveolus will both
have the same composition as mixed venous blood. This region
of lung constitutes a shunt.
The Riley model is clearly an oversimplification, with in vivo lungs
containing an infinite number of regions with V̇/Q̇ ratio varying
from 0 to infinity. There will be alveoli with a V̇/Q̇ ratio greater
than 1 but less than infinity, that is, ventilation is greater than
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Figure 2.14 V/̇ Q̇ ratios in the supine position based on measurements from positron emission tomography scans. The solid blue lines show both ventilation and
perfusion measured in ml min−1 cm−3 of lung tissue, and both increase on moving from non-dependent, anterior, regions to dependent, posterior, regions. However,
perfusion increases more rapidly so V̇/Q̇ ratio (red dotted line) is greatest anteriorly and lowest posteriorly.

perfusion: oxygen exchange with the pulmonary capillary blood
will be complete and the excessive ventilation will reduce the Pco2
of alveolar gas, and so pulmonary capillary blood, to below normal.
Conversely there will be alveoli with a V̇/Q̇ ratio of less than 1 but
greater than 0, that is, perfusion is greater than ventilation: oxygen
exchange with the pulmonary capillary blood will be incomplete
and the alveolar, and so pulmonary capillary, Pco2 will be higher
than normal.
However, it is still useful to think of lungs as having a combination of ideal alveoli and only two other functional regions: shunt
and dead space. A calculated amount of alveolar dead space will
include some lung regions with V̇/Q̇ = ∞ but will also include a
contribution from all the regions of lung where V̇/Q̇ is >1 and <∞.
Similarly, the term venous admixture (expressed as a percentage
of cardiac output) includes blood flow through lung regions with
V̇/Q̇ = 0 but also includes a contribution from all lung regions
where V̇/Q̇ is >0 and <1.

Effect of V̇/Q̇ maldistribution on gas exchange
From the Riley model it is easy to see that lung regions with variable
V̇/Q̇ ratios will affect gas exchange. The effect on CO2 elimination
is minor—areas of high V̇/Q̇ and alveolar dead space will reduce
CO2 elimination from the lung for a given amount of total alveolar
ventilation. There will therefore be a slow increase in arterial Pco2
which will stimulate ventilation and lower the Pco2 in all alveoli,
increasing CO2 elimination from all lung regions with V̇/Q̇ <∞. As
long as this increased ventilation can be sustained CO2 elimination
can be maintained.
The effect on oxygenation is more problematic. Blood draining
lung regions with V̇/Q̇ <1 will have an oxygen saturation somewhere between mixed venous blood (≈75%) and blood draining
‘ideal’ alveoli (≈99%). When blood from all these lung regions
mixes arterial hypoxaemia results. Other lung regions with V̇/Q̇ >1
cannot compensate for the regions with V̇/Q̇ <1 for two reasons:
1. Blood passing through regions with V̇/Q̇ >1 cannot carry any
significant extra oxygen because of the flat shape of the oxyhaemoglobin dissociation curve at the high Po2 values in these
regions.

2. There is more blood flow to regions with low V̇/Q̇ than high
V̇/Q̇, so even if the small amount of blood passing through high
V̇/Q̇ regions could carry more oxygen this would still be insufficient to compensate for the low V̇/Q̇ areas.
Increased scatter of V̇/Q̇ ratios therefore impairs CO2 elimination slightly and oxygenation significantly. Greater scatter of
V̇/Q̇ ratios is seen with increasing age and is another contributor
to the reduction in arterial Po2 seen in the elderly (see ‘Oxygen
cascade’). A similar phenomenon occurs with GA, with increases
in lung regions with both higher and lower V̇/Q̇ ratios than when
awake, mostly because of changes in regional perfusion (Nyrén
et al. 2010).
Breathing a higher FIO2 is an effective therapy for patients with
hypoxaemia as a result of lung regions with V̇/Q̇ <1. Although
oxygen will have no effect if the V̇/Q̇ = 0, for all other areas where
V̇/Q̇ is >0 and <1 an increased oxygen partial pressure in the alveoli
will significantly improve oxygenation of blood in these areas and
so improve arterial hypoxaemia. This, and global alveolar hypoventilation, are the two main physiological explanations for the benefit
of increased FIO2 in a variety of causes of hypoxaemia, including
during GA.

Venous admixture and shunt
A variety of terms now exist to describe the phenomenon of incomplete oxygenation of blood as it passes from the right to left sides
of the heart:
◆

◆

Venous admixture is the proportion of mixed venous blood
that needs to combine with the rest of the cardiac output, which
passes through ‘ideal’ alveoli, to produce the measured arterial
Po2. The Po2 of ideal alveoli is calculated from the alveolar gas
equation. Venous admixture includes the effects of blood flow
through all areas of low V̇/Q̇.
Physiological shunt refers to a rather non-specific description of
blood passing from right to left sides of the circulation without
being oxygenated. Shunt may be intrapulmonary or extrapulmonary (syn. anatomical), and each of these may be physiological or
pathological.
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The amount of venous admixture may be calculated from the
imprecisely named ‘shunt’ equation. This is based on the fact that
the total amount of oxygen in the arterial blood per minute (blood
oxygen content × blood flow) must equal the amount of oxygen
passing through the shunt plus through the ‘ideal’ alveoli. With
some rearrangement the relationship is:

4

Q s Cc′O2 − Ca O2
=
Q t Cc′O2 − Cv O2

(2.5)

where Q̇s = blood flow through the shunt; Q̇t = total blood flow
(cardiac output); Cc′O2 = oxygen content of end-capillary blood
in ‘ideal’ alveoli (based on Po2 from the alveolar gas equation);
Ca O2 = oxygen content of arterial blood; and Cv O2 = oxygen content
of mixed venous blood. Use of the shunt equation adheres to the
Riley three-compartment model, assuming that all blood flow is
either through pure shunt (V̇/Q̇ = 0) or ideal alveoli, which is not
the case in reality.
Formal calculation of shunt is therefore challenging, but use of
virtual shunt, where mixed venous oxygen content is assumed to
be a constant amount less than arterial content simplifies things
enough to make this a feasible bedside calculation.

Dead space
Dead space is the volume of gas which does not take part in gas
exchange and is normally expressed as a proportion of each breath.
Four types of dead space are described:
1. Apparatus dead space, which includes any apparatus through
which the subject may be breathing, for example, during lung
function tests or GA.
2. Anatomical dead space is the volume of the mouth, trachea, and
airways up until the start of the respiratory bronchioles, and is
typically about 150 ml or 33% of VT.
3. Alveolar dead space has already been described, and includes
areas of lung with a V̇/Q̇ = ∞ and a contribution from areas of
lung with V̇/Q̇ >1. In a normal healthy supine subject alveolar
dead space is too small to be measured.
4. Physiological dead space is the sum of anatomical and alveolar
dead spaces.
During GA, anatomical dead space may be reduced by tracheal intubation or use of a laryngeal mask airway, and apparatus dead space
significantly increased by the use of a face mask, catheter mount,
filter, and so on. With GA, anatomical dead space volume beyond
the carina remains approximately normal, though it is important
to remember that with small tidal volumes, as may occur during a
spontaneously breathing GA, the 150 ml volume will become a progressively larger proportion of each breath. As already described,
increased scatter of V̇/Q̇ ratios during GA causes the development
of alveolar dead space, and this is made considerably worse if cardiac output is reduced when underperfusion of non-dependent
lung regions develops (Hedenstierna and McCarthy 1975).
The Bohr equation is used to measure physiological dead space:
VD Pa CO2 − P ECO2
=
Pa CO2
VT

(2.6)

CO2 (%)

Virtual shunt refers to any form of shunt calculated using an
assumed arteriovenous oxygen content difference.
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Figure 2.15 Measurement of anatomical dead space by Fowler’s method. A plot
of expired CO2 concentration against expired volume is drawn for a single breath.
A vertical line is then drawn where the area of shaded sections x and y are equal,
and the anatomical dead space volume read from the x-axis, in this case a normal
value of 150 ml.

where VD = dead space volume; Vt = total tidal volume;
Paco = arterial Pco2 (assumed to equal the Pco2 of ‘ideal’ alveoli);
2
and Pe̅co2 = mixed expired Pco2 (not end-expiratory).
The equation is derived in a similar fashion to the shunt equation, that is, based on the fact that the volume of CO2 in mixed
expired gases must be the sum of the volume of CO2 expired from
‘ideal’ alveoli plus the volume from the dead space (i.e. zero). Use of
the Bohr equation adheres to the Riley three-compartment model,
assuming that all gas is either from dead space or ideal alveoli,
which is not the case in reality.
Fowler’s method is used to measure anatomical dead space
(Fowler 1948). The original method involved the subject breathing
100% oxygen to de-nitrogenize the conducting airways and then
measuring nitrogen concentration in the exhaled gas. However, it is
more convenient to use CO2 instead of nitrogen as the marker gas,
and a plot of exhaled CO2 concentration against exhaled volume
allows the anatomical dead space to be calculated as the volume
exhaled at the inflection point of the increase in CO2 (Fig. 2.15).
Care must be taken not to confuse the CO2 vs volume plot used for
measuring anatomical dead space with the more familiar CO2 vs
time plot used in clinical practice. Some anaesthetic/critical care
equipment can measure instantaneous flow rate and CO2 concentration in expired breath, from which all the required information
can be obtained to calculate anatomical dead space.

Transport of carbon dioxide and oxygen
in blood
Carbon dioxide carriage
The amount of CO2 that can be carried in the blood is much greater
than the amount of O2, with approximately 50 ml of CO2 present in
each 100 ml of blood. CO2 transport in blood involves three mechanisms (Geers and Gros 2000):
1. Dissolved in plasma (10% of total CO2 in blood)
2. Chemically bound to haemoglobin as carbamino compounds
(20%)
3. As bicarbonate ions in plasma (70%).
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CO2 is approximately 20 times more water soluble than O2. It is
dissolved in blood in two ways—about 5% of CO2 added to blood
dissolves in the plasma and a similar amount is dissolved in the
cytoplasm of the RBC. The volume of CO2 dissolved is temperature
dependent with more gas dissolving at lower temperatures.

Bicarbonate
A majority of the CO2 carried in blood is in the form of bicarbonate. As CO2 dissolves in blood it combines with water to form carbonic acid which then dissociates into hydrogen and bicarbonate
ions (Henderson 1909):
CO2 + H2O ↔ H2CO3 ↔ H + + HCO3−

(2.7)

The first stage of this reaction, the hydration of CO2, occurs both
in the plasma and the RBC. In plasma the reaction is slow, but in
the RBC it is accelerated many thousands of times by the presence
of the intracellular enzyme carbonic anhydrase (CA) (Chegwidden
et al. 2000; Esbaugh and Tufts 2006). Ionization of carbonic acid
to hydrogen ions and bicarbonate is rapid in the absence of any
enzyme.
Bicarbonate is therefore preferentially formed in RBCs.
Bicarbonate ions are actively transferred across the RBC membrane
by the Band 3 ion exchange protein in exchange for a chloride ion
to maintain electrical neutrality (referred to as the Hamburger
shift after the Dutch physiologist who first described the process)
(Hamburger 1918). The Band 3 protein is closely associated with the
CA in the RBC and it is likely that the bicarbonate produced by CA
is transferred directly to the Band 3 molecule for immediate export
from the cell (Zhang et al. 2000; Tanner 2002). The RBC membrane
is impermeable to hydrogen ions and they remain within the cell,
where they are buffered by the numerous histidine side groups of
haemoglobin. Buffering of hydrogen ions by haemoglobin is responsible for the Bohr effect which is the effect of changing pH on the
O2 binding of haemoglobin (see ‘Haemoglobin’). This molecular
interaction also occurs in reverse—oxygenated haemoglobin has
less buffering capacity than the deoxygenated form so the amount
of CO2 that can be transported in the blood is affected by the degree
of oxygenation. This interaction is the major component of the
Haldane effect, which describes the observation that the lower the
haemoglobin saturation, the more CO2 can be carried in the blood.
As a result, as blood passes along a systemic capillary and oxygen
saturation falls, its ability to take up CO2 increases, with the opposite
occurring in a pulmonary capillary (Christiansen et al. 1914).

blood is high, and accounts for approximately one-third of the total
difference.

The carbon dioxide dissociation curve
The relationship between Pco2 and total blood CO2 content
(Fig. 2.16) is complicated by the three forms in which CO2 is carried and the differences between these in arterial and venous blood.
The shape and position of the curve shows that total blood CO2
content remains high despite low Pco2 values in comparison to O2,
reflecting its greater water solubility and the fact that most blood
CO2 is in the form of bicarbonate.

Oxygen carriage
Oxygen is carried in the blood in two ways, a small proportion in
dissolved form and the remainder bound to haemoglobin.
As for CO2, the amount of O2 that dissolves is determined by
its solubility coefficient, which is temperature dependent. At 37°C
blood can dissolve 0.0232 ml dl−1 kPa−1 which at normal arterial
Po2 is approximately 0.3 ml dl−1.
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Carbamino compounds
CO2 has the ability to chemically combine with the amino acids of
plasma proteins and haemoglobin. The reaction is rapid but can
only occur with the terminal amino groups on protein chains so the
potential CO2 carriage is limited.
The Pco2 and degree of haemoglobin oxygenation both influence
CO2 loading and unloading from haemoglobin. Deoxygenated
haemoglobin forms carbamino compounds more readily than oxygenated haemoglobin as a result of competition for the carbamino
reaction sites with 2,3 diphosphoglycerate (DPG). This mechanism
is another factor contributing to the Haldane effect described earlier. Carbamino carriage of CO2 contributes little to the total CO2
present in venous blood (4 of 50 ml dl−1), but the difference between
the amount of carbamino carriage between arterial and venous
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Figure 2.16 CO2 dissociation curve and the components of CO2 carriage
in blood. The lower red and upper blue lines show the relationship between
total blood CO2 content and Pco2 in arterial and venous blood respectively.
The component parts of blood CO2 are shown for dissolved CO2 (lowest pink
area), carriage as bicarbonate (middle yellow area), and carriage as carbamino
compounds (top green area). Although bicarbonate is quantitatively the main
way CO2 exists in blood, the difference between the ability of arterial and venous
blood to form carbamino compounds (red and blue arrows) means this is a major
component of CO2 carriage in vivo.
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Haemoglobin

◆

Haemoglobin is a globular protein composed of four globin chains
each containing a haem moiety and its associated iron. Normal adult
haemoglobin (HbA) contains two identical alpha-chains each consisting of 141 amino acids and two beta-chains each of 146 amino
acids. Each haem group is attached to its globin chain at a histidine
residue and is formed by a porphyrin ring containing an iron atom in
the ferrous (Fe2+) form. This is the reversible binding site for O2 and
so each haemoglobin molecule is able to combine with four O2 molecules. The haem groups lie in crevices in the ball of globin chains.
The quaternary structure of haemoglobin can change and so alter the
ease with which O2 molecules can access their binding site. In HHB,
the totally deoxygenated form, the molecule is described as being in
its tense or ‘T’ form in which the chemical bonds responsible for the
tertiary structure are shorter so the crevice dimensions are smaller,
reducing O2 affinity (Hsia 1998). As each O2 molecule binds to haemoglobin its molecular structure changes, opening up the adjacent
crevices and so increasing its affinity for another O2. This interaction
between different parts of the protein molecule is called cooperativity. Finally, when fully oxygenated (HbO2) the molecule is described
as being in its relaxed or ‘R’ form. In a healthy subject, the mixed
venous O2 saturation is 75%, which represents three out of four O2
binding sites being occupied: thus only the final binding site is in use
which is the easiest one for binding to and from haemoglobin.
These molecular interactions give rise to the familiar shape of the
oxyhaemoglobin dissociation curve (Fig. 2.17). Oxygen binding is
initially difficult with deoxygenated haemoglobin (HHb) in its T-
form, but the binding of each subsequent O2 becomes easier until
almost all the O2 binding sites are occupied and the curve levels off
again (Bohr et al. 1904; Hsia 1998).
The rate at which haemoglobin reversibly binds or releases O2 is
affected by the following:

100

◆

◆

Temperature: high temperature reduces the affinity of O2 for haemoglobin and shifts the curve to the right.
pH: this is the Bohr effect as described previously in which
hydrogen ions produced by rising CO2 in the RBCs reduce the
affinity of the haemoglobin for O2, so encouraging O2 release in
the tissues.
Pco2: this influences haemoglobin by altering the pH within the
RBC.
2,3-DPG: this molecule is a by-product of the glycolytic pathway
in RBCs and was believed to represent a mechanism by which
hypoxia could influence O2 carriage, but this does not seem to be
a significant mechanism in vivo.

The P50 is a way of quantifying the position of the oxyhaemoglobin dissociation curve, and is the Po2 at which the haemoglobin is
50% saturated. It is normally 3.5 kPa and an increase in P50 indicates a right shift of the curve and vice versa (Fig. 2.17).

Blood oxygen content
The O2 content of the blood equals the sum of the haemoglobin-
bound O2 and the small amount of dissolved oxygen. Each gram of
HbA is capable of carrying 1.39 ml of O2 when 100% saturated, this
being referred to as O2 binding capacity or the Hüfner constant.
A value of 1.34 ml g−1 is more commonly found from in vivo blood
samples because of the presence of abnormal forms of haemoglobin
that are poor O2 carriers such as methaemoglobin and carboxyhaemoglobin (Toffaletti and Zijlstra 2007). Oxygen content of arterial
blood Ca O2 can therefore be summarized by the following equation incorporating both dissolved and haemoglobin bound oxygen:

(

)

Ca o2 = (Sa o2 × [Hb] × 1.39) + (0.0232 × Po2 )

Venous
blood
pH = 7.5
Temp = 35° C
↓ 2, 3 DPG

80
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Figure 2.17 A normal haemoglobin dissociation curve with a P50 of 3.5 kPa. Physiological causes of left and right shift of the curve are shown in the boxes.

(2.8)
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Approximate normal values are:

(

)

19 ml dl −1 = 0.97 × 14 g dl −1 × 1.39 ml g −1 + 0.3 ml dl −1

(2.9)

Although the proportion of O2 content made up of dissolved O2
is small, it is the Po2 that supports diffusion of O2 into the RBC
to bind to haemoglobin and for O2 to diffuse out of the RBC into
the tissues. The dissolved portion can also become important when
the amount of functional haemoglobin is insufficient either because
of anaemia or the presence of large quantities of dyshaemoglobins
(e.g. in CO poisoning).

Oxygen cascade
Oxygen cascade is a term used to describe the transfer of O2 from
the inspired air to its site of use in the mitochondria. Transfer along
this pathway is down a partial pressure gradient until it reaches its
lowest level in the mitochondria. A summary of the steps in the
cascade is as follows:
1. Humidification. Dry atmospheric air contains 20.94% O2, giving
a partial pressure of 21.2 kPa based on an atmospheric pressure
of 101.3 kPa. As this gas is inspired it is diluted by water vapour,
reducing the partial pressure of oxygen to 19.9 kPa:
PIO2 = FIO2 × ( PB − PH2O )

(2.10)

where PIO2 = partial pressure of inspired O2; FIO2 = fractional concentration of inspired O2; Pb = barometric pressure; PH2O = saturated vapour pressure for water at body temperature (6.3 kPa).
2. Alveolar gas. On reaching the alveolus the O2 of inspired gas is
further diluted by CO2 leaving the blood. The Po2 in an alveolus
can be calculated from a variety of versions of an alveolar gas
equation, of which a common example is:
Alveolar Po2 =PIO2 −

Pa CO2
RQ

(1 − FIO2 (1 − RQ))

(2.11)

where RQ = respiratory quotient, the ratio of CO2 production to
O2 consumption.
This version of the alveolar gas equation applies only to the
steady state, that is, when there have been no recent changes in
inspired O2, metabolic rate, and so on, and includes the RQ in
the equation to take account of the fact that O2 consumption (i.e.
the volume of O2 leaving the alveolus) is different to the CO2
production (the volume of CO2 entering the alveolus). A normal
value for PA O2 in a subject breathing air is around 13.6 kPa.
3. Diffusion across the alveolar–capillary barrier. This has been
previously described (see ‘Diffusion of gases across the alveolar–
capillary barrier’) and under most circumstances is negligible.
4. Alveolar–arterial Po2 difference occurs as a result of venous
admixture as described earlier. The difference is normally less
than 1 kPa giving a normal arterial Po2 of approximately 13 kPa.
As previously described, arterial Po2 declines with age, and the
expected Po2 may be calculated from equation (2.12) for a subject breathing air (Marshall and Whyche 1972):
Arterial Po2 ( kPa ) = 13.6 − 0.044 × age ( years )

(2.12)

Alveolar to arterial Po2 difference is significantly increased during GA as a result of the development of areas of low V̇/Q̇ ratios
and atelectasis.
5. As arterial blood enters the arterioles and capillaries O2 begins
to diffuse out of the blood vessel into the surrounding tissue
(see ‘Tissue oxygen’). To reach the mitochondria O2 must pass
through even greater barriers than in the lung:
• systemic capillary endothelial cell
• capillary basement membrane
• the interstitial space
• across the cell membrane of the tissue cells
• through the cell cytoplasm
• across the mitochondrial membrane.
At its point of use in the mitochondria the Po2 will be highly variable, but it is accepted that aerobic respiration can occur with any
Po2 greater than 0.15 kPa, this value being known as the Pasteur
point.

Tissue oxygen
All living cells consume O2 continuously, though the rate at which
they do so varies widely between different tissues and at different
times. Because O2 moves down its partial pressure gradient the
lowest Po2 in any cell will be around the mitochondria, cells further
away from a capillary will have lower Po2 than those near the capillary, and cells at the venular end of a capillary will have lower Po2
than those at the arteriolar end. In 1919, August Krogh described
a model of tissue oxygenation that allowed these various partial
pressure gradients to be mathematically modelled (Krogh 1919;
Kreuzer 1982). The model assumes that a single capillary supplies a
cylindrical area of tissue (Fig. 2.18). There is a longitudinal (axial)
Po2 gradient which approximates to the reverse of the upper part
of the oxyhaemoglobin dissociation curve. There is then a lateral
(radial) gradient governed by the physical laws of diffusion. Finally,
there is also believed to be axial flow of oxygen within the tissues
(not shown in Fig. 2.18) as a result of the higher Po2 in tissue areas
near the arteriolar end of the capillary.
There are two lessons to be learned from the Krogh model:
1. A ‘lethal corner’. Cells that happen to be positioned at the furthest point away from the venular end of the capillary will always
have the lowest Po2 of all cells within that Krogh cylinder. This
will be true whatever the circumstances of arterial Po2, haemoglobin concentration, and capillary blood flow.
2. Mean tissue Po2 is an unhelpful concept, representing the mean
value from regions of tissue in all part of the Krogh cylinder, that
is, even if mean tissue Po2 is adequate this does not mean that
cells in the lethal corner are not hypoxic.
The Krogh model is only theoretical (Goldman 2008): in vivo capillaries form interconnecting networks, are of variable length and
radius, and the radial distance from capillaries varies 10-fold from
20 µm in brain to 200 µm in skeletal muscle, where the tissue oxygen diffusion has to be facilitated by myoglobin. Nevertheless it is
a useful analogy to illustrate that arterial Po2 is a poor indicator of
the oxygen supply to tissues.
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Figure 2.18 The Krogh cylinder analogy of tissue oxygen gradients. A single
capillary supplies oxygen to a cylindrical section of tissue. As blood passes from
the arteriolar end to the venular end of the capillary the Po2 falls in accordance
with the haemoglobin dissociation curve, forming an ‘axial’ gradient in Po2.
Oxygen then diffuses away from the capillary according to basic laws of diffusion
forming a ‘radial’ gradient. The cells living in the lowest oxygen conditions will
always be those at the furthest point away from the venular end (A), referred to
by Krogh as the ‘lethal corner’.
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CHAPTER 3

Fluid and electrolyte
physiology in anaesthetic
practice
Robert G. Hahn
Body fluid compartments
The human body is essentially a collection of billions of cells bathing in an aqueous solution. The water and electrolyte content inside
and outside cells are controlled within narrow limits by cardiovascular and hormonal feedback loops, the effectiveness of which may
be reduced by disease, anaesthesia, and surgery.
Water constitutes between 50% and 60% of the body weight in
adult females and males, respectively, with some decrease over the
lifespan. The water content of newborns is almost 80%.
The water is distributed between two body compartments, the
extracellular fluid (ECF) and the intracellular fluid (ICF). These
represent 20% and 40% of the body weight, respectively. The ECF
in turn consists of plasma, which surrounds the blood cells, and
interstitial fluid, which is the aqueous solution that bathes the cells
outside the bloodstream. Collagen fibres and glycosaminoglycan
filaments give the interstitial fluid a jelly appearance (Fig. 3.1).
The body has a slow turnover of fluid that may be substantially
accelerated by gastrointestinal disease and burns. Insensible water
loss, which pertains to evaporation through the skin and by breathing, amounts to about 700 ml per day in the adult. These losses and
baseline diuresis are compensated for by an intake of 2–2.5 litres of
water per day.
For practical purposes, the minimum fluid requirement in
humans can be taken as 1 ml kg−1 h−1 except in young adults, where
it is 1.5 ml kg−1 h−1.

Osmolality
Osmolality is a quality of fluid that plays a key role in its distribution
between body compartments. It refers to the number of dissolved
particles in a solution. The osmolality is about 295 mOsm kg−1 in
all body fluids, and after considering the temperature, it can also
be quantified as an osmotic pressure. If osmolality is increased or
decreased by metabolism, dilution, or excretion involving a single
body fluid compartment, water will quickly redistribute to equalize
the difference. Therefore, the distribution of solutes is also a driving
force for the distribution of body water.
Two types of membranes regulate the distribution of solutes. The
first one is the cell membrane that delineates all cells. The distribution of ions across this membrane is governed by active pumping

mechanisms that operate fairly slowly. Translocation of water across
this membrane requires a change in osmolality that is either the
result of this pumping activity or the addition of fluid, electrolytes,
or both, to the biological system.
The second membrane of interest is the endothelial capillary
membrane that delineates the bloodstream. This membrane is
fenestrated with pores of different sizes that allow small ions, such
as sodium and potassium, to freely pass. Large molecules, such as
many proteins, can pass most pores but with difficulty. The contribution of these macromolecules to the total osmolality is quite
small, but it is still sufficient to retain fluid in the bloodstream.
Osmotic pressure as a result of macromolecules is called oncotic or
colloid osmotic pressure.
The ability of the endothelium to keep macromolecules in the
blood is enhanced by a layer of glycosylated proteins called the glycocalyx. This layer is broken down (shed) in response to inflammation whereby the permeability for large molecules becomes
increased. Build-up of a new glycocalyx layer after an inflammatory
event (such as major surgery) takes about 1 week.

Tonicity
Tonicity refers to the ability of a fluid to cause volume exchange
across the cell membrane. An iso-osmotic infusion fluid with electrolytes that remain in the ECF, such as sodium and chloride, will
not cause fluid exchange with the ICF. This fluid is considered isotonic. A fluid containing sodium and chloride of higher osmolality
than 295 mOsm kg−1 will attract fluid from the ICF volume and is
therefore considered hypertonic.
An iso-osmotic solution of sodium and chloride is isotonic
because sodium is continuously pumped out of the cells by an
active transport mechanism. As a result, the sodium concentration
in the ICF is extremely low. However, tonicity is not always equal
to osmolality. Certain solutes, such as ethanol, freely pass through
the cell membrane, and thus will not cause fluid exchange even if
they raise osmolality. A hyperosmotic water solution of ethanol is
therefore hypotonic.
Many solutes, such as glucose and most amino acids, are transported into the ICF by pumping mechanisms residing within
the cell membrane. A solution containing these solutes causes a
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Table 3.1 Tracers used to measure body fluid volumes

Plasma
3L
capillary membrane

ECF
Interstitial
fluid

Body fluid volume

Method (tracer)

Characteristic

Plasma volume

Radio-iodated albumin

Radioactive

Evan’s blue

Colour that binds to
albumin

Iohexol

Kinetic analysis
necessary

Bromide

Long half-life

Indocyanine green

Very rapid turnover

12 L

Extracellular fluid
volume

cell membrane

TBW

Total body water
Intracellular
fluid

Tritium

Radioactive

Deuterium
Ethanol

‘Heavy water’, expensive
Complex kinetics

30 L

time required for the tracer to travel from the site of injection to the
site of elimination within the bloodstream. In case of indocyanine
green, the site of elimination is the liver and the transport time is
roughly 1 min.
Figure 3.1 The body fluid compartments. Volumes relate to a male weighing
75 kg. ECF, extracellular fluid, TBW, total body water.

progressive increase in the ICF volume until the solutes have been
metabolized or incorporated into larger molecules. One example
of such gradual development of cellular oedema is when irrigating
fluid containing glycine is absorbed during endoscopy.
A colloid infusion fluid that expands the plasma volume by its
own volume is considered iso-oncotic. Volume can also be attracted
from interstitial fluid space provided that the concentration of macromolecules is high. The fluid is then considered hyperoncotic. The
opposite event occurs when the fluid is hypo-oncotic.

Measuring body fluid volumes
Body fluid volumes can be measured by tracer techniques that play
an important role in research. The principle involves the injection
of a substance or the marking of a molecule that distributes within
a single body fluid compartment. The dilution principle is then
employed to estimate the size of the compartment (Vd):
Vd =

Dose
Plasma concentration

(3.1)

Equation (3.1) can be directly applied if the tracer has a slow
turnover, and elimination during the time required for equilibration can be neglected. The time required for equilibration varies greatly: radioactive albumin used to estimate plasma volume
requires up to 10 min, whereas deuterium, which measures total
body water, needs several hours to reach an even distribution. The
concentration of tracers with a more rapid elimination, such as
iohexol, must be measured repeatedly, and a kinetic extrapolation
of Vd made to provide a useful measure of ECF and plasma volumes (Henschen et al. 1993) (Table 3.1). Calculations based on the
concentrations of tracers with ultra-fast elimination, such as indocyanine green (2–4 min), must consider the transit time, that is, the

Equations for fluid distribution
Across the capillary membrane
Fluid exchange across the capillary membrane was investigated by
the English physiologist Ernest Starling (1866–1927) who formulated his Starling equation in 1896:
Fluid exchange = K f [( Pc − Pi ) − σ(π c − πi )]

(3.2)

where Kf is a proportionality constant, Pc and Pi are the hydrostatic
fluid pressure in the capillary and interstitium, respectively, and πc
and πi are the colloid osmotic pressure in the capillary and interstitial fluid, respectively. The symbol σ is the reflection coefficient,
which explains how easily macromolecules pass through the capillary wall. A reflection coefficient of 1.0 means that the membrane
is impermeable and 0 means that the molecule passes without any
difficulty. The value of σ greatly varies between vascular beds.
The Starling equation holds that the balance in hydrostatic fluid
pressure and colloid osmotic pressure across the capillary membrane determines whether fluid enters or leaves the bloodstream.
For example, the addition of macromolecules to the plasma would
increase the plasma volume at the expense of interstitial fluid volume. In contrast, an electrolyte solution (such as lactated Ringer’s
solution) distributes from the plasma to the interstitial fluid by
virtue of a reduction in colloid osmotic pressure (by dilution) and
an increase in intravascular hydrostatic pressure. The distribution
continues until a new equilibrium is reached.
The hydrostatic pressure in the capillaries (Pc) is normally 17–
25 mm Hg while being slightly negative in the interstitial fluid of loose
connective tissue (Pi, −3 mm Hg). The hydrostatic pressure is even
more negative (−4 to −8 mm Hg) in the epidural and pleural cavities.
Recent microcirculatory research suggests that the Starling equation might need to be revised because of the active role played
by the glycocalyx layer of the capillary wall in forming the transcapillary fluid equilibrium (Woodcock and Woodcock 2012). In
particular, the colloid osmotic pressure of the interstitial fluid (πi)
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seems to contribute less to the fluid equilibrium than previously
believed. The glycocalyx layer is damaged by inflammation, and
the fluid distribution across the capillary membrane then becomes
governed in better accordance with the classical Starling equation.

Across the cell membrane
Fluid exchange that occurs across the cell membrane in response to
the administration of fluid and electrolytes by mouth or i.v. infusion
can be predicted based on mass balance equations utilizing the fact
that fluid quickly redistributes to equalize any change in osmolality.
Equation (3.3) may be used assuming that the ECF and ICF volumes at baseline are 20% and 40% of the body weight, respectively,
and that the body osmolality is 295 mOsm kg−1:
ECF × 295 + infused osmoles
ECF + fluid exchange + infused volume
ICF × 295
=
ICF − fluid exchange

(3.3)

Here, fluid exchange can occur in any direction, but positive values
denote translocation from the ICF to the ECF.
An electrolyte being solely distributed in the ECF might be used
as an endogenous tracer to calculate the translocated fluid volume
from any cause. With the use of serum sodium as tracer, the concentration before the intervention, SNao, and at any time t after
it has occurred, SNa(t), gives the following equation (Hahn and
Drobin 2003):
Fluid exchange = ECF + infused volume
(SNa o × ECF + infused Na)
−
SNa(t)

(3.4)

If urinary excretion has occurred, the voided volume should be
subtracted from the infused fluid volume, and the excreted sodium
ions be subtracted from the infused amount of sodium.

Microcirculation and oedema
Fluid exchange might be studied at microscopic level. The capillary
walls can then be seen to be fenestrated with pores. These are either
small (40–45 Å), through which small ions pass with ease, or rarely
large (250 Å), through which proteins can pass. The proteins follow
the flow of fluid through the large pores, which is a process called
convection, and leave the plasma at a rate of 5–8% per hour. In some
areas where the requirement for fluid transport is very great, such
as in the gastrointestinal tract and in the kidneys, the body also
has specialized water channels composed of proteins called aquaporins. Only water passes through these channels, whereas ions are
excluded.
The interstitial fluid space does not have the liquid consistency
typical of blood plasma. Instead, the space is filled with proteoglycan
filaments and collagen fibrils that bind the tissue together. Another
factor that helps keep the parts of the interstitial fluid space together
is the negative pressure of about –3 mm Hg. The jelly consistency of
the interstitium restricts rapid movement of fluid volumes, whereas
electrolytes and metabolic products almost freely diffuse. The
restriction of fluid movement exerted by the collagen–proteoglycan
meshwork explains why distribution of crystalloid fluid throughout
the ECF volume requires about 30 min to be completed. The volume
of the interstitial fluid space corresponds to 15% of the body weight

of which only two-thirds becomes expanded by an infusion of crystalloid fluid. The very dense areas of the interstitial fluid space, such
as bone tissue, might even be difficult to expand by fluid at all.
Oedema develops in response to rapid infusion of crystalloid
fluid as a result of gradual loss of the elastic properties of the interstitial meshwork. Massive volume expansion by crystalloid fluid
(several litres) finally overcomes the negative interstitial pressure.
Once the pressure exceeds 0 mm Hg, the tissue breaks up and large
amounts of fluid can accumulate freely in the interstitium, causing
pitting oedema.
The proteins and fluid transported from the plasma to the
interstitium are slowly returned back to the bloodstream via the
lymphatic system (Aukland and Reed 1993). Tissue oedema also
occurs if the capacity of the lymphatic system is overwhelmed by
an increased transcapillary escape of proteins, which might occur
in sepsis, burns, or other disease.
The capillaries in the brain have very low permeability (blood–
brain barrier), and the entrance of all molecules, except for water,
occurs by active transport. Therefore, the brain is not subject
to oedema by the same mechanisms as other organs and tissues.
Metabolic or physical damage or a lowering of serum osmolality
is a key factor. The oedema is noticed in the formed of increased
intracranial pressure because of the limited capacity to increase the
volume inside the skull.

Urinary excretion
In healthy people, water and electrolyte balances are tightly controlled so that intake is matched with renal excretion. The capability
of the kidneys to change excretion in relation to intake is very great.
The kidneys filter about 20% of the plasma flow in the glomeruli
(the filtration fraction), and this primary urine is further refined by
re-absorption and secretion to make the final urine.
The renal blood flow and the glomerular filtration rate are affected
by arterial blood pressure. Autoregulation of flow with respect to
arterial pressure spans from about 80 to 160 mm Hg. Hence, the
flow parameters decrease when the arterial pressure drops to below
80 mm Hg.
Urinary excretion is normally about 1.5 litres (24 h)−1. A less
than 400 ml excretion is called oliguria, and a less than 100 ml one
is anuria. The reasons for anuria can be prerenal, intrarenal, or postrenal, of which the first is of greatest importance in anaesthesia.
Both haemorrhage and dehydration result in prerenal anuria,
which occurs when blood flow to the kidneys drops to below 20%
of the normal one. Dehydration is characterized by high osmolality and specific gravity of the small amounts of urine excreted,
which are signs of a low filtration fraction and the strong influence
of the antidiuretic hormone vasopressin. Treatment consists of a
fluid bolus followed by i.v. furosemide when the haemodynamics
has improved. A second step, if the first does not work, is to induce
diuresis by 100–200 ml of hypertonic mannitol.
Volume kinetic studies show that general anaesthesia and surgery
are followed by inhibition of diuretic response to crystalloid fluid
(Hahn 2010) (Fig. 3.2). The fluid clearance is then only 5–20% of
that measured in conscious volunteers, which means that urinary
excretion rarely exceeds 1 ml min−1 despite marked hyperhydration. Fluid clearance is lower during laparoscopic than during open
abdominal surgery, and is reduced by 50% from isoflurane anaesthesia alone. There is no evidence that the poor diuretic response to
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urinary excretion. The β1-receptor agonist isoprenaline exerts the
opposite effect (Vane et al. 2004). Similarly, even low doses of the
phenylephrine and the β1-receptor blocker esmolol increased the
otherwise suppressed urinary excretion during general anaesthesia and surgery in humans (Li et al. 2012). However, the
very marked inhibition of the urinary excretion during general
anaesthesia and surgery can only be partially reversed in this way
(Fig. 3.2).
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52
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Figure 3.2 Urinary excretion in relation to infused volume during anaesthesia
and surgery and in a conscious volunteer. Each line is a computer simulation based
on average kinetic data from at least 10 adult humans and published by Drobin
and Hahn (1999), Ewaldsson and Hahn (2005), and Li et al. (2012) assuming that a
75 kg male received 1 litre of Ringer’s solution over 30 min.
Reproduced with permission from Hahn RG. Clinical implications from dynamic modeling of
crystalloid fluids. Vincent, J-L. (Ed.): Annual Update in Intensive Care and Emergency Medicine
2015. Springer International Publishing 2015; pp. 339–348.

crystalloid volume loading in the surgical setting promotes kidney
injury.

Relevance to anaesthesia
The monitoring of urinary excretion is an essential task for the
anaesthetist. Loss of urine flow commonly indicates dehydration,
which requires treatment. On the other hand, hyperhydration is
not reliably detected by increased urinary excretion because of the
very weak diuretic response to crystalloid volume loading during
anaesthesia and surgery. The lack of effective renal correction of
hyperhydration promotes fluid retention.

Nervous control
The vasomotor centre in the medulla oblongata and pons of the
brain initiates the parasympathetic impulses that run through
the vagus nerve and the sympathetic impulses that constrict both
arteries and veins. Constriction of small arteries (arterioles) raises
peripheral resistance, whereas constriction of large veins increases
venous return.
Sympathetic nerve fibres leading to the adrenal medulla exert
a particularly powerful effect by causing release of noradrenaline
and adrenaline to the bloodstream. These hormones exert effects
on most vascular beds that are also affected by sympathetic nerve
activity. Noradrenaline is a hormone with strong vasoconstrictor
properties. Adrenaline also causes vasoconstriction, but in some
vascular beds (such as muscle) it causes vasodilation.
The effects of adrenergic drugs on the cardiovascular system may
affect fluid balance, distribution, or both, but they are rarely used
clinically. However, low doses of dopamine (2–5 µg kg−1 min−1) are
sometimes used as a diuretic.
In sheep, administration of adrenergic drugs affects the disposition of infused crystalloid fluid so that the α1-receptor agonist
phenylephrine decreases plasma volume expansion by increasing

Constriction of the arterioles decreases the capillary pressure,
which recruits fluid to the bloodstream as predicted by the Starling
equation.
Loss of venous vasoconstrictor tone is a central problem when
inducing spinal and epidural blockade. In this case, a rapid fluid
infusion might be insufficient to restore venous return, necessitating the use of a vasoconstrictor drug.
Several adrenergic drugs affect the urinary excretion during general anaesthesia.

Hormonal control
Vasopressin is a small peptide excreted from the brain in response
to hypertonicity of the blood. The hormone promotes water retention in the kidneys. Vasopressin release also occurs in nausea.
Haemorrhagic hypotension is the most powerful stimulator of
vasopressin release which, in high concentrations, raises the arterial pressure alongside water conservation that lasts for several
hours.
Atrial natriuretic peptide (ANP) is a hormone excreted by muscle
cells of the heart in response to distention. ANP and a close relative,
brain natriuretic peptide, are vasodilators and act as diuretics by
increasing the renal excretion of sodium. The hormone decreases
the blood volume also by increasing the transcapillary escape rate
of plasma proteins.
Renin is an enzyme excreted from the kidneys in response to low
arterial pressure. Renin transforms a substrate precursor to angiotensin, which raises arterial pressure by acting as a vasoconstrictor.
Angiotensin also stimulates the secretion of aldosterone, a hormone
that causes fluid retention by increasing the renal re-absorption of
sodium.
Cortisol is another stress hormone excreted from the adrenal cortex. It has profound effects on metabolism but also promotes fluid
retention by increasing the re-absorption of sodium in the kidneys.
Cortisol excretion is elevated as the result of surgical stress.
The onset of physiological action is slower for aldosterone and
cortisol than for vasopressin and natriuretic peptides.

Relevance to anaesthesia
Secretion of vasopressin is of clinical importance during intense
surgery, such as after a hypotensive haemorrhage event. Water
retention then promotes postoperative oedema and subacute
hyponatraemia.
ANP increases in response to volume loading. A doubling of the
plasma concentrations occurs from rapid infusion of 1.5 litres of
crystalloid fluid, whereas 0.4–0.8 litres is too little to exert the same
effect. The ANP increase reduces the plasma volume expansion
resulting from ambitious preloading, that is, infusion of fluid before
it is needed.
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The plasma concentrations of vasopressin, renin, aldosterone,
cortisol, noradrenaline, and adrenaline concentrations are regularly increased after anaesthesia and surgery as evidence of surgical
stress. This response is primarily elicited by the sympathetic nervous system during surgical procedures performed under general
anaesthesia and low spinal anaesthesia. Most of the stress response
is abolished if spinal anaesthesia extends to the fourth thoracic dermatome because the sympathetic supply to the adrenal glands (via
the great splanchnic nerve) is then fully blocked.
Renin and aldosterone concentrations are increased by isoflurane anaesthesia, which suggests that the low arterial pressure in
the kidneys partially explains the low fluid clearance found during
anaesthesia and surgery (Norberg et al. 2007).
The stress response causes postoperative fluid retention, but the
relative contribution of various hormones has not been elucidated.

Cardiovascular responses

Stroke volume

The classical view of the haemodynamic response to infusion fluids
is that the plasma volume expansion is accompanied by an increase
in cardiac output and a decrease in peripheral resistance while the
arterial pressure remains unchanged.
The physiological basis for the increase in cardiac output is
dependent on venous return and that the myocytes produce stronger
contractions when distended. Stroke volume will therefore increase
when the filling pressures are increased by blood volume expansion, although a plateau finally is reached, and subsequently, stroke
volume decreases (Fig. 3.3). This relationship is called the Frank–
Starling law of the heart and was first suggested by Otto Frank and
Ernest Starling in 1915. The ability of the heart to increase stroke
volume in response to raised preload (here, by volume expansion)
is called fluid responsiveness and is poorly reflected by static measurements of the fluid volume status, such as central venous pressure
and pulmonary artery wedge pressure. Infusing fluid is a simple way
to move a patient higher up on the Frank–Starling curve, where a
supernormal stroke volume is believed to improve tissue perfusion
and oxygenation. Outcome studies support that such practice is of
value, particularly in debilitated patients.

1

2
Preload

Figure 3.3 The Frank–Starling curve implies that an increase in preload by,
for example, plasma volume expansion, is followed by a progressively reduced
incremental increase in stroke volume. Hence, the stroke volume response to a
preload (1) is much greater than from a further increase in preload (2), indicating
that the patient is then on the steep part of the curve.

Fluid responsiveness can be increased by administration of
adrenergic drugs. Some authors combine volume administration,
adrenergic drugs, and possibly erythrocyte transfusion to reach
a predetermined oxygen delivery index, which is usually set to
600 ml min−1 m−2 (Shoemaker et al. 1988). This practice is more
common in intensive care, while volume optimization by using
infusion fluids alone is predominant in the operating room.

Relevance to anaesthesia
Monitoring of the central haemodynamic response to volume loading has a key role in guiding fluid therapy in debilitated patients. In
routine surgery, this approach has been advocated mainly in open
abdominal operations.

Haemorrhage
Blood loss lowers cardiac output, but the arterial pressure is initially maintained by virtue of a progressive increase in peripheral
resistance. After 20% of the blood volume has been lost, the body
changes its defence mechanism from vasoconstriction to vasodilation. The changeover causes a sudden drop in arterial pressure that
is often accompanied by bradycardia (Secher et al. 1994).
When blood loss and urinary excretion are not monitored well,
the sudden drop in arterial pressure might be the first warning sign
that alerts the anaesthetist to hypovolaemia. Haemorrhagic shock
implies that certain regions of the body have been closed off from
perfusion. The shock becomes irreversible if another 20% of the
blood volume is lost without being replaced and is characterized by
progressive acidosis and, later, death. Prompt i.v. fluid administration reverses haemorrhagic shock and is a life-saving therapy here
(except in its final stages).
Haemorrhage that is continuously compensated for by clear
i.v. fluids maintains the blood volume at the expense of anaemia.
Physiological adaptation to such normovolaemic haemodilution
consists of a progressive increase in stroke volume and increased
peripheral extraction of oxygen. Eventually, these mechanisms cannot maintain the oxygen demands, and tissue anoxia and acidosis develop. The haemoglobin (Hb) concentration at which anoxia
begins to develop is called the critical Hb concentration. The lowest
Hb concentration that the anaesthetist accepts, which is usually set
slightly higher than the ‘critical’ Hb based on safety, is called the
target Hb concentration. When the target Hb is reached, further
haemorrhage should prompt that erythrocytes are transfused.
The tolerance for anaemia is high in young patients (target
Hb concentration: 60–80 g litre−1) whereas old patients with an
impaired cardiovascular reserve have poorer tolerance (target
Hb: 90–100 g litre−1). The target Hb must be judged for each patient
on clinical grounds using these extremes for reference.

Equations guiding fluid therapy
during haemorrhage
Normovolaemic haemodilution
When infusion fluids are continuously infused to maintain normovolaemia, equation (3.5) can be used to calculate how much blood
can be lost before the ‘critical’ Hb target is reached at time t (Bourke
and Smith 1983):

(

)

Allowable blood loss = BVo ln Hbo − ln Hb ( t )

(3.5)
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where BVo is the estimated blood volume at baseline, Hbo is the
blood Hb concentration at baseline, and Hb(t) is the target Hb
concentration. A logarithmic function is needed because the Hb
concentration of the lost blood is continuously lowered by infused
fluid during the haemorrhage. All volumes must be expressed in
the same unit.

Hypervolaemic haemodilution
If the haemorrhage occurs in a setting of changed blood volume,
such as during spinal anaesthesia in which some hypervolaemia
above baseline at time t, ΔBV, is desired, the allowable blood loss
is considerably reduced. Equation (3.6) is a modification of Bourke
and Smith’s equation account for the situation where haemodilution is performed on a blood volume level that differs from baseline
(Hahn 1989):
Allowable blood loss = BVo[ln Hb o
− (ln Hb ( t ) (1 + 0.15 ∆BVt-0 ))] (3.6)
The vasodilation that occurs in response to general and regional
anaesthesia always acts to reduce Hb more than expected from
the blood loss. To make a more rational decision, it is recommended to measure the blood Hb concentration in the operating
theatre.

Provide blood, fluid, or a diuretic?
The anaesthetist often needs to assess whether hypervolaemia or
hypovolaemia has developed in the course of haemorrhage and i.v.
fluid therapy. To answer this question, a useful approach is to estimate the total Hb mass, which averages 0.5–1 kg in adults, and subsequently subtract all Hb losses associated with the haemorrhage.
The blood Hb concentration is used to indicate the degree of dilution of the Hb mass. Hence:
Hb mass = BV × Hb
Hb mass − (bled volume × Hb)
Hb(t)
∆BV(t) = BV(t) − BV
BV(t) =

(3.7)

An example is that an adult male weighing 65 kg with a previous
myocardial infarction bled rapidly 700 ml during elective hip surgery. His blood Hb was 130 g litre−1 before surgery and 95 g litre−1
after the operation. His target Hb concentration was decided to be
100 g litre−1. At the postoperative care unit, the anaesthetist is faced
with the question of whether the patient should receive erythrocytes, more i.v. fluid, or a diuretic.
Calculations can be based on the assumption that BV is 7% of the
body weight, and thus 4.55 litres. Hb mass before surgery is then
130 × 65 × 7% = 591 g. BV(t) becomes (591 − 0.7 × 130)/90 = 5.26
litres after the surgery.
The patient is apparently hypervolaemic by 700 ml, and both
erythrocytes and more i.v. fluid may cause symptomatic volume
overload. Here, the rational treatment is to provide a diuretic and
repeat the Hb measurement 1–2 hours later to examine whether
normovolaemia or only slight hypervolaemia has been reached.
The Hb concentration that corresponds to normovolaemia can be
calculated from the same set of equations, which are easily entered
into a pocket calculator.

These equations assume that Hb remains in the bloodstream and
is uniformly distributed therein but not that the BV has been kept
constant. However, if fluid therapy has been performed during a
prolonged haemorrhage process the Hb concentration of the bled
volume should be assumed to be the mean of the pre-and postoperative Hb concentrations.
Old works with tracers suggest that the calculations should be
corrected by a ‘haematocrit factor’ of 0.91 to correct for differences
in Hb between large and small vessels. However, this factor is probably a result of the radioactive albumin method overestimating
the plasma volume; albumin is known to distribute freely into the
interstitial fluid space of liver sinusoids. On the other hand, considering the haematocrit factor in the calculations makes little difference to the results.
Another issue is that Hb is lower in the capillaries than in other
parts of the cardiovascular system. This, too, makes little difference,
as only 1% of blood volume is found there. Finally, in many animal
species, Hb is released from the spleen during haemorrhage and in
other stressful situations. In humans, this effect is very small and
might even be absent.

Capillary refill
The vasoconstriction that follows on haemorrhage reduces the
hydrostatic pressure in the capillaries that, according to the Starling
equation, promotes translocation of fluid from the interstitial fluid
compartment to the plasma. This process is called autotransfusion
or capillary refill and restores the blood volume at the expense of a
lowered blood Hb concentration. However, when one-third of the
blood volume has been restored, the rate of capillary refill is slowed
down by the oncotic forces, as the capillary refill dilutes the plasma
while the interstitial fluid becomes concentrated with respect to
macromolecules. The plasma proteins equilibrate throughout the
ECF volume during the subsequent slower phase. Hence, after the
fluid transfer that lasts for 30–40 min, there is a slower phase of
capillary refill that continues until the next day when the blood volume is completely restored. A period of anaemia will ensue after
the haemorrhage as erythrocytes have a turnover time of as much
as 4 months.

Relevance to anaesthesia
The rate of capillary refill is not fast enough to prevent shock from
haemorrhage. However, when fluid is infused to compensate the
blood volume after haemorrhage, some degree of capillary refill has
already occurred. This means that rapidly compensating the entire
volume of lost blood with i.v. fluid (3:1 with crystalloid or 1:1 with
colloid) will induce transient hypervolaemia (Fig. 3.4).
From a physiological point of view, a colloid is the most appropriate fluid to infuse when capillary refill has begun to restore the
bled volume. The reason is that a lowered plasma oncotic pressure
as a result of dilution then prevents capillary refill from continuing
at a high rate.

Volume effect and potency
The clinical effects of infusion fluids during surgery are closely
linked to their volume effect, which implies how much the plasma
volume expands in response to the infusion. Another concept is the

5

Chapter 3

fluid and electrolyte physiology in anaesthetic practice

1500
(A)

Normovolaemia

1000

500

0

0–30 min: 90 ml/min
0

Blood volume change (ml)

1000

120

60

180

(B)

500

Hypovolaemia
–900 ml

0

–500

0–30 min: 90 ml/min
–1000
60

0
1000

120

180

(C)

500

Hypovolaemia
–900 ml

0

0–30 min: 50 ml/min
30–60 min: 25 ml/min
60–180 min: 10 ml/min

–500

–1000
0

Capillary refill (ml)

–400

60

120

180

(D)

–600

efficiency of the fluid, which is calculated as a summary measure
over time. The efficiency of one fluid relative to another is termed
potency. These entities are not always easy to assess.
Scientific methods include labelling of plasma or blood components with radioactive tracers (albumin or haemoglobin), but these
approaches have been used sparingly in recent years. Indocyanine
green and other colours that bind to albumin are additional methods for measurement of the plasma volume.
Physiological endpoints mean that fluid is infused until a predetermined crucial physiological measure is reached, for example,
that cardiac output is restored in a hypovolaemic subject. In this
way, the volume effect of various infusion fluids can be compared.
A drawback is that these approaches capture changes poorly over
time, which is of particular importance for the turnover of crystalloid fluids.
As we have already seen, the Hb molecule can, even without radioactive labelling, be employed as an endogenous tracer for fluid
shifts, including the volume effect of infusion fluids. Handy equipment for measuring blood Hb concentration can be made available
in the operating room, which even allows them to be used for guiding fluid therapy with regard to blood volume.
The calculations based on Hb have been elaborated upon to create a branch of pharmacokinetics for infusion fluids called volume
kinetics. Hb concentration is measured frequently for the purpose
of analysing and simulating the distribution and elimination of an
infusion fluid. Management of the data requires sophisticated mathematical software. The assumption is that any loss from and addition
to the Hb pool is known. However, the exact blood volume does not
need to be known. Output parameters consist of the size of a central
and a peripheral fluid space expanded by the fluid, by an intercompartmental clearance, and an elimination clearance (Hahn 2010).
Volume kinetics allows one to compare the turnover of different infusion fluids in terms of parameter values or to use computer
simulation to study the rates of infusion required to reach a predetermined plasma volume expansion. Volume kinetics has been
used to study the potency of infusion fluids and to quantify changes
in distribution and elimination of fluids caused by anaesthesia,
dehydration, hypovolaemia, and surgery (Fig. 3.4).
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Figure 3.4 Blood volume change in response to 2700 ml of Ringer’s acetate
in male volunteers weighing 75 kg. (a) The fluid is infused over 30 min, no
haemorrhage. (b) Same infusion given just after withdrawal of 900 ml of blood
over 10–15 min. (c) Ringer’s acetate needs to be titrated in three steps to achieve
constant normovolaemia. (d) Difference in blood volume expansion between
A and B over time, illustrating the power of the sum of capillary refill and
hypovolaemia-induced fluid retention. Note that capillary refill restored 220 ml of
the blood volume during the haemorrhage.
Computer simulations were based on kinetic data from Drobin D, Hahn RG. Volume kinetics
of Ringer´s solution in hypovolemic volunteers. Anesthesiology 1999: 90: 81–91.

Sodium is the most abundant positively charged ion (cation) in the
ECF (Table 3.2). The concentration (normal range: 133–146 mmol
litre−1) is tightly controlled by the kidneys and is essential to normal nerve function. As a result of the importance of sodium to ECF
osmolality, an aberrant serum sodium concentration is usually mirrored by a change in serum osmolality and by derangement of the
ECF volume.
Symptoms may be vague or absent when a patient presents with a
low serum sodium concentration before surgery. Tiredness, confusion, and depressed consciousness are seen among others, and the
most dramatic presenting sign is epileptic seizures.
This condition is known as chronic hyponatraemia and might be
encountered in debilitated patients with kidney damage, diuretic
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Table 3.2 Ions contributing to osmolality of the extracellular
(ECF) and intracellular fluid (ICF)
ECF

ICF

140

15

4

140

Calcium

  1.2

  0

Magnesium

  0.8

20

110

  3

Bicarbonate

25

10

Phosphate

  2

11

Cation (+)
Sodium
Potassium

Anion (−)
Chloride

treatment, or both. The lowering of the sodium concentration
has gradually occurred over a longer period of time, which has
allowed the brain to adapt to the lower osmolality. Correction of
the serum sodium concentration must be performed cautiously.
That is, the rate of the increase should not exceed 0.5 mmol litre−1
h−1 because of a risk of brain damage, which can occur from a too
fast correction.
Subacute hyponatraemia occurs 2–3 days after surgery and usually presents as confusion, epileptic seizures, or depressed consciousness. Acute stroke might be suspected. The aetiology is
usually a combination of haemorrhagic hypotension during the
surgery, which induces vasopressin secretion, and postoperative
administration of sodium-free glucose solutions by i.v. infusion or
oral intake. Correct diagnosis and treatment by saline solution are
essential as the patient is otherwise at risk of developing a chronic
vegetative state (Arieff 1986). Subacute hyponatraemia might occur
in patients of all ages, including children.
Acute hyponatraemia results from dilution by electrolyte-free
irrigating fluids in transurethral endoscopic surgery performed
with monopolar electrocautery. Fluid containing glycine, mannitol, or sorbitol is used to irrigate the operating field and may be
absorbed into the venous system or be deposited in the perivesical or intraperitoneal space. Volumes exceeding 1 litre are associated with mild symptoms, usually confusion and sudden onset of
moderate-degree arterial hypotension. Three to four litres gives
rise to the more serious ‘TUR syndrome’ with a complex picture
of symptoms from the cardiovascular and nervous systems. Death
from brain oedema might occur after 6–8 h. Treatment consists of
haemodynamic support and hypertonic saline followed (later) by
diuretics (Hahn 2006).
Fluid absorption might occur during transcervical endometrial
resection in women, which is also performed by a resectoscope in a
bath of electrolyte-free fluid. This is a serious complication as menstruating women are particularly prone to develop chronic brain
damage from hyponatraemia (Ayus et al. 1992).
The more modern bipolar resection technique allows the use of
isotonic saline for irrigation, which might cause fluid overload but
not hyponatraemia.

Potassium
Potassium is the most important cation in ICF space, and only small
amounts are found in the ECF. The kidneys are chiefly responsible
for maintaining the serum potassium concentration.
Chronic hypokalaemia is usually caused by diuretic therapy.
Whether surgery should be postponed in patients with chronic
hypokalaemia has been debated, but cardiac arrhythmias rarely
occur as long as the serum potassium concentration exceeds
2.4 mmol litre−1 (Vitez et al. 1985). Lower concentrations may lead
to death and, if detected, motivates i.v. administration of potassium
under electrocardiographic (ECG) monitoring.
Acute and traumatized patients are often hypokalaemic. The
reason is that trauma increases the excretion of adrenaline, the
agonistic effect of which on the β2-receptor rapidly redistributes
potassium from ECF to ICF space. In these patients, normal concentrations (3.6–5.1 mmol litre−1) may be achieved by sedation.
The adrenaline used as an adjuvant in local anaesthetic solutions usually decreases serum potassium by 0.2–0.5 mmol litre−1.
In extreme cases, the drop can reach 1.0 mmol litre−1 (Löfgren and
Hahn 1994).
Very low serum potassium concentrations affect the ECG by prolonging the PQ interval and by depressing the ST segment and the
T-wave amplitude.
Hyperkalaemia weakens the heart, which becomes dilated and
shows flaccid movements. Cardiac death occurs when the plasma
concentration is doubled or tripled. High concentrations (>7 mmol
litre−1) should raise suspicion of kidney damage. Another cause is
acidosis, which causes movement of potassium from the ICF to the
ECF. Administration of drugs stimulating β2-adrenergic receptors,
such as terbutaline, is a fast way to decrease a raised serum potassium concentration. Another treatment consists of i.v. bicarbonate
or insulin added to a glucose solution.
ECG signs of hyperkalaemia include the appearance of tall, slender T waves. Later, the P wave disappears, and the QRS complex
becomes widened.
Potassium is added to infusion fluids after the operation (20–
40 mmol litre−1); because of the risk of cardiac arrhythmias, it
should not be provided faster than 10 mmol litre−1 h−1 without
ECG monitoring. Potassium is not added to fluids given during
surgery because of the dangers associated with rapid administration, and also because there is always a risk of anuria developing
postoperatively. On the other hand, potassium might be provided
in concentrations similar to the plasma concentration, as is the case
with Ringer’s solution.

Calcium
Most of the calcium in plasma is bound to albumin, but the concentration of ionized free calcium is of importance to blood coagulation and to muscle and nerve function. The plasma concentration
is governed by several hormone systems in a complex way (parathyroid, vitamin D).
The effect of calcium on the heart is opposite to that of potassium, with excess calcium strengthening the contraction of heart
muscle. The excitatory effect on myofibrils explains why i.v. calcium
markedly improves cardiac performance after blood transfusion,
which decreases the ionized calcium concentration. This reduction
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is because of the fact that calcium binds to citrate, a widely used
preservative.
Nerve function and muscles other than the heart become
depressed from calcium. Therefore, hypocalcaemia might lead
to muscle spasm (tetany) while the heart is weakened. On ECG,
hypocalcaemia is noted by a prolongation of the QT interval, which
is a risk factor for sudden death.
Fluids that contain calcium, such as Ringer’s solution, may cause
coagulation in the i.v. line when administered together with erythrocytes. The reason is that the citrate in the erythrocyte bag prevents coagulation by binding all free calcium ions. However, the
binding capacity of the citrate becomes superseded if more calcium
is added. Fluids that do not contain calcium, such as isotonic saline
or Plasma-Lyte (Baxter Healthcare, Deerfield, IL, USA), do not
share this problem.

Bicarbonate
Next to chloride, bicarbonate is the most abundant extracellular anion. It is of profound importance to the acid–base balance
because of its capacity to buffer hydrogen ions (see Chapter 5).
The commonly used crystalloid fluids do not contain bicarbonate but some chemical compound metabolized to bicarbonate.
Examples of these substances include lactate and acetate. In this
way, the bicarbonate buffer can be maintained even when vigorous
fluid therapy is performed.
Sodium bicarbonate is usually marketed as a hypertonic infusion
fluid and might be considered for the treatment of severe metabolic
acidosis in selected patients. In doing so, the cause of the acidosis
should also be sought and treated more specifically, if possible.
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CHAPTER 4

Gastrointestinal physiology
in anaesthetic practice
Joanna K. Gordon and Mark C. Bellamy
Introduction
The gastrointestinal (GI) tract represents a column of the ‘outside
world’ passing through the human body. Physiologically, embryologically, and in evolutionary terms, it therefore displays a number
of unique features. These have great relevance in surgery, and also
in anaesthesia and critical care medicine.

Embryology and anatomy
Embryology
The embryology of the gut closely mirrors its evolutionary development (Sadler 2000). The ‘primitive’ gut comprises four parts: the
pharynx, foregut, midgut, and hindgut. Embryologically, in
humans, this mirrors the situation seen in simple animals of low
complexity.
Gut blood supply arises through the mesentery—double layers of
peritoneum fold forward to enclose the GI tract and connect it to
the body wall. Additionally, there are a number of peritoneal ligaments. These comprise a double layer of peritoneum, either passing
between organs or between an organ and the parietal peritoneum.
The mesentery and peritoneal ligaments between them provide the
supporting structure for the vessels, lymphatics, and nerve supply
to the gut and abdominal viscera.
As far as the function of the GI tract is concerned, the embryology of the pharynx is relevant only insofar as it impacts on its role
later in life as a digestive organ. In this respect, the processes of
chewing and secretion of saliva (together with production of amylase) have some limited relevance.
The foregut comprises the oesophagus and related anatomical
structures. These include the trachea, lung buds, stomach, and the
first part of the duodenum. The liver, pancreas, and the biliary system develop as outgrowths of the upper duodenum. The foregut
divides into a ventral portion, giving rise to respiratory structures,
and a dorsal portion, which differentiates into the oesophagus.
The respiratory and intestine wall portions are separated by the
oesophago-tracheal septum. The other two-thirds of the oesophagus is a tube of striated muscle innervated by the vagus. The lower
third comprises smooth muscle, which is innervated by a splanchnic plexus. The stomach develops as a derivation of the foregut in
the fourth week of life. This undergoes a quarter turn clockwise
rotation, as a result of which the left vagus nerve innervates the
anterior part, and the right vagus the posterior part. The posterior

wall grows more quickly, resulting in the formation of the greater
curvature of stomach.
The duodenum develops from the terminal part of the foregut
and the proximal (or cephalic) part of the midgut. The distal part
of the duodenum forms a bud which gives rise to the liver and biliary system. The foregut receives its blood supply from the coeliac
artery. The midgut receives a supply from the superior mesenteric
artery, so the distal parts of the duodenum are represented in both
vascular territories.
The liver shows rapid early cell division. Hepatic cells proliferate
and penetrate the septum transversum, and the primitive connection between the hepatic bud and the duodenum becomes narrower, forming the bile duct. A small outgrowth of the bile duct
gives rise to the cystic duct and gallbladder. Two further buds from
the lining of the duodenum give rise to the embryological pancreas.
Distal to the biliary system, the duodenum continues to develop
from the terminal foregut and the cephalic midgut. The midgut territory continues up to the junction between the middle and distal
thirds of the transverse colon. The entire midgut territory maps to
the superior mesenteric artery and vein. As a result of the rapid
growth of the liver, a number of loops of small bowel add to the
extra-embryonic cavity in the umbilical cord. The primary intestine
or loop rotates around the axis of the superior mesenteric artery,
three-quarters of a turn anticlockwise. By the tenth week of gestation, these loops have returned to the abdominal cavity.
From the distal third of the transverse colon onwards, the remaining GI tract is formed from the primitive hindgut. Most of this territory is supplied by the inferior mesenteric artery, apart from the
superior and inferior rectal arteries (endodermal branches).
As a consequence, by the time of birth the GI tract represents
a continuous tube of the ‘outside world’ extending through the
ventral body cavity. In addition to the gut, in clinical practice and
embryologically, we should also consider the liver, biliary system,
and pancreas to form part of the GI tract. Throughout the length
of the bowel, there are four layers of tissue. The most superficial of
these is the serosa, deep to which is the muscularis layer, the submucosal layer, and forming the inside lining of the gut, the mucosa.

Anatomy
The anatomy of the oesophagus is well described in a number of
standard anatomical texts (Tortora and Grabowski 2000). The
oesophagus is a collapsible muscular tube which lies posterior to
the trachea. It is around 25 cm in length, beginning at the level of
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the upper oesophageal sphincter (at which point it joins the pharynx). It descends in the mediastinum posteriorly to pass through
the diaphragm, and joins the stomach at the cardia. At this point,
there is a functional ‘lower oesophageal sphincter’. The upper part
consists of non-customized squamous epithelium, a lamina propria, and a muscularis mucosa. The lower third of the oesophagus
also contains mucous glands. Physiologically, the main functions
of the oesophagus are its muscular functions. These include barrier
functions (principally at the level of the lower oesophageal sphincter) and motility, primarily related to swallowing (upper oesophageal sphincter) and peristalsis (a coordinated series of contractions
and relaxation of the circular and longitudinal layers of muscle
throughout the length of the oesophagus).
In the abdomen, the gut lies within the peritoneal cavity. This is a
serous membrane, with both visceral and abdominal wall contacts.
The visceral peritoneum covers some of the GI organs. The peritoneal cavity, the space between the layers of peritoneum, contains
serous fluid. The first part of the gut within the peritoneal cavity
is the stomach, which in humans forms a single curved chamber linking the oesophagus and the duodenum. Functionally, the
stomach acts as a chamber for both storage and digestion of food.
This allows a large meal to be broken down into smaller aliquots
for digestion and absorption in the gut. The processes of digestion
involve mixing of semisolid boluses to a liquid form, and the breakdown of starches, proteins, and triglycerides. The stomach comprises four main regions: the cardia, fundus, body, and pylorus. The
cardia is situated immediately inferiorly to the lower oesophageal
sphincter. The fundus is the area to the left of this, representing an
upwards and lateral expansion of the stomach. Below these areas
is the body of the stomach, terminating inferiorly and to the right
in the pylorus, through which the stomach communicates with the
duodenum.
In close relationship with the duodenum are the pancreas and
the liver. The liver is the largest solid organ of the body, accounting
for between 1.5 and 2 kg mass in the typical adult. It sits immediately inferior to and in approximation with the diaphragm and
right hypochondrium. It is almost completely invested by the visceral peritoneum. It is divided into two principal lobes, which are
further subdivided into eight segments. These are defined by their
venous and biliary drainage. The true right lobe of the liver is made
up of segments five, six, seven, and eight. The left lobe of the liver
comprises the caudate lobe (segment one), the ‘left lateral segments’
(segments two and three), and quadrate lobe. The falciform ligament, a fold of parietal peritoneum, arises between the left lateral
segment and the quadrate lobe. Of note, it does not divide the right
from the left lobe of the liver, but arises from within the left lobe.
The functional unit of the liver is the hepatocyte lobule. Between
the hepatic lobules are portal spaces, containing small branches
which arise from the portal vein branches, a hepatic artery branch,
and a bile duct tributary, known collectively as the portal triad. The
microcirculatory unit of the liver is the acinus. The portal system
flows into this, usually at low pressure (6 mm Hg) and high flow.
The hepatic artery is a high-pressure system but with somewhat
lower flow. The channels between the hepatocytes are known as
sinusoids. The arterial and portal systems meet within the sinusoidal bed of the liver acinus. Pressure within the sinusoid is 2–4 mm
Hg above vena cava pressure. The acinus is a three-dimensional,
microscopic mass, arranged around a triangular vascular axis. This
is composed of the arteriolus, venulus, and bile duct together with

accompanying nerves and lymphatics. Blood exits the acinus by two
or more hepatic veins (central lobular veins). The central hepatic
veins contribute to three main hepatic veins: right, middle, and left.
These three hepatic veins pursue a short extrahepatic course of a
centimetre or so, passing directly into the inferior vena cava immediately behind the liver. In fact, in some patients, the inferior vena
cava is completely encircled by hepatic tissue, with the caudate lobe
wrapped behind it from the left lobe of the liver. The venous system
of the liver does not contain valves. Consequently, any elevation of
central venous pressure results in venous congestion and backflow
into the liver. For this reason, there may be increased bleeding during hepatic resection surgery, should the central venous pressure
remain high.
The hepatocytes account for a relatively small proportion of total
hepatic mass. A number of other cell types contribute to its majority, including hepatic Kupffer cells which line the sinusoids. These
are cells of the reticuloendothelial system. Functionally, they are
fixed macrophages, and are in constant equilibrium with the pool
of circulating macrophages. Bile canaliculi drain bile secreted by
hepatocytes in the opposite direction to blood flow. The bile canaliculi coalesce to form bile ducts in the portal spaces, which eventually pass to the biliary system and gallbladder. Cell types found in
the biliary system include biliary epithelium. Other cell types in the
liver include vascular endothelial cells (unique in the vascular system because of their lack of basement membrane and permeability),
fat cells, and immune cells such as ‘Ito cells’ (antigen-presenting
cells for activating T-cell responses). The hepatocytes and Ito cells
are in contact with plasma only in the space of Disse.
Hepatocyte location is important. So-called zone one cells are
located near the hepatic artery. They are bathed by predominantly
arterial blood. Zone three cells are perivenular and are located at
the periphery of the acinus. These are bathed in a solute modified by
the metabolic action of the zone one and two cells. There is increasing sensitivity to nutritional ischaemic and anoxic damage as we
move from zone one to zone three. Zone one cells are equipped for
oxidative functions whereas zone three cells are equipped for less
oxygen-dependent processes.
A lateral diversion of the bile duct, the cystic duct, passes to the
gallbladder. This is a piriform sack in a curved depression on the
underside of the liver. Occasionally, the gallbladder may be tightly
adherent to or contained within the hepatic surface. It consists of a
body, neck, and fundus. Its principal functions include the storage
and excretion of bile in response to ingestion of fatty foods.
The pancreas is located behind and inferior to the stomach, and
posteriorly to the duodenum. It measures around 15 cm in length,
and is 2.5 cm in depth. Classically, it is described as consisting of a
head, body, and a tail (connected to the duodenum by two ducts).
The larger of these ducts forms the pancreatic duct which joins into
the common bile duct and enters the duodenum at the ampulla of
Vater. The majority of pancreatic cells are arranged in clusters called
acini. These are responsible for secretion of digestive juices which
flow into the GI tract by a network of small ducts. Additionally,
the pancreas behaves not only as an exocrine organ but also as an
endocrine gland (not discussed further here).
Beyond the duodenum and ampulla of Vater, the small bowel
continues to a length of around 3 m. It has a diameter of 2.5 cm, and
its surface area is further increased by circular folds, the villi and
microvilli. Its three main regions are the duodenum proximally,
the jejunum, and the ileum. The ileum is the longest of these three
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zones, terminating at its junction with the colon at the caecum.
Passage of gut contents from the small bowel to the large bowel is
unidirectional, not only because of peristalsis, but also because of
the ileocaecal valve.
The colon has a greater diameter than the small bowel, at around
6.5 cm. It is however shorter, extending to a length of 1.5 m. It
extends from the ileum to the anus, and is attached to the posterior
abdominal wall by a double layer of peritoneum known as the mesocolon. Its four regions are the caecum, the colon proper (ascending, transverse, descending, and sigmoid), the rectum, and the anal
canal. The internal anal sphincter comprises smooth muscle—this
is involuntary muscle. The external anal sphincter is voluntary,
skeletal muscle.

Physiology of the gastrointestinal tract
Food passes from the mouth to the stomach by the processes of
swallowing or ‘deglutition’. This process is initiated voluntarily by
the output of backward movement of the tongue against the palate,
propelling a bolus of food into the pharynx. The laryngeal stage of
swallowing is involuntary. As the tongue rises against the hard and
soft palate, the nasopharynx is closed, preventing retrograde passage of food into the nasal air passages. At the same time, the larynx
is pulled upwards, so that the epiglottis angles backwards to protect
the laryngeal aperture from the passing bolus of food. The shape of
the epiglottis diverts food to either side of the glottis. The airway is
further protected by adduction of vocal cords.
The third and final stage of deglutition is the oesophageal stage.
As the larynx is pulled upwards, the upper oesophageal sphincter
is relaxed, permitting the food bolus to enter the oesophagus. It is
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carried downwards by the process of peristalsis to the functional
lower oesophageal sphincter, which relaxes to allow passage into
the stomach (Tortora and Grabowski 2000).

Motility of the gastrointestinal tract
A number of factors contribute to the physiology of GI tract
motility and its control (both hormonal and neuronal). These are
listed here, as they are all potentially relevant in surgery, anaesthesia, and critical care, either because they may contribute to
pathological conditions or complications, or because they are
influenced, either deliberately or coincidentally, by anaesthetic
pharmacology.
Stomach wall tone and activity, together with gastric emptying
fall under both neurological and hormonal control. The physiology
of GI hormones is summarized in Table 4.1.
Many of these processes are coordinated by higher centres.
Sensory inputs such as sight, smell, taste, and previous experience
contribute to a ‘cephalic phase’. Inputs from the cerebral cortex and
the hypothalamus (feeding centre) are channelled via the medulla,
where they trigger parasympathetic impulses via the vagus nerve.
These stimulate postganglionic parasympathetic fibres in the submucosal plexus of gut. Broadly speaking, parasympathetic activity results in an increase in gastric motility, whereas sympathetic
stimulation inhibits gastric activity and empty. Once a food bolus
has reached the stomach, gastric distension results in the triggering
of both neural and hormonal mechanisms to potentiate the ‘gastric
phase’. This includes increased secretion of gastrin, and further parasympathetic activity via the vagus nerve. A further consequence
of these is contraction of the lower oesophageal sphincter, which
ensures that further motility results only in forward passage of food

Table 4.1 Summary of principal gastrointestinal hormones and their function
Feature

Gastrin

Cholecystokinin

Secretin

Produced in

G cells gastric antrum

CCK cells mucosa SI

S cells mucosa SI

Stimulus for release

Peptides, AAs, high pH

AAs, triglycerides, fatty
acids

Acidic chime entering SI

↑ gastric juice
↑ gastric motility
↑ growth gastric mucosa
Constricts lower
oesophageal sphincter
Relaxes pyloric sphincter

Inhibits gastric juice
secretion

Inhibits gastric emptying

Pancreas

↑ secretion pancreatic
juice
Promotes normal growth
of pancreas

Stimulates secretion of
pancreatic juice
Promotes normal growth
of pancreas

Hepatobiliary

Stimulates bile secretion

Stimulates bile ejection
from gallbladder and
opens sphincter of Oddi

Induces satiety
Enhances effects of
secretin

Enhances effects of CCK

Effect in:
Stomach

Other

Relaxes ileocaecal
sphincter

AA, amino acid; CCK, cholecystokinin; SI, small intestine.
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and prevents reflux. Unregulated gastric emptying is prevented by
activation of receptors in the small intestine. By negative feedback,
this inhibits gastric motility and prevents over-distension of the
duodenum.
The myenteric plexuses in the gut are responsible for the overall
coordination and control of two types of GI tract motility. First,
there is the process of segmentation where the ‘chyme’ is separated
into discrete small bonuses. These are rolled backwards and forwards in the gut, allowing greater contact both with the intestinal
wall and with digestive enzymes. The second type of muscular
activity is peristalsis, a sequential progressive contraction of the gut
from proximal to distal, which propels boluses of chyme through
the GI tract. Again, both types of motility are under the parasympathetic (positive) and sympathetic (negative) control.
Colonic motility is triggered by passage of food through the ileocaecal valve. Once distension of the caecum and ascending colon
has reached a critical ‘trigger point’ there is contraction of the muscle of the wall of the colon, squeezing the bolus of chyme into the
next ‘haustrum’ of the colon. This process is in some ways analogous to that of segmentation in the small intestine. Additionally,
peristalsis also occurs as a continuous process but more slowly than
in the small intestine. From the midpoint of the colon onwards, a
process of ‘mass peristalsis’ occurs, resulting in propulsion of residual colonic contents into the rectum.

Motility and anaesthesia
Intestinal paralysis is a side effect of anaesthetic and critical care
drugs. In patients who are critically unwell, problems of GI paralysis include bacterial translocation, pulmonary infection, villus atrophy causing intestinal mucosal barrier dysfunction, and impaired
enteral nutrition associated with the problems of parenteral nutrition (van der Hulst et al. 1998; Kompan et al. 1999). Furthermore,
oesophageal sphincter tone can be compromised in the sedated
patient. Both the upper and lower oesophageal sphincters play a
role in prevention of passive regurgitation of gastric contents.
Sphincter incompetence therefore adds to the risk of aspiration and
ventilator-associated pneumonia (VAP). Mechanical ventilation
allows movement of microorganisms from the throat and the GI
tract to the lungs.
‘Ventilator care bundles’ have been widely adopted in critical
care units worldwide. They include, among other measures, routine
administration of H2 receptor antagonists or proton pump inhibitors and maintaining patients in a semi-recumbent position of 30–
45° (National Institute for Health and Clinical Excellence 2010).
There is evidence to indicate a positive association between use of
ventilator care bundles and a reduced incidence of VAP (Lawrence
and Fulbrook 2011).
Hypnotic agents have been associated with both decreased intestinal peristalsis and decreased oesophageal sphincter tone (Vanner
1992; Herbert et al. 2002a; De Leon 2011). Thiopental and oxybarbiturates inhibit peristalsis in the guinea pig ileum (Herbert et al.
2002a) in vitro. It is assumed that it has similar effects on the human
ileum. There is also evidence that thiopental reduces upper oesophageal sphincter pressure (Herbert et al. 2002a). This reduction in
pressure occurs rapidly and begins before loss of consciousness
(Herbert et al. 2002a). This has important implications for timing of
the application of cricoid pressure during rapid sequence induction
of anaesthesia. Midazolam also reduces upper oesophageal sphincter pressure (Herbert et al. 2002a). Ketamine, however, causes no

change in mean sphincter pressures using induction doses (Herbert
et al. 2002a).
Propofol, when used as a continuous intravenous (i.v.) infusion,
has been compared to other agents with regard to its effects on GI
motility. It causes no further alteration in motility when compared
with standard isoflurane anaesthesia (Freye et al. 1998). When used
in a critical care setting for sedation, propofol does not alter gut
motility more than ketamine (De Leon et al. 2011). Its effects on
oesophageal sphincters are variable. At low doses, it is not thought
to affect lower oesophageal sphincter tone in the elderly or the
young. However, upper oesophageal sphincter tone is reduced significantly with both low and high doses of propofol for sedation in
all age groups (Lawrence and Fulbrook 2011).
α2-agonists used in anaesthesia and critical care for their anaesthetic, amnesic, sedative, and analgesic effects have also been
shown to inhibit peristalsis of guinea pig ileum and raise the peristaltic pressure threshold (Herbert et al. 2002b). Both clonidine
and dexmedetomidine demonstrate these effects in vitro and dexmedetomidine appears to have a greater inhibitory effect than clonidine. The mechanism by which this occurs is thought to be via
α2-adrenoceptors but clonidine also activates potassium channels
and opioidergic pathways (Vanner et al. 1992).
Epidural anaesthesia is thought to either preserve or increase GI
motility. The mechanism for this process is unclear but suggested
explanations include sympathetic blockade providing unopposed
parasympathetic activity and the block of visceral nociceptive
pathways thereby interrupting the reflex inhibition of gut motility
caused by trauma. Opioid sparing is a further proposed reason for
epidurals minimizing the decrease in gut motility (Udassin et al.
1994). Opioids are known to modulate gut motility and delay gastric emptying and morphine is thought to cause this effect by acting
as a potent 5-HT3 antagonist (Baptista‐Hon et al. 2012). There is
also evidence that neural circuits controlling peristalsis are inhibited by opioids acting at μ and κ receptors (Shahbazian et al. 2002).
Codeine, morphine, and oxycodone all increase colonic transit time
and co-administration of naloxone has been shown to improve
intestinal motility in patients receiving these opioids (Akkawi et al.
2009; Wong et al. 2010; Smith et al. 2011).
A Cochrane review including 22 randomized controlled trials
comparing GI function in patients receiving epidural anaesthetics
vs opioid-based analgesia consistently showed evidence that normal
GI motility returns sooner in those with plain local anaesthetics via
epidurals compared to those receiving systemic opioids (Jorgensen
et al. 2008). There was also a reduced time to return to normal GI
activity for plain local anaesthetic epidural patients compared to
those receiving both local anaesthetic and opioids via their epidural
catheters. There was no significant difference in nausea and vomiting when comparing the two types of epidural infusion.
Other drugs commonly used in anaesthetic practice which have
effects on GI physiology include atropine, metoclopramide, and
suxamethonium. Atropine decreases lower oesophageal sphincter pressure as does suxamethonium (Laitinen et al. 1978; van der
Hoeven et al. 1995). Metoclopramide, however, increases lower
oesophageal sphincter pressure and when used as a premedication
to atropine, it eliminates the depressant effect of atropine on lower
oesophageal sphincter tone (Freye et al. 1998).
Traditionally, the use of epidural blockade in critically ill septic
patients has been limited because of concerns about formation of
epidural abscesses. However, the ultrasound appearances of small
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bowel in critically ill patients with peritonitis show improved
motility with epidural anaesthesia vs i.v. morphine, where motility
is reduced (Spackman et al. 2000). No difference has been observed
between the rate of gastric emptying for epidural anaesthesia vs systemic morphine.

Gut blood flow, critical illness, and anaesthesia
The blood supply to the gut is via the coeliac axis, which gives rise
to superior and inferior mesenteric arteries. Within the gut villus,
there is a specialized and countercurrent circulation. The artery
and vein pass to the tip of the villus in close approximation, with
flow in opposite directions. A countercurrent circulation is established, one consequence of which is that the intravascular environment at the tip of the villus is hyperosmolar. This results in
good absorption of water from the gut, and a delayed absorption
of electrolytes and soluble components. This is thought to favour
a slow delivery of these to the liver, together with a reduced risk
of ‘overload’. A second consequence of this vascular arrangement
is that there is diffusion of oxygen directly from the artery to the
vein. This results in a relatively hypoxic milieu at the tip of the villus, rendering it relatively susceptible to hypoxic damage in critical illness and other states of hypoperfusion. Conversely, it means
that the oxygen tension in the venous system is relatively high. This
favours a high oxygen content in the portal vein, and better oxygenation of the liver. Presumably, this is a favourable arrangement,
as passive absorption at the tip of the villus is not a process which is
particularly oxygen dependent, whereas subsequent hepatic metabolic activity dealing with absorbed food is much more likely to
require oxygen. A further benefit of this arrangement is that gut
blood flow is greatest during feeding and absorption. This means
that the liver blood flow via the portal vein is also greatest at this
time. As described later (hepatic artery buffer response in ‘Liver
blood flow and anaesthesia’), these changes in flow result in a shift
in the balance of perfusion from hepatic arterial blood to portal
venous blood. It is therefore of particular importance that portal
venous blood remains relatively richly oxygenated.
The splanchnic region has considerable capacity to adapt to
reduced blood flow by increasing oxygen extraction. Nevertheless,
the gut is relatively more susceptible to hypoxia than the liver which
has an additional direct blood supply from the hepatic artery.
Gut blood flow is regulated by intrinsic and extrinsic factors.
Intrinsic factors include gut metabolism, resulting in local vasodilatation. (Acidosis, hypoxaemia, and an elevated carbon dioxide
partial pressure may be factors.) A myogenic mechanism has also
been invoked, by which an increase in transmural pressure leads to
arteriolar vasoconstriction. Nitric oxide is also thought to be a key
mediator. Extrinsic factors include activity of the sympathetic nervous system increasing vascular resistance and hence reducing gut
blood flow. The combination of these factors results in moderately
effective autoregulation, as a consequence of which the pressure–
flow relationship across the gut does not result in the same type of
autoregulatory curve as is seen in other tissue beds.
A number of drugs used in anaesthesia and critical care have
important effects in modulation of gut blood flow. Probably the
single most important group of agents in this group are the catecholamines. α1-adrenoceptor stimulation is classically thought of
as giving rise to vasoconstriction, and β1-adrenoceptor stimulation as resulting in vasodilatation. In some tissue beds, these effects
are opposed by the effects of α2 and β2 stimulation. The situation

is further complicated by the fact that catecholamines may occur
endogenously or may be administered exogenously as part of therapy.
Although classical α1-agents such as noradrenaline or phenylephrine result in increasing vascular resistance, the effects on gut
perfusion is highly variable, depending on the circumstances. For
example, in the profoundly hypovolaemic patient with a reduced
gut blood flow, further vasoconstriction might be expected to
result in a further reduction in gut perfusion. However, in conditions such as sepsis, there is evidence that, after volume resuscitation, use of a vasopressor which elevates systemic arterial pressure
may paradoxically result in an increase in gut blood flow. β-agonist
agents, such as the selective β2-agonist dopexamine, may likewise
result in an improvement in splanchnic perfusion, although these
effects are best seen where the circulation is adequately filled
(Bellamy et al. 1997).
The situation with adrenaline is complex and dose dependent,
over and above the considerations for other α-agonists. In a low
dose, its β effects may be predominant, resulting in vasodilatation. This systemic vasodilation may result either in an increase
or a reduction in gut blood flow, depending on other physiological circumstances. At higher doses, the α effects may predominate, which may either reduce gut blood flow by direct splanchnic
vasoconstriction, or increase it by optimizing systemic blood pressure. Additionally, the use of α-agonists may paradoxically induce
improvements in gut perfusion (Corbett et al. 2000) by producing constriction of venous capacitance vessels, improved venous
return, and hence improved cardiac output.
Drugs which have been of particular interest in recent years in
patient optimization and resuscitation from shock states include
dopexamine and dobutamine. Historically, dopamine has also
been used in this context, and still features in many sepsis resuscitation algorithms (Dellinger et al. 2004). The rationale for use of
these agents is that reduction in circulating volume in shock states
(including sepsis, trauma, and burns) results in blood ‘shunting’
away from splanchnic beds to more vital organs. Combined with
this, there is critical hypoxaemia of the tip of the villus, resulting in
the potential for ischaemic damage and cycles of ischaemia reperfusion injury. This in turn can allow for translocation of organisms
and toxins from the lumen of the gut directly into the splanchnic
circulation (Jakob 2003).
In an attempt to attenuate these responses, in addition to correction of hypovolaemia, the use of dopexamine and dobutamine
has been advocated. Studies suggest that dopexamine can increase
splanchnic blood flow in this setting (Bellamy et al. 1997). Some of
these data come from consideration of surrogate endpoints, such
as gastric tonometry data looking at intramucosal pH (Smithies
et al. 1994). Additionally, there are data from laser Doppler studies looking at microcirculatory flow (in arbitrary perfusion units)
and more recently the use of techniques that looked directly at
blood flow in surrogate tissue beds (such as the base of the tongue)
confirm improved tissue perfusion during dopexamine infusion
(Jhanji et al. 2009). In addition to these mechanistic scientific data,
there are several outcome studies which have shown a reduction in
perioperative morbidity and mortality after a combination of fluid
therapy and dopexamine infusion in high-risk surgical patients
(Boyd et al. 1993; Wilson et al. 1999). It is not clear, however,
whether these outcome improvements result primarily from an
improvement in gut blood flow or from other pleiotropic effects of
β2-agonist drugs. Among these are the potential anti-inflammatory
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effects which may well come into play during cyclic ischaemia reperfusion phenomena of the villus seen in shock states. Moreover,
not all studies have confirmed that there is any additional beneficial
effect of dopexamine in high-risk surgical patients once they have
been adequately volume optimized (Renton and Snowden 2005).
Dobutamine may also exert effects through improvement of gut
perfusion. However, it is not clear whether this results from an
improvement in cardiac output, systemic blood pressure, or local
effects. The position is further complicated by the fact that dobutamine as used in early studies was presented as a racemic mixture,
with a variable α-agonist component.

Liver blood flow and anaesthesia
Under normal physiological circumstances, the liver has a unique
blood flow in that it has a dual supply. The arterial inflow to the liver
is relatively low. The hepatic artery from the coeliac axis represents
typically around a quarter to a third of the total inflow but because
this blood is oxygenated, it represents around 70% of hepatic oxygen delivery. The venous drainage from the gut brings both oxygen
and nutrients in the portal vein, formed principally from the superior mesenteric vein. Although partially deoxygenated, the portal
vein still carries usable oxygen. Portal venous flow accounts for
typically two-thirds of the total hepatic inflow, and about one-third
of its oxygen supply. However, these figures are somewhat variable. For example, after eating, total splanchnic blood flow rises,
and therefore so does portal blood flow. Conversely, during fasting,
total splanchnic blood flow is reduced. Therefore, there is a similar
reduction in the portal blood flow and portal oxygen delivery to the
liver. This decreased inflow is compensated for in part by a reciprocal increase in hepatic artery blood flow. This so-called hepatic
artery buffer response (Eipel et al. 2010) was recognized as long ago
as 1911 (Burton-Opitz 1911). However, it is only in more recent
years that likely mechanisms have been elucidated. One of the
more favoured explanations is the adenosine washout hypothesis.
According to this hypothesis, regulation occurs at the level of the
hepatic sinusoid. Both portal venous blood and arterial blood flow
together into the hepatic sinusoid. However, the sinusoid is a relatively low-pressure structure, and is protected from damage which
would occur in high-flow states by a capillary sphincter restricting
hepatic artery inflow. Tone at this sphincter is thought to be regulated by nitric oxide present in the sinusoid. At times of increased
shear stress, nitric oxide release suppresses vasoconstriction (Lautt
et al. 2010). Adenosine modulates vasoconstriction dependent on
portal vein flow rather than shear stress. It is produced at a constant
rate and is a powerful dilator of the hepatic artery. Decreased portal
flow results in a reduced washout of adenosine and a higher accumulated adenosine concentration results in dilation of the hepatic
artery. Together these mechanisms result in an increase in hepatic
artery inflow, partially compensating for the decreased portal blood
flow. The relationship is described as ‘semi-reciprocal’ because
changes in arterial flow have no effect on portal inflow.
This ‘adenosine washout theory’ (first proposed by Wayne Lautt)
gives a reasonable account of the mechanisms by which (a) the sinusoid protects itself against hyperaemic states, and (b) hepatic blood
flow and oxygenation is maintained both at times of fasting (low
splanchnic blood flow) and eating (high splanchnic blood flow).
There are important practical implications in anaesthesia and surgery, as a number of anaesthetic drugs are thought to interfere with
the normal reciprocity seen in the hepatic artery buffer response.
This may be because of a uniformly high state of vasodilation in the

sinusoid together with a globally reduced perfusion pressure. This
will be discussed further later.
Protection against sinusoidal hyperaemia is occasionally lost, for
example, in paediatric liver transplantation in the ‘small-for-size’
syndrome. This results in potentially life-threatening hepatic dysfunction. Strategies to reduce flow including portal vein banding,
shunting, and pharmacological manipulation (e.g. terlipressin)
have all been advocated as a means of protecting against sinusoidal
injury.
In addition, there are a number of mechanisms by which liver
blood flow may be extrinsically regulated. These include the influence of the autonomic nervous system, and in particular, the vasodilatory effects of β-adrenergic receptor stimulation. Similar effects
are seen by glucagon, vasoactive intestinal peptide, and secretin.
A vasoconstrictor response is seen throughout for adrenergic stimulation, stimulation by angiotensin II, and vasopressin. Following
major haemorrhage and in shock, there is a reduction in both
hepatic artery and portal vein flow, although the portal vein flow
reduction is proportionately greater. Both the buffer response and
increased oxygen extraction may help protect hepatic oxygenation.
When determining the effects of anaesthesia on hepatic blood
flow, it is difficult in practice to separate out the consequences
of global haemodynamic effects (which may be anaesthetic or
surgical) from specific effects on regional responses within the
splanchnic bed. Both surgery and anaesthesia, according to specific circumstances, may compromise autoregulatory systems. The
consequent effect on hepatic blood flow is unpredictable, and may
represent either a reduction or an increase in specific contributory elements. As an example, studies of the hepatic blood flow in
experimental liver resection have demonstrated that carbon dioxide pneumoperitoneum results in a reduction in portal blood flow.
Where the carbon dioxide pressure remains relatively low, hepatic
artery flow may be relatively well preserved, or may increase as a
result of the buffer response. However, with a rising insufflation
pressure, hepatic artery inflow is also compromised (Richter et al.
2001).
There is a substantial literature dating back many years on the
effects of volatile anaesthetic agents on the hepatic artery buffer
response (Gelman 1987). Much of the work in this area developed
from the interest in hepatic ischaemia/hypoxaemia as a potential
explanation for volatile agent-induced hepatitis. There is, at least
in a canine model, loss of the hepatic artery buffer response, which
is worst with traditional anaesthetic agents such as halothane and
minimal with more modern agents such as desflurane and sevoflurane (see Fig. 4.1).
In addition to their effects on attenuating the hepatic artery
buffer response, there is a further reduction in cardiac output
and blood pressure which is also more marked during halothane
anaesthesia than during desflurane or sevoflurane anaesthesia. This
means that the loss of the hepatic artery buffer response during halothane anaesthesia is a confounding factor in the face of globally
reduced hepatic blood flow and oxygenation. Additionally, volatile
agents may have an effect on gut and splanchnic blood flow which
indirectly affects hepatic blood flow. For example, during steady-
state air–oxygen volatile anaesthesia, isoflurane is associated with
a greater reduction in small bowel blood flow than is desflurane
(O’Riordan et al. 1997). However, in the same study, liver blood
flow remained constant irrespective of small bowel blood flow, suggesting that with both agents, the hepatic artery buffer response was
relatively intact (O’Riordan et al. 1997).
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Figure 4.1 Attenuation of the hepatic artery buffer response by volatile anaesthetic agents
(greatest attenuation by halothane)

Attenuation of the buffer response appears to be a phenomenon of
volatile anaesthetic agents—i.v. agents have not been shown to exert
this effect. In particular, in a recent crossover study, where propofol anaesthesia and desflurane anaesthesia were compared, despite
similar haemodynamics and depth of anaesthesia, liver blood flow
(measured as total liver blood flow by hepatic vein Doppler and by
indocyanine green clearance) remained well preserved with propofol but was moderately attenuated by desflurane (Meierhenrich
et al. 2010). The interpretation of these data is difficult. They could
indicate that during anaesthesia, the buffer response was less attenuated by propofol than by desflurane. Equally, the authors of the
study suggested that there could be alternative explanations, such
as increased hepatic oxygen requirements attributable to propofol
metabolism (and hence an autoregulatory increase in hepatic blood
flow).

Thoracic epidural analgesia and splanchnic blood flow
According to conventional dogma, thoracic epidural analgesia protects against splanchnic vasoconstriction and promotes
improved splanchnic blood flow. The situation in reality is more
complex than this. First, in health during elective surgery, there
are relatively few data. However, the limited data available suggest
that both in the small bowel (O’Beirne et al. 1995) and large bowel
(Gould et al. 2002) the effect is broadly similar. Thoracic epidural
analgesia produces systematic cardiovascular changes, among
which is hypotension. There is a reduction in gut blood flow in
parallel with the hypotension induced. Indeed, gut perfusion pressure, as estimated by the gradient between mean arterial pressure
and central venous pressure, appears to be the only important
determinant, with little or no contribution from end-tidal isoflurane, presence or absence of an epidural bolus, or end-tidal carbon dioxide concentration. Restoration of arterial pressure, for
example, by infusion of dopamine or adrenaline, results in restoration of gut (and anastomotic) blood flow (Al-Rawi et al. 2008).
Circumstantial but supportive evidence for the lack of a protective effect in elective surgery also comes from data from enhanced
recovery programmes (also known as Enhanced Recovery After
Surgery, ERAS®) where epidural analgesia has provided superior
pain relief but has failed to result in improved outcome. Indeed,
in some studies, the use of epidural analgesia has been associated
with a delayed return of gut motility, mobilization, and hospital
discharge (Koea et al. 2009).
The situation is more complex in the presence of disease. Both
in animal models (Adolphs et al. 2003; Kosugi et al. 2005) and in
humans (Spackman et al. 2000; Tyagi et al. 2011), there is a building
body of evidence that in the presence of sepsis, thoracic epidural

anaesthesia is protective and maintains gut blood flow (and
mucosal intracellular pH). The mechanisms by which this might
occur have not been clearly elucidated, although it is possible that
nitric oxide is the protective mediator involved, as there is evidence
from observational data that thoracic epidural analgesia is associated with an increase in circulating nitric oxide (NO) but a reduction in monocyte-derived NO synthase (Quinn et al. 2005; Schäper
et al. 2013).

Summary
The physiology of the gut and GI tract in human beings is complex. Studying it is difficult, and much of what we know relies
on extrapolation from animal models. The interactions between
normal physiology, deranged physiology, and anaesthetic drugs
and procedures are likewise extremely complex, and in some
cases paradoxical. A clear understanding of these is likely to be
beneficial in achieving best clinical outcomes in anaesthesia for
patients undergoing GI tract procedures, but also for the critically ill patient undergoing coincidental anaesthetic procedures.
Strategies aimed at monitoring the function of the GI tract during
anaesthesia have in the past been used as research tools, but have
potential for use as therapeutic guides. However, further development of these technologies and clinical trials of their application
are required, before any firm recommendation in this area can be
made.
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Functional anatomy
Two human kidneys, with a total weight of about 250 g, have
approximately 2 million nephrons (Kurokawa 1998). They receive
20% of the resting cardiac output—blood flow at 1250 ml min−1
and plasma flow at 700 ml min−1—giving the kidneys the richest
blood flow per gram of tissue in the body. A high blood and plasma
flow to the kidneys is essential for the generation of a large amount
of glomerular filtrate, up to 125 ml min−1 or 180 litres day−1, to regulate the fluid and electrolyte balance of the body. The entire blood
volume would have been filtered through the kidneys between 20
and 25 times per day. Apart from regulation of fluid and electrolytes,
the kidneys also have many other important physiological functions, including excretion of metabolic wastes or toxins, regulation
of blood volume and pressure, and also production and metabolism
of many hormones (Castrop 2010; Haase 2010) (Box 5.1).
Anatomically the kidney consists of the cortex, medulla, and
renal pelvis. The medulla is further subdivided into outer medulla
and inner medulla. The functional unit of the kidneys is called the
nephron. Each nephron consists of a renal corpuscle and a tubule
(Fig. 5.1). The renal corpuscle consists of a glomerulus which is a
loop of interconnected capillary beds surrounded by the Bowman’s
capsule. There are two types of nephrons: about 90% of them are
cortical nephrons and 10% are juxtamedullary nephrons. The juxtamedullary nephron has a longer loop of Henle tubule compared
with a cortical nephron to facilitate generation of a high osmolality
environment in the renal medulla for water reabsorption, as regulated by antidiuretic hormone (ADH), through the collecting duct.

Production of filtrate
If the renal blood flow is 1250 ml min−1 and renal plasma flow is 700
ml min−1, on average about 20% of the plasma is filtered through the
glomeruli to produce 125 ml min−1 (or 180 litres day−1) of glomerular
filtration (or creatinine clearance). The filtration process in the glomeruli and Bowman’s capsule is determined by the Starling’s forces
which include (a) hydraulic pressure gradient, (b) oncotic pressure
gradient, and (c) permeability or barrier of the glomerular filtration.
Glomerular filtration rate ∝ permeability × (net filtration pressure),
and net filtration pressure = hydraulic pressure gradient − oncotic
pressure gradient.

Hydraulic pressure gradient
and the tubuloglomerular feedback
The hydraulic pressure inside the glomerular capillaries is regulated
by the tone of the afferent and efferent arterioles so that a relatively
steady glomerular filtration rate is maintained over a range of renal
perfusion pressure (Fig. 5.2). It should be noted that renal perfusion pressure is not only determined by mean arterial pressure but
also by central venous pressure or intra-abdominal pressure. Renal
perfusion pressure can be defined as the difference in mean arterial pressure and central venous pressure (e.g. cardiac tamponade)
or intra-abdominal pressure (e.g. abdominal compartment syndrome), using the higher of the latter two pressures (Mohmand and
Goldfarb 2011).
The resistances of the afferent and efferent glomerular arterioles
are normally quite similar. The tone of the afferent arteriole is regulated by two mechanisms. First, the smooth muscle of the arterioles
responds to changes in transmural pressure by autoregulation. The
autoregulation is predominantly as a result of responses to systolic
blood pressure rather than mean arterial blood pressure (Edwards
2010) and is often called the myogenic response. Second, structurally the renal tubule near the ascending limb of the loop of Henle is
in close contact with the hilus of the same glomerulus, allowing a
feedback mechanism between the tubular content and the afferent
arteriole of the same glomerulus. The group of tubular cells, called
the macula densa, senses tubular fluid chloride concentration at
this contact point and sends a signal to regulate afferent arteriole
resistance. This feedback process is known as tubuloglomerular
feedback (TGF). TGF is generally regarded as being mediated by
adenosine 5′-triphosphate (ATP). ATP binds to vasoconstrictor
purinergic receptors on the afferent arteriole and is converted to
adenosine which activates vasoconstrictor adenosine A1 receptors on afferent arterioles. Theoretically TGF will compromise the
efficiency of sodium homeostasis by limiting glomerular filtration
rate when excessive sodium intake occurs. The sensitivity of this
feedback is, however, susceptible to modulation by a variety of
mediators, including nitric oxide, prostaglandins, and angiotensin
II, and has been shown to reset its threshold to adapt to long-term
high salt intake (Thomson and Blantz 2008). Therefore, the primary
functions of TGF is not for sodium homeostasis but to reduce fluctuations in glomerular filtrate rate from changes in blood pressure,
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Oncotic pressure gradient

Box 5.1 Functions of the kidney
1. Regulation of fluid and electrolyte balance of the body by three
active processes: filtration, secretion, and reabsorption.
2. Excretion of metabolic wastes (e.g. acid, urea) generated by
the body metabolism.
3. Regulation of blood volume and pressure. Granular cells
of the juxtaglomerular apparatus produces renin and renin
hydrolyses angiotensinogen into angiotensin I which is then
converted to angiotensin II by the angiotensin-converting
enzyme in the lungs. Angiotensin II is a potent vasoconstrictor, a stimulus to induce thirst, and it also activates secretion
of aldosterone by the adrenal glands. Aldosterone increases
reabsorption of sodium and water in the distal and collecting
tubules to increase blood volume.
4. Production of erythropoietin to maintain red blood cells
production.
5. Activation of vitamin D to its active form—
1 ,25-
dihydroxyvitamin D3—in regulating calcium metabolism.
6. Some degree of metabolism of growth hormone, thyroid hormone, parathyroid hormone, and insulin.
7. Some degree of gluconeogenesis.

avoid excessive loss of electrolytes other than sodium such as
potassium and calcium when there is excessive sodium intake,
and reduce urinary sodium loss when there is tubular dysfunction
proximal to macula densa (Thomson and Blantz 2008).

Because only a small amount of plasma protein is filtered into the
glomerular filtrate, the oncotic pressure gradient between the blood
inside the glomerular capillary and Bowman’s space increases as
the blood passes from the afferent arteriole to the efferent arteriole within the glomeruli. This will reduce the net filtration pressure along the length of the glomerular capillary until the point
where oncotic pressure is in equilibrium with the hydraulic pressure, resulting in cessation of net filtration. Any increases in renal
blood flow will thus, at least theoretically, reduce the chance for this
equilibrium to occur and will increase glomerular filtration. In this
regard, the change in oncotic pressure along the glomerular capillaries inside the glomeruli represents one mechanism through which
renal blood flow is coupled with glomerular filtration rate. Because
of the Gibbs–Donnan effect (Nguyen and Kurtz 2004), the ‘effective
oncotic pressure gradient’ will not only be affected by the effect of
protein particles per se but will also be influenced by the effect of the
excess of diffusible ions such as sodium and chloride in the tubular
fluid. Furthermore, the electrolyte concentrations of the glomerular
filtrate are also slightly different from the plasma water within the
glomerular capillaries because of the Gibbs–Donnan effect.

Barrier of the glomerular filtration
The barrier between blood in the glomeruli and Bowman’s space
consists of three layers: fenestrated (60 nm) endothelial cells, basement membrane, and slit pores (20–60 nm) between the podocyte
foot structures. The last layer appears to be most important in preventing leakage of proteins into the urine. The membrane permeability of the glomerular capillary is much higher than the capillary
bed in other parts of the body and, under the control of a number
of hormones, the glomerular mesangial cells can also contract or
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Figure 5.1 Structures of the cortical and juxtamedullary nephrons.
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Figure 5.2 Changes in renal blood flow and glomerular filtration rate with renal perfusion pressure.

relax to adjust the surface area and permeability of the glomerular
capillary. For example, angiotensin II, vasopressin, and endothelin
1 are known as contracting hormones and atrial natriuretic peptide
is a relaxing hormone (Stockand and Sansom 1998).
Collectively the glomerular filtration barrier allows filtration of
water and water-soluble substances with a molecular weight less
than 30 000–35 000 daltons (Da). Small water-soluble molecules
and ions including sodium (23 Da), potassium (35 Da), urea (60
Da), phosphate (80 Da), creatinine (113 Da), uric acid (168 Da),
glucose (180 Da), most water-soluble drugs (e.g. vancomycin 1448
Da), water-soluble vitamins (e.g. vitamin B12, 1355 Da), and inulin (5200 Da) are freely filtered into the Bowman’s space compared
with bigger molecules such as plasma-free myoglobin (17 699 Da,
sieving coefficient ~0.75) and haemoglobin (each subunit 17 000
Da, sieving coefficient ~0.75; total 68 000 Da, sieving coefficient
~0.03). Because the filtration barrier contains polyanions, only a
very small proportion of the large size (69 000 Da) and negatively-
charged albumin is filtered through the glomeruli (Haraldsson
2010). For the small proportion of albumin that is filtered, a significant amount is also reabsorbed by the proximal tubules through
receptor-mediated endocytosis or transcytosis of intact albumin
(Gekle 2007), resulting in a very minute quantity of albumin being
excreted in urine under normal physiological conditions (30 mg
day−1). The electrical effect of the barrier has, however, very little
effect on the filtration of small size, negatively charged ions such as
chloride ions (Haraldsson et al. 2008).

Tubular processing of filtrate
The role of the renal tubules of filtering a large amount of glomerular filtrate (180 litres day−1) is large and complicated in order to

maintain homeostasis of fluid and electrolytes in the body. Most
clinicians are concerned about water, sodium, potassium, and acid–
base disturbances of their patients on a daily basis, and as such, it
makes sense to focus on the renal handling of different components
of the glomerular filtrate rather than on the function of different
anatomical parts of the renal tubules. The processing of different
electrolytes in the glomerular filtrate by different parts of the renal
tubular system is summarized in Table 5.1.

Renal handling of sodium
Sodium is a major extracellular cation in the body and exerts a significant effect on the movement of water across different compartments of the body through osmosis. In the kidney, sodium is freely
filtered through the glomeruli into Bowman’s space. The proximal
tubule is responsible for 65–70% of all sodium reabsorption from
the filtrate. The key mechanism of sodium reabsorption is the Na-K
ATPase, located on the basolateral border of the proximal tubular
cells (Fig. 5.3a), the thick ascending limb of the loop of Henle, distal tubule, and collecting duct. By actively pumping sodium out of
cells at the basolateral surface, the Na-K ATPase pump lowers the
intracellular sodium concentrations so that sodium can be reabsorbed from the tubular fluid into the cell by the Na-H antiporter
(an antiporter signifies transport of electrolytes in an opposite direction). The transfer of sodium from the proximal tubular cells into
the interstitium also occurs in association with bicarbonate ions at
the basolateral border by the Na-HCO3 co-transporters. Because
of the constant activity of Na-K ATPase, the proximal tubule cell is
metabolically very active.
The descending limb of loop of Henle is impermeable to
sodium but about 25% of the filtered sodium is reabsorbed in the
ascending limb of the loop of Henle, either passively through the

69

70

70

PART 1

applied physiology in anaesthesia

Table 5.1 Proportion of water and key electrolytes reabsorbed from the glomerular filtrate by different parts of renal tubules
Tubular structure

Proportion in the filtrate reabsorbed (%)
Na+

Cl−

K+

HCO3−

Ca2+

PO42−

H2O

Proximal tubule

65

65

65

80

70

65

65

Loop of Henle

25

25

25

10

20

10

10
(in descending limb)

(in ascending limb)
Distal convoluted tubule

5

5

Secretion

5

5

0–5

0
(impermeable to water)

Collecting duct

4–5

4–5

0–10‡

5

4

5–20*

25†

Excreted in urine

<1

<1

Variable depending
on K+ intake
(K+ excretion can
exceed total
K+ filtered)

0

1

5–15
(as buffer
to excrete
H+)

1–2

Urinary concentrations
(mmol litre−1)

50–130

50–130

20–70

0

10–25

25–60

50–1200

* Regulated by parathyroid hormone.
† Regulated by antidiuretic hormone.

‡ Secrete H+ to absorb K+ by H-K-ATPase in intercalated cells or secrete K+ to absorb Na+ by Na-K-ATPase in principal cells controlled by aldosterone.

concentrating effect of sodium when water is reabsorbed in the thin
ascending limb or actively in the thick ascending limb by the Na-
K-2Cl symporter (symporter signifies transport of electrolytes in
the same direction) at the luminal border (Fig. 5.3b). The Na-K-
2Cl symporter is the site of action of a potent diuretic—frusemide.
The Na-H antiporter at the luminal border of the thick ascending
limb also reabsorbs sodium from the tubules, similar to proximal
tubule. Some sodium ions, together with other positively charged
ions (e.g. calcium and magnesium), are also reabsorbed through a
passive paracellular process as a result of a positive luminal potential created by the leakage of potassium into the lumen through the
potassium channels.
About 5% of the filtered sodium is reabsorbed in the distal tubule
by the Na-Cl symporter (Fig. 5.3c). The Na-Cl symporter at the
distal tubule is the site of action of thiazide diuretics. The last 5% of
filtered sodium is reabsorbed at the collecting tubule through the
sodium channel at the luminal border (Fig. 5.3d). The cortical collecting duct has two types of cells which can reabsorb sodium. The
principal cells (70%) reabsorb sodium in exchange for excreting
potassium, through the Na-K ATPase on the basolateral border and
inbound sodium and outbound potassium channels on the luminal
border, all under the influence of aldosterone. Aldosterone’s action
on the principal cells of the collecting duct can change the amount
of urinary sodium excretion by more than 500 mmol day−1, equivalent to 30 g of sodium. Potassium-sparing diuretics, spironolactone and amiloride, work on the distal part of the distal tubule and
collecting tubule by acting as an aldosterone antagonist and direct
blocker of the sodium channels on the luminal border, respectively.
Normally less than 1% of all filtered sodium is excreted in the urine.
The effects of diuretics on urinary sodium excretion and plasma
sodium concentrations are complicated. Thiazide diuretics including indapamide can cause severe hyponatraemia, sometimes very
rapidly within hours. The effect of thiazide diuretics on serum
sodium concentration is likely to be multifactorial (Spital 1999;

Hwang and Kim 2010), including (a) stimulation of water ingestion, (b) reduced free water excretion because of the direct effect
of thiazide diuretics on increased water permeability of the collecting duct and also stimulation of vasopressin secretion, and
(c) increased urinary sodium loss as a result of inhibition of
sodium reabsorption in the distal tubule. Note that the distal
tubule is impermeable to water and is the main part of the nephron
in diluting urine. Loop diuretics can cause either hyponatraemia
or hypernatraemia, although the latter is much more common in
critically ill patients or those who are not allowed to drink water.
Because loop diuretics affect the concentration mechanism of the
medulla, relatively diluted urine is produced (urine sodium concentration ~70 mmol litre−1) (Ho and Power 2010) and free water
excretion is enhanced. If excess urine is replaced by i.v. hyper-or
iso-osmotic solutions, as is the case in most critically ill or anaesthetized patients, an increase in plasma sodium is expected.
However, hyponatraemia can occur if sodium-containing urine
is replaced with water when water intake is not restricted or in
patients who have reduced free water excretion (e.g. congestive
heart failure or cirrhosis) (Spital 1999). Potassium-sparing diuretics work on the distal part of the distal tubule and collecting duct
by antagonizing the activity of aldosterone. As such, a low plasma
sodium (and high plasma potassium) is expected after the use of
potassium-sparing diuretics.
The overall amount of sodium excreted in the urine by different diuretics is determined by their sites of action (Table 5.1).
The loop diuretics (acting on the ascending loop of Henle) and
osmotic diuretics (acting on proximal tubule and ascending loop
of Henle) can induce urinary excretion up to a maximum of 20–
25% of the filtered sodium, whereas carbonic anhydrase inhibitors
(acting on the proximal tubule), thiazide diuretics (acting on the
distal tubule), and potassium-sparing diuretics (acting on the distal tubule and collecting duct) can only induce maximum urinary
excretion of 3–5%, 5–8%, and 2–3%, respectively. It is, however,

71

Chapter 5

kidney and acid–base physiology in anaesthetic practice

possible to improve natriuresis by combining diuretics that act on
different parts of the renal tubule.

Renal handling of chloride
Reabsorption of chloride mirrors the reabsorption of sodium in
most parts of the renal tubules, although the mechanisms of reabsorption are slightly different. In the distal part of the proximal
tubule, chloride is passively reabsorbed by a paracellular path and

(A)

Luminal border

Basolateral border

also actively reabsorbed by a parallel set of antiporters at the luminal border of the tubular cells. This set of antiporters consists of an
organic base antiporter that secretes an organic base in exchange
for absorbing a chloride ion and a Na-H antiporter that secretes a
hydrogen ion in exchange for reabsorbing a sodium ion (Fig. 5.3a).
Note that the hydrogen ion secreted is combined with bicarbonate
to form carbon dioxide to facilitate bicarbonate reabsorption in the
proximal tubule.

(B)
Na+
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Figure 5.3 Renal transport mechanisms in (a) proximal tubule, (b) ascending loop of Henle, (c) distal tubule, (d) collecting duct, and (e) proximal tubule with carbonic
anhydrase (CA) to facilitate reabsorption of bicarbonate.
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Chloride is reabsorbed in the thick limb of the ascending loop of
Henle in conjunction with sodium and potassium ions by the Na-
K-2Cl symporter at the luminal border (Fig. 5.3b). Chloride is then
transported into the interstitium by the Na-K ATPase, chloride
channel, and K-Cl symporter at the basolateral border. Chloride
is reabsorbed with sodium in the distal tubules through the Na-Cl
symporter at the luminal border and then into the interstitium by
the Na-K ATPase and chloride channels at the basolateral border
(Fig. 5.3c). In the collecting tubule, chloride is passively reabsorbed
by a paracellular path (Fig. 5.3d).

Renal handling of potassium
The renal handling of potassium is slightly different from sodium
because there is an active secretion process for potassium in the
distal tubules, making it possible for the body to excrete potassium
in the urine more than the amount of potassium filtered through
the glomeruli.
Potassium is first freely filtered into Bowman’s space and about
65% is reabsorbed in the proximal tubule, mostly through a paracellular path as a result of a concentration gradient created from
reabsorption of other osmotic active molecules and solvent drag
with water reabsorption. About 25% of filtered potassium is reabsorbed in the thick ascending limb of the loop of Henle. Na-K-Cl2
multiporters on the luminal border reabsorb potassium (with chloride and sodium) before potassium is transported to the interstitium by K-Cl symporters at the basolateral border. Potassium is also
passively reabsorbed into the interstitium through the potassium
channels at the basolateral border (Fig. 5.3b).
In the distal tubule and collecting duct, a small degree of reabsorption of potassium by the intercalated cells (H-K antiporters)
occurs when the intake of potassium is insufficient. The intercalated cells (type A) reabsorb potassium in exchange for hydrogen
ion secretion by the K-H ATPase at the luminal border, under the
influence of carbon dioxide tension, extracellular pH, and aldosterone. Potassium is then absorbed into the interstitium through
potassium channels on the basolateral border. Active secretion of
potassium, especially in the collecting duct, occurs under normal
or increased dietary potassium intake. The principal cells (70%)
of the collecting duct reabsorb sodium in exchange for potassium
secretion, through the Na-K ATPase at the basolateral border and
outward bound potassium channels at the luminal border, both
under the influence of luminal flow rate, luminal sodium concentrations, and aldosterone (Fig. 5.3d). An increase in delivery
of luminal sodium from the loop of Henle (e.g. after frusemide)
will increase the activity of principal cells to reabsorb sodium and
increase secretion of potassium (Aronson and Giebisch 2011).
Likewise, an increase in aldosterone from hypovolaemia or hyperkalaemia will increase potassium secretion. Finally, magnesium
also has a significant effect on the activity of potassium channels
at the luminal border of the principal cells and, as such, intracellular magnesium deficiency can result in potassium wasting in the
urine, making correction of hypokalaemia difficult without correcting hypomagnesaemia (Rodan et al. 2011). The interactions
between acidosis and alkalosis and renal handling of potassium are
much more complicated and will depend on whether the acid–base
changes are acute or chronic and respiratory or metabolic in origin.
In general, alkalosis, especially metabolic alkalosis, will increase
renal secretion of potassium by activation of potassium channels
(Aronson and Giebisch 2011).

Renal handling of bicarbonate
Bicarbonate is freely filtered into the Bowman’s space and is reabsorbed by the renal tubular cells by a process that involves secretion
of hydrogen ions. Carbonic anhydrase plays a vital role in different
parts of renal tubules in facilitating reabsorption of bicarbonate
and secretion of hydrogen ions. About 80% of the filtered bicarbonate is reabsorbed in the proximal tubule by two interrelated
mechanisms. First, hydrogen ions are secreted (and sodium reabsorbed) by the Na-H antiporter at the luminal border. Hydrogen
ions combine with bicarbonate inside the tubular lumen to form
water and carbon dioxide, facilitated by carbonic anhydrase on
the brush border of the proximal tubular cells (Fig. 5.3e). Carbon
dioxide then diffuses into the tubular cells to form hydrogen and
bicarbonate, catalysed by carbonic anhydrase inside the tubular
cells. Hydrogen ions are secreted back to the lumen by the Na-H
pump on the luminal border. Second, bicarbonate is reabsorbed
into the interstitium by a passive process at the Na-HCO3 symporter on the basolateral border. Bicarbonate, instead of chloride,
is reabsorbed with sodium at the basolateral border because the
early part of the proximal tubule has a strong reflective coefficient
for chloride.
The thick ascending limb of the loop of Henle reabsorbs about
10–15% of filtered bicarbonate, predominantly through the Na-H
pump at the luminal border. At the distal renal tubule and collecting duct, hydrogen ions are secreted by both H-ATPase and H-
K-ATPase at the luminal border of the intercalated cells (type A)
(Fig. 5.3d). Bicarbonate is reabsorbed into the interstitium by the
Cl-HCO3 antiporters at the basolateral border of the distal tubules.
Type B intercalated cells work in an exactly opposite way to the type
A intercalated cells by secreting bicarbonate as a result of the presence of Cl-HCO3 antiporters at the luminal border and H-ATPase
at the basolateral border of the collecting duct.

Renal handling of water and regulation of tonicity
of urine
Water is freely filtered through the glomeruli and reabsorbed by
osmosis through cell membranes and tight junctions. Approximately
65% of all filtered water is reabsorbed in the proximal tubule, 10%
is reabsorbed in the descending limb of loop of Henle, and the rest
is reabsorbed in the distal end of distal tubules and collecting duct
under the influence of ADH (Table 5.1). It should be noted that
the proximal part of the distal tubule is not permeable to water.
Because the maximal urine osmolality is about 1400 mOsm litre−1,
a minimum of 400 ml of urine is needed to excrete the normal daily
metabolic waste (600 mmol). The reabsorption of water in the kidneys and adjustment of tonicity of urine is achieved by the following four major mechanisms.

Separation of reabsorption of water and electrolytes in the
loop of Henle
Water is passively reabsorbed in the descending limb of the loop
of Henle which is impermeable to sodium and chloride. Sodium,
chloride, and potassium are actively reabsorbed in the thick ascending limb of the loop of Henle which is impermeable to water. The
separation of absorption of water and electrolytes in the descending and ascending limb of the loop of Henle creates an increasing
osmolality of the tubular filtrate within the descending limb of the
loop of Henle and, more importantly, also in the interstitial fluid
in the inner medulla. This is called the ‘countercurrent multiplier’
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because the system increases the osmolality of the interstitium progressively from 400 mOsm kg−1 in the outer medulla to more than
1200–1400 mOsm kg−1 in the inner medulla. The combined effort
of the descending and ascending limb of the loop of Henle reabsorbs about 25% of all filtered sodium and chloride but only 10%
of the filtered water, creating a relatively hypotonic tubular filtrate
(100 mOsm kg−1) when it leaves the ascending limb of Henle before
entering the distal tubule (Fig. 5.4a).

The countercurrent exchanger
The blood vessels supplying the loops of Henle and the collecting
ducts are called vasa recta. The slow blood flow and close proximity of the descending and ascending parts of the vasa recta allow
transfer of water and electrolytes between the descending and
ascending parts of the vasa recta to maintain an osmolality gradient inside the blood of the vasa recta along the course of the loop
of Henle (Fig. 5.4b), very similar to the gradient in the interstitium,
and hence avoid washing out the osmolality gradient in the medulla
generated by the countercurrent multiplier.

Urea reabsorption
Urea is reabsorbed from the inner medullary collecting duct into
the interstitium in the inner medulla and this process is stimulated
by ADH. Because the loops of Henle (and also distal tubules and
outer medullary collecting ducts) are impermeable to urea, a high
urea concentration (up to 500 mmol litre−1) in the interstitium of
the inner medulla can be maintained (Weinstein AM 2008). This
contributes to the high osmolality of the medulla interstitium so
that water can be reabsorbed through the collecting duct in the
presence of ADH.

Antidiuretic hormone
ADH is synthesized in the hypothalamus and is secreted by the
posterior lobe of the pituitary gland. In dehydration, ADH can
increase the permeability of the medullary collecting duct allowing
a dramatic increase in the osmolality of urine (1200 mOsm kg−1)
when the osmolality of tubular filtrate in the cortical collecting duct
is only 300 mOsm kg−1.

(A)

Neuroendocrine regulation
Interactions between endocrine hormones and the kidneys are
paramount in regulating blood volume and electrolytes in the body
(Table 5.1).

Renin–angiotensin–aldosterone system
The renin–angiotensin–aldosterone system can be regarded as
a mixture of endocrine, paracrine, autocrine, and intracrine systems (Kobori et al. 2007). Renin, produced in the juxtaglomerular
apparatus of the kidneys, is the rate-limiting step of this system.
Renin secretion is increased by (a) an increase in renal sympathetic
discharge, (b) an increase in blood catecholamines, (c) baroreceptor reflexes, and (d) a reduction in tubular sodium delivered
to macula densa (Kobori et al. 2007). In the renin–angiotensin–
aldosterone system, renin converts angiotensinogen from the liver
to angiotensin I. Angiotensin I is then converted to angiotensin II
by angiotensin-converting enzyme in the capillary endothelium,
especially in the lungs. Angiotensin II increases aldosterone secretion by the adrenal cortex and aldosterone increases tubular reabsorption of sodium and secretion of potassium and hydrogen in
the distal renal tubules. This leads to restoration of blood volume.
Apart from inducing aldosterone secretion, angiotensin II also
has many functions that are important in maintaining circulatory
volume and blood pressure. These include systemic vasoconstriction, increasing catecholamine secretion from adrenal medulla,
increasing myocardial contractility, inducing sensation of thirst
(McKinley and Johnson 2004), renal afferent and efferent arteriolar
vasoconstriction, contraction of glomerular mesangial cells, tubular glomerular feedback, and tubular sodium reabsorption (Kobori
et al. 2007; Castrop et al. 2010; Ellison 2011).

Antidiuretic hormone
The secretion of ADH (also known as arginine vasopressin) is primarily regulated by osmoreceptors in the brain. Osmoreceptors are
located in the organum vasculosum laminae terminalis and the subfornical organ within the forebrain, magnocellular neurosecretory
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Figure 5.4 (a) Countercurrent multiplier system in the loop of Henle. Values are osmolality of tubular fluid in mOsm kg−1. (b) Countercurrent exchanger in the vasa
recta. Values are osmolality of blood mOsm kg−1.
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cells in the supraoptic nucleus, and paraventricular nucleus in the
hypothalamus (Pedersen et al. 2011). The body aims at maintaining the plasma osmolality between 280 and 295 mOsm kg−1; an
increase in plasma osmotic pressure will increase ADH secretion
and a fall in plasma osmotic pressure will reduce ADH. The arterial,
venous, and cardiac baroreceptors also increase ADH secretion by
changing the set point and degree of response of the osmoreceptors
in hypovolaemia. Furthermore, a significant degree of hypovolaemia (5–10%) can also directly stimulate secretion of ADH.
ADH has an important effect on renal tubular activity in reabsorption of water through the increased permeability of the collecting duct and it has been shown that ADH can also enhance sodium
reabsorption in the distal tubule and cortical collecting duct by
stimulating the Na-Cl symporter (Ellison 2011). It appears that the
effect of ADH has the strongest effect on sodium reabsorption during hypovolaemia and ADH exerts an additive effect to aldosterone
in urinary sodium reabsorption (Stockand 2010). As such, ADH is
important in regulating both plasma osmolality and, in conjunction with other hormones, plasma volume.

Atrial natriuretic peptide
Atrial natriuretic peptide secretion is primarily stimulated by
atrial distension, but endothelin, a potent vasoconstrictor, and
cardiac ischaemia can also increase atrial natriuretic peptide secretion (Dietz 2005). Conversely, nitric oxide decreases atrial natriuretic peptide secretion. Atrial natriuretic peptide induces urinary
sodium excretion by acting directly on the distal tubule and cortical collecting duct, reducing aldosterone secretion in the adrenal
cortex, and dilating afferent glomerular arterioles and vasa recta.

Measurement of renal function
Traditionally, plasma urea and creatinine concentrations and creatinine clearance have been used to reflect renal function, but
interpretation of these parameters requires careful consideration in
patients undergoing surgery with a substantial amount of fluid shift
or transfusion.

Plasma urea and creatinine concentrations
Urea is freely filtered in the glomeruli but tubular urea reabsorption
occurs, especially in patients who are dehydrated. Other factors
that may confound the interpretation of plasma urea concentrations include a lower urea production in patients with acute liver
failure and a higher urea concentration in the presence of high protein load (e.g. gastrointestinal bleeding), congestive heart failure, or
treatment with catabolic corticosteroids.
Creatinine is also freely filtered in the glomeruli but tubular
secretion of creatinine does occur when plasma creatinine concentration is high. Because creatinine clearance decreases with advancing age (8 ml min−1 per decade) (Weinstein JR and Anderson
2010), an isolated plasma creatinine concentration should never
be used as a reflection of renal function in an elderly person
(Dalton 2010) (Fig. 5.5). Unless there is a substantial haemodilution, a decrease in creatinine clearance must be accompanied by
an increase in plasma creatinine concentration. A lot of misunderstanding about the utility value of plasma creatinine concentration as a renal marker is because of a false assumption of an
inverse ‘linear’ association between plasma creatinine concentration and creatinine clearance; in fact they are related to each other

in a ‘reciprocal’ exponential fashion (glomerular filtration rate ∝
1/plasma creatinine concentration) (Dalton 2010). As such, serial
measurements of plasma creatinine remain as a very useful tool to
assess renal function in many clinical settings, provided the pitfalls
of interpreting plasma creatinine concentrations are fully considered (Box 5.2) (Endre et al. 2011). Although plasma creatinine
concentration has been used frequently to estimate glomerular filtration rate by the Modification of Diet in Renal Disease (MDRD)
equation in stable chronic kidney diseases, the MDRD equation
has significant limitations and does not reflect glomerular filtration
rate accurately in healthy individuals or patients with acute kidney
injury (Nguyen et al. 2009; Pickering et al. 2012).

Creatinine clearance
Creatinine clearance is defined as the volume of plasma completely
cleared of creatinine by the kidneys per unit time. This can be estimated by dividing the amount of creatinine excreted in the urine
over a period of time by the plasma creatinine concentration. This
method gives a good estimation of renal function, but only if the
patient is under steady-state conditions. It appears that a minimum
collection period of 2 h is needed to reflect the creatinine clearance measured by collecting 24 h of urine in critically ill patients
(Herrera-Gutiérrez et al. 2007).

Spot urine albumin-to-creatinine ratio
Many acute and chronic kidney diseases are associated with significant proteinuria. Traditionally, 24 h urinary protein is used
to quantify the severity of proteinuria and severity of glomerular
injury. Recently, the spot urinary albumin-to-creatinine ratio has
been shown to be more reliable than 24 h urinary albumin concentration in predicting progression of renal disease in patients with
type 2 diabetes (Lambers Heerspink et al. 2010). This simple test is
likely to have greater utility than 24 h urine protein analysis in diagnosing microalbuminuria. A urinary albumin equal to or higher
than 30 mg g−1 of creatinine is considered abnormal. However, use
of the albumin-to-creatinine ratio will overestimate the degree of
proteinuria in acute kidney injury because of a reduction in urinary
creatinine excretion; hence the albumin-to-creatinine ratio should
be interpreted with extreme caution in patients with acute kidney
injury (Nguyen et al. 2009).

Biomarkers of acute kidney injury
Many renal biomarkers of acute kidney injury, including urine or
plasma neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule 1 (KIM1 from proximal tubules), interleukin
(IL)-18, IL6, cystatin C, liver fatty-acid binding protein (L-FABP),
glutathione S-transferase (GST), N-acetyl-β-D-glucosaminidase
(NAG), and 20-hydroxyeicosatetraenoic acid (20-HETE) have been
developed in the past decade. First, many of them appear to have
better discriminatory power as an early prognostic marker of acute
kidney injury than plasma creatinine concentration. Second, urinary biomarkers have been proposed as a marker of tubular damage and hence useful to differentiate prerenal acute kidney injury
from acute tubular necrosis (Parikh and Coca 2010). However,
recent evidence suggested that some biomarkers are also raised in
reversible prerenal acute kidney injury, suggesting that prerenal
acute kidney injury may just represent a mildest or earliest form
of acute kidney injury (Nejat et al. 2012). Third, some biomarkers
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Figure 5.5 Non-linear relationship between plasma concentrations and creatinine clearance.

Box 5.2 Pitfalls when interpreting plasma creatinine concentration
as a marker of the severity of acute kidney injury
1. Tubular secretion of creatinine is highly variable between
individuals and is increased when plasma creatinine is
high. Conversely, tubular reabsorption of creatinine occurs
in decompensated heart failure and uncontrolled diabetes
mellitus.
2. Plasma creatinine does not bear a linear relationship with creatinine clearance; increases in plasma creatinine above normal
range do not occur until the creatinine clearance is less than
50–60 ml min−1, especially for patients with a small total muscle mass (e.g. elderly patients).
3. Haemodilution from massive fluid resuscitation and transfusion will reduce rises in plasma creatinine significantly despite
deteriorating renal function.
4. Plasma creatinine’s half-life is about 4 h when glomerular filtrate
rate is normal. The half-life of plasma creatinine increases substantially when glomerular filtrate rate is reduced, making significant plasma creatinine concentration changes lag behind any
deterioration in renal function up to 24 h.
5. Some clinical conditions may increase plasma creatinine
concentrations more than urea concentrations in a disproportional fashion, such as rhabdomyolysis and acute liver
failure.

of acute kidney injury may be directly involved in the pathogenesis
of acute kidney injury and hence can be subject to intervention.
For example, in the kidney, 20-HETE affects the renal vascular
tone, tubuloglomerular response, and tubular sodium transport in
both proximal tubule and loop of Henle (Hoagland et al. 2001) and
20-HETE is significantly increased after inducing renal ischaemia
(Roman et al. 2011). Moreover, administration of an antagonist to
20-HETE to isolated ischaemic kidney showed promising results
in attenuating tubular damage (Hoff et al. 2011). Despite these
promising recent advances, the calibration of the prognostic value
of these new biomarkers and, more importantly, whether the information derived from these biomarkers can be used to alter therapy
or improve clinical outcomes remains largely unproved (Siew et al.
2011). Given the high costs of measuring these biomarkers, these
markers should be reserved for research purposes until evidence of
their clinical utility is confirmed (Ho 2011).

Urinary sodium concentration
The normal physiological response to dehydration and sodium
depletion (or reduction in cardiac output) is to increase sodium
reabsorption and reduce urinary sodium excretion (<10–20 mmol
litre−1). As such, urinary sodium concentration has been used to
differentiate oliguria as a result of dehydration from acute tubular necrosis. Fractional urinary sodium excretion (FENa) has been
proposed as an alternative to using urinary sodium concentration
alone to improve the sensitivity for differentiating dehydration
(FENa < 1%) from acute tubular necrosis (FENa > 2%), especially
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in patients with abnormal plasma sodium concentrations. A low
fractional excretion of urinary sodium indicates that the structure
and function of proximal tubular cells are intact (Parikh and Coca
2010).

FE Na =

100 × urinary sodium concentration
× plasma creatinine co ncentration
urinary creatinine concentration
× plasma sodium concentration

(5.1)

Urinary sodium excretion can, however, be substantially affected by
administration of diuretics (e.g. thiazide increases FENa ~5%, frusemide increases FENa ~20% resulting in urinary sodium concentration ~60–70 mmol litre−1) (Brater 2000; Ho and Power 2010),
bicarbonaturia as a result of proximal renal tubular acidosis or systemic metabolic alkalosis, osmotic diuresis (e.g. mannitol therapy
or glycosuria), and chronic renal diseases (Nguyen et al. 2009). In
the absence of diuretics and chronic renal diseases, FENa had a sensitivity and specificity of 78% and 75%, respectively, in differentiating prerenal oliguria from acute tubular necrosis (Schrier 2011).
A high spot or serial FENa is, however, not useful in differentiating
between patients without acute kidney injury, transient acute kidney injury, and persistent acute kidney injury (Pons et al. 2013).

Pathophysiology of acute kidney injury
Acute kidney injury is a serious medical condition and associated
with an increased risk of morbidity, mortality, and progression to
end-stage renal failure (Venkatachalam et al. 2010). Physiologically,
the absence of hyperaemic responses to hypoxia in the kidney,
high energy consumption of renal tubules in the medulla, a low
oxygen tension of the medulla, and insensitivity of renal oxygen
consumption to reduced oxygen availability have been proposed as
main mechanisms leading to acute kidney injury (Evans et al. 2011;
Gardiner et al. 2011). In animal model of acute kidney injury from
ischaemia and reperfusion, although the cortical blood flow can be
resumed very quickly after reperfusion, medullary ischaemia often
persists as evidenced by an increase in vasoactive mediators (e.g.
20-HETE) synthesized from arachidonic acid by cytochrome P450
oxidases (Regner and Roman 2012). It is, however, also clear that the
pathogenesis of acute kidney injury is far more complicated than a
simple hypoxic or ischaemic model, involving inter-related mechanisms of physiological renal changes of ageing, ischaemia, toxins,
coagulation, inflammation, and neutrophil–endothelial interactions (Persson and Tepel 2006; Anderson et al. 2011; Bonventre and
Yang 2011; Zarjou and Agarwal 2011). These processes can result
in cytoskeletal breakdown, loss of polarity, apoptosis and necrosis,
desquamation of viable and necrotic cells, and tubular obstruction
by cell debris (Bonventre 2007).
Although multiple pathological processes are often involved
in the pathogenesis of acute kidney injury, the histology of renal
biopsy and outcome of acute kidney injury can be substantially different dependent on the dominant causes of acute kidney injury
(Tillyard et al. 2005). As a rule of thumb, treatment of acute kidney
injury should tackle both the dominant pathogenic process of acute
kidney injury (e.g. source control for sepsis) and other possible
contributing factors (e.g. intra-abdominal hypertension, radiocontrast, or drugs) (Box 5.3), while supportive therapy is provided to

Box 5.3 Possible pathophysiological mechanisms of acute
kidney injury
1. Renal ischaemia from a combination of factors: reduced renal
blood flow (e.g. hypovolaemic shock, cardiogenic shock, septic shock, abdominal compartment syndrome, or endovascular thrombosis from eclampsia), increased in tubular oxygen
consumption, mismatch between oxygen supply and demand,
and intrarenal shunt (e.g. sepsis).
2. Reactive oxygen species generation or direct toxic effect by
nephrotoxins (e.g. radiocontrast).
3. Glomerulonephritis (e.g. vasculitis or autoimmune diseases
such as lupus erythematosus, after an infection such as group
A streptococcal infection).
4. Interstitial nephritis (e.g. drugs such as non-steroidal anti-
inflammatory drugs and proton pump inhibitors, autoimmune diseases, rejection, viral and bacterial infection).
5. Obstructive uropathy (e.g. renal calculi, intra-abdominal or
pelvic tumour).

maintain homeostasis of the body and to allow time for the kidneys
and other organ systems to recover.
Many pharmacological agents for prevention of acute kidney
injury have been tested (Ho and Sheridan 2006; Ho and Morgan
2009; Kellum et al. 2011), so far only aggressive hydration and possibly i.v. bicarbonate appear to be promising in preventing acute kidney injury from radiocontrast (Ho and Morgan 2008; Maioli et al.
2011; Ueda et al. 2011) or after on-pump cardiac surgery (Coleman
et al. 2011). Although non-oliguric acute kidney injury has a much
better prognosis than oliguric acute kidney injury (Morgan and Ho
2010), this does not imply or confirm that increasing urine output
by diuretics can improve outcomes in acute kidney injury (Ho and
Power 2010). For example, frusemide, a potent loop diuretic, has
been used as an attempt to convert oliguric acute kidney injury to
polyuric acute kidney injury for many decades. However, data from
observational and randomized controlled suggests that patients
with less severe acute kidney injury are more likely to increase
urine output after the administration of frusemide (Ho et al. 2003),
but the use of the drug itself may not reduce mortality or risk of
requiring renal replacement therapy (Ho and Power 2010).

Acid–base physiology
Basic biochemistry
An acid can be defined as a substance which donates hydrogen ions,
and a base is a substance which receives hydrogen ions in solution.
The pH of a solution is related to the hydrogen ion concentration
in a negative logarithm fashion. The higher the hydrogen ion concentration, the lower the pH of a solution will be. The physiological
pH of 7.4 is equivalent to having about 40 nmol litre−1 hydrogen
ions in the solution. A buffer is a weak base or acid that can resist a
change in pH, because its pKa (a pH at which the substance is 50%
in ionized form and 50% in non-ionized form) is close to the pH of
the environment.
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An optimal acid–base environment is essential for many body
functions, including haemoglobin–oxygen dissociation, transcellular shift of electrolytes, membrane excitability, function of many
enzymes, and energy production. The human body is a net acid
producer, predominantly in the form of volatile acid—carbon
dioxide—from oxidation of carbohydrates and fat. The lungs handle an enormous amount of volatile acids, about 12 000 mmol
day−1. Non-volatile acids consist of lactate from normal anaerobic
metabolism (1500 mmol day−1), sulphuric acid, phosphoric acid,
hydrochloric acid from degradation of protein (70 mmol day−1),
and acetoacetic acid and hydroxybutyric acid from triglyceride
metabolism, especially when carbohydrate intake is insufficient
(e.g. fasting) or there is a failure to use the carbohydrates (e.g. insulin deficiency).

Buffering systems
The human body has four major buffer systems: the bicarbonate,
haemoglobin, protein, and phosphate systems.

Bicarbonate system
The bicarbonate system operates by combining bicarbonate ions
with hydrogen ions donated from strong acids to form H2CO3
which then dissociates into CO2 and H2O. Although the pKa (6.1)
of the bicarbonate system is relatively low, this buffer system is very
powerful. The lungs can respond to changes in arterial carbon dioxide tension very quickly and can excrete a large amount of carbon
dioxide per day as an open system. This system contributes to over
50% of the buffering capacity of the blood.

Haemoglobin system
Haemoglobin buffers intracellular hydrogen ions inside the red
blood cells and bicarbonate ions diffuse out of the red blood cells to
the plasma. The pKa of deoxyhaemoglobin is 8.2, and as such, it is
very efficient in reducing the amount of acidosis caused by a high
carbon dioxide tension in the venous blood. This system contributes to about 35% of the buffering system of the blood.

Protein system
Proteins inside the cells and in the plasma can also buffer hydrogen ions, although its contribution to the buffering capacity of the
blood (7%) is not as important as the haemoglobin system.

Phosphate system
Because phosphate ion concentrations are higher inside the cells,
phosphate (pKa = 6.8) is a more important buffer system inside
the cells than in the plasma. However, the phosphate system in the
urine is an important buffer for excretion of titratable acids in the
urine. Phosphate and carbonate in the bone also play a role as a
buffer in response to chronic metabolic acidosis in patients with
end-stage renal failure.

The role of kidney in acid–base regulation
The kidney plays a vital role in regulating acid–base status of the
body. Carbonic anhydrase is present in most parts of renal tubules
to catalyse the reaction of CO2 and H2O and to facilitate reabsorption of filtered bicarbonate. Normally the kidney can reabsorb all
filtered bicarbonate (Table 5.1). Furthermore, distal renal tubules
can actively secrete acids. The acids secreted in the urine are bound
to filtered buffers such as phosphate to form dihydrogen phosphate;
one bicarbonate ion is added to the blood when one dihydrogen

phosphate ion is excreted in the urine. Other urinary buffers such
as sulphates, creatinine, and hydroxybutyrate also play a minor role.
Because the capacity of phosphate buffer in the urine depends on
the dietary intake of phosphate, this buffer system in the urine can
normally only excrete a maximum of 30 mmol of acids per day. As
such, another mechanism in the kidneys is needed to excrete the
normal total daily non-volatile acid load (total: 70 mmol day−1).
This is achieved by generation of ammonia from glutamine in the
proximal tubule and ammonium ions are secreted into the tubular
fluid by the Na-NH4+ cotransporters. Reabsorption of ammonium
ions into the interstitium of the medulla occurs at the ascending
limb of the loop of Henle, but ammonia diffuses back into the tubular fluid in the distal tubule and collecting duct. Ammonia is then
trapped inside the tubular fluid by the acidic environment of the
fluid inside the distal tubule and collecting duct as a result of the
secretion of hydrogen ions by the intercalated cells. Ammonium
ions are usually excreted in the urine with chloride ions. Practically,
for each ammonium ion secreted in the tubular fluid, one bicarbonate ion is generated in the blood. As such, the amount of acid
excreted (or bicarbonate generated) depends heavily on the activity
of the intercalated cells which responds to whether systemic metabolic acidosis exists. Normally about 40 mmol of non-volatile acids
are excreted per day by this mechanism. It should be emphasized
that other factors such as potassium concentrations and volume
status may dominate the acid–base status of a patient through its
effect on aldosterone secretion.

Interpretation of acid–base disturbances
The first step in interpreting acid–base status is to examine the pH
of the arterial blood gases. The body seldom, if ever, overcompensates for any underlying abnormalities in acid–base balance. As
such, an acidic pH (e.g. pH < 7.35) signifies the primary problem
is acidosis. Conversely, an alkaline pH (e.g. pH > 7.45) signifies the
primary problem is alkalosis. A normal pH (7.35–7.45) may signify
a normal acid–base status or a combined acidosis and alkalosis that
cancel each other’s effect on the pH.
The second step is to determine whether the acidosis or alkalosis is respiratory or metabolic in origin by examining whether
arterial carbon dioxide tension (normal range: 35–45 mm Hg) and
bicarbonate concentration (normal range: 22–26 mmol litre−1) are
abnormal. The third step is to determine whether the respiratory
or metabolic compensation is consistent with an acute or chronic
problem and whether the relevant compensations are more than
or less than expected (Table 5.2) (Adrogué and Madias 2010). This
step is essential in order to diagnose combined metabolic and respiratory acidosis, combined metabolic alkalosis and respiratory
acidosis, combined metabolic acidosis and respiratory alkalosis, or
combined metabolic and respiratory alkalosis.
The final step is to calculate the anion gap:
Anion gap =  Na +  + K +  − Cl −  − HCO3− 

(5.2)

The normal anion gap is between 8 and 16 mmol litre−1. If the
anion gap is elevated, this will suggest the presence of unmeasured
anions, including ketones (e.g. diabetic, starvation or fasting, and
alcoholic ketosis), lactate, uraemic acids, or toxins (e.g. salicylates,
methanol, and ethylene glycol). The magnitude of changes in anion
gap should be matched by the magnitude of changes in base excess,
or combined metabolic acidosis (e.g. lactic acidosis) and metabolic
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Table 5.2 Magnitude of secondary responses to respiratory or metabolic acid–base changes
Primary disorder

Secondary response

Magnitude of response

Acute respiratory acidosis

Increase HCO3

0.1 mmol litre−1 per mm Hg increase in CO2

Chronic respiratory acidosis

Increase HCO3

0.35 mmol litre−1 per mm Hg increase in CO2

Acute respiratory alkalosis

Decrease HCO3

0.2 mmol litre−1 per mm Hg decrease in CO2

Chronic respiratory alkalosis

Decrease HCO3

0.4 mmol litre−1 per mm Hg decrease in CO2

Metabolic acidosis

Decrease Paco2

1.2 mm Hg per mmol litre−1 decrease in HCO3

Metabolic alkalosis

Increase Paco2

0.7 mm Hg per mmol litre−1 increase in HCO3

CO2, carbon dioxide; HCO3, bicarbonate; Paco , arterial carbon dioxide tension.
2
‘Acute’ refers to a duration of minutes to several hours and ‘chronic’ refers to a duration of days.

alkalosis (e.g. diuretic-induced alkalosis) should be suspected.
Triple acid–base disorder as a result of a combination of metabolic
acidosis, metabolic alkalosis, and either respiratory acidosis or alkalosis can be diagnosed only when the anion gap is also considered
with the arterial blood gas results. When a high anion gap acidosis is
present, serum osmolality should also be measured. If the osmolar
gap is greater than 15, the presence of toxins in the blood should be
suspected. Osmolar gap can be calculated by the difference between
measured serum osmolality and calculated osmolality (= 2 × [Na+] +
urea in mmol litre−1 and + glucose in mmol litre−1).

Stewart’s acid–base approach
The traditional approach to acid–base interpretation has been
called the ‘bicarbonate-centred’ approach because it relies on the
relationship between bicarbonate and carbon dioxide tension to
determine the pH of the blood. The equation derived by Henderson
and modified by Hasselbalch is well known to most clinicians:
pH = pK a + log HCO3 −  / ( S × Pco2 )

(5.3)

where S is the solubility of carbon dioxide and pKa is the negative
logarithm of the dissociation constant carbon dioxide or pH at
which 50% of carbon dioxide is dissociated
Although this simple equation has been used for many years to
interpret acid–base problems, it has its deficiencies: (a) it does not
consider the effect of non-bicarbonate buffers such as albumin, haemoglobin, and phosphate (or the equation assumes components of
the HCO3–CO2 equilibrium reaction are in equilibrium with all
non-bicarbonate buffers and their interactions do not change the
hydrogen ion concentrations), and (b) it assumes bicarbonate is an
independent factor in determining hydrogen ion concentrations.
Stewart’s acid–base approach has been suggested to overcome
some of the deficiencies of bicarbonate-centred approach in interpreting acid–base problems. Based on the concepts of electrochemical neutrality, law of conservation of mass, and law of mass action,
according to Stewart’s approach, hydrogen ion concentration is
determined by three independent variables: (1) carbon dioxide tension, (2) total concentrations of weak acids such as albumin and
phosphate, and (3) strong ion difference, also known as SID. SID
is the difference between strong cations and anions and its normal
range is between 42 and 46 mEq litre−1:

(

)

SID =  Na +  + K +  + Ca 2+  + Mg 2+ 
− Cl −  + [ lactate ] + [other strong anions ]

(

)

(5.4)

It is important to understand that the main advantage of Stewart’s
approach over the bicarbonate-centred approach is in the interpretation of metabolic acidosis. In respiratory acidosis or alkalosis, both approaches rely on carbon dioxide tension to determine
whether there is significant respiratory acidosis or alkalosis.
It has been shown that using base excess and anion gap according to the bicarbonate-centred approach alone would be able to
diagnose significant metabolic acidosis in only 15% and 69% of
the critically ill patients only, respectively (Fencl et al. 2000). This
is because severe hypoalbuminaemia (a weak acid) is very common in the critically ill and this abnormality is not considered in
calculating base excess and anion gap in the bicarbonate-centred
approach. Furthermore, the Stewart’s approach also offers a more
comprehensive, albeit complicated, explanation on the mechanisms of metabolic acidosis or alkalosis beyond the usual anion gap
concept (Table 5.3).
Currently, whether Stewart’s approach is clinically more useful
than the bicarbonate-centred approach remains controversial and
debatable (Kurtz et al. 2008). First, evidence suggests that correction of hypoalbuminaemia in the calculation of the anion gap would
be able to overcome some of the weaknesses of the bicarbonate-
centred approach in detecting metabolic acid–base disorders in
critically ill patients (Fencl et al. 2000; Dubin et al. 2007):

(

)

Corrected anion gap mmol litre −1 = observed anion gap
 normal albumin

in g litre −1 (5.5)
+ 0.25 × 
 − observed albumin

(

)

Second, parameters including strong ion difference, strong ion gap,
and corrected anion gap are also inferior to standard prognostic
scores such as Acute Physiological and Chronic Health Evaluation
and Sequential Organ Failure Assessment scores in predicting mortality of critically ill patients (Dubin et al. 2007; Rastegar 2009). As
such, replacing standard prognostic scores by parameters derived
from Stewart’s acid–base approach for risk adjustment for critically
ill patients appears premature. Finally, how to differentiate secondary physiological responses from a primary acid–base problem
in the Stewart’s approach has also not been thoroughly addressed
(Adrogué et al. 2009; Adrogué and Madias 2010). As such, although
the Stewart’s acid–base approach does offer some insights about the
roles of albumin and phosphate concentrations in acid–base disorders in critically ill patients and also improves our interpretation of
anion gap in the presence of hypoalbuminaemia, its general clinical
utility remains uncertain.
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Table 5.3 Mechanisms of acid–base disorders according to Stewart’s approach
Disorder

Mechanisms for the problem

Respiratory acidosis

Increase in Pco2

Respiratory alkalosis

Decrease in Pco2

Metabolic acidosis

Reduced SID from dilution of both strong cations and anions. This is called ‘dilutional
acidosis’. Dilution in Stewart’s approach is defined by excessive water relative to total
amount of strong ions and is marked by a decreased plasma [Na+] (<136 mmol litre−1).
This is not to be confused with excessive extracellular fluid
Reduced SID from excessive strong anions such as (a) increased chloride ions or
(b) presence of unmeasured anions (e.g. ketone bodies, lactate)
Excessive non-volatile weak acids from an increased (a) albumin or (b) phosphate
concentration

Metabolic alkalosis

Increased SID from water deficit relative to total amount of strong cations and anions.
This is called ‘concentration alkalosis’. Concentration in Stewart’s approach is defined by
a deficit in water relative to total amount of strong ions and is marked by an increased
plasma [Na+] (>148 mmol litre−1)
Increased SID from deficit in strong anions (e.g. reduced chloride ions)
Reduced non-volatile weak acids from a decreased (a) albumin or (b) phosphate
concentration

Pco2, carbon dioxide tension; SID, strong ion difference.

Physiological effects of acid–base disturbances
Acid–base disturbances can have significant physiological effects
on the body (see Chapter 2 for the physiological effects of respiratory acidosis and alkalosis). Metabolic acidosis has a significant
effect on the minute ventilation by stimulating the medullary central chemoreceptors. An increase in acidosis will also shift the oxyhaemoglobin dissociation curve to the right, facilitating the offload
of oxygen in an acidic environment. However, the effect of acidosis
on the oxyhaemoglobin dissociation curve will return to normal in
about 24 h because of a decrease in 2,3 diphosphoglycerate production (half-life ~6 h) with acidosis. The effects of metabolic acidosis
on the cardiovascular system are more complicated because some
of the direct effects of metabolic acidosis will be counteracted by
the indirect effects of metabolic acidosis as a result of increased
catecholamine concentrations (Kraut and Madias 2010). Overall,
metabolic acidosis may contribute to arterial vasodilation, hypotension, reduced myocardial contractility, pulmonary vasoconstriction, and increased risk of arrhythmias (Kraut and Madias
2010; Niwano and Tojo 2010), especially when the acidosis is
severe (e.g. pH < 7.2). The other possible physiological effects of
metabolic acidosis include hyperkalaemia, hyperphosphataemia,
increased inflammation, immunosuppression, reduced insulin sensitivity, and osteomalacia (as in chronic metabolic acidosis). Except
in patients who have chronic metabolic acidosis as a result of renal
tubular acidosis or chronic kidney disease (de Brito-Ashurst et al.
2009) or at risk of contrast nephropathy (Ho and Morgan 2008;
Maioli et al. 2011; Ueda et al. 2011), evidence to support the use of
bicarbonate in treating or preventing acute metabolic acidosis to
improve patient-centred outcomes is lacking (Harris and Dawson-
Hughes 2010; Kraut and Madias 2010).

Declaration of interest
None declared.

References
Adrogué HJ, Gennari FJ, Galla JH, Madias NE. Assessing acid-base disorders.
Kidney Int 2009; 76: 1239–47
Adrogué HJ, Madias NE. Secondary responses to altered acid-base status: the
rules of engagement. J Am Soc Nephrol 2010; 21: 920–3
Anderson S, Eldadah B, Halter JB, et al. Acute kidney injury in older adults. J
Am Soc Nephrol 2011; 22: 28–38
Aronson PS, Giebisch G. Effects of pH on potassium: new explanations for
old observations. J Am Soc Nephrol 2011; 22: 1981–9
Bonventre JV. Pathophysiology of acute kidney injury: roles of potential
inhibitors of inflammation. Contrib Nephrol 2007; 156: 39–46
Bonventre JV, Yang L. Cellular pathophysiology of ischemic acute kidney
injury. J Clin Invest 2011; 121: 4210–21
Brater DC. Pharmacology of diuretics. Am J Med Sci 2000; 319: 38–50
Castrop H, Höcherl K, Kurtz A, Schweda F, Todorov V, Wagner C. Physiology
of kidney renin. Physiol Rev 2010; 90: 607–73
Coleman MD, Shaefi S, Sladen RN. Preventing acute kidney injury after cardiac surgery. Curr Opin Anaesthesiol 2011; 24: 70–6
Dalton RN. Serum creatinine and glomerular filtration rate: perception and
reality. Clin Chem 2010; 56: 687–9
de Brito-Ashurst I, Varagunam M, Raftery MJ, Yaqoob MM. Bicarbonate
supplementation slows progression of CKD and improves nutritional
status. J Am Soc Nephrol 2009; 20: 2075–84
Dietz JR. Mechanisms of atrial natriuretic peptide secretion from the atrium.
Cardiovasc Res 2005; 68: 8–17
Dubin A, Menises MM, Masevicius FD, et al. Comparison of three different
methods of evaluation of metabolic acid-base disorders. Crit Care Med
2007; 35: 1264–70
Edwards A. Modeling transport in the kidney: investigating function and
dysfunction. Am J Physiol Renal Physiol 2010; 298: F475–84
Ellison DH. Through a glass darkly: salt transport by the distal tubule. Kidney
Int 2011; 79: 5–8
Endre ZH, Pickering JW, Walker RJ. Clearance and beyond: the complementary roles of GFR measurement and injury biomarkers in acute kidney
injury (AKI). Am J Physiol Renal Physiol 2011; 301: F697–707
Evans RG, Goddard D, Eppel GA, O’Connor PM. Factors that render the
kidney susceptible to tissue hypoxia in hypoxemia. Am J Physiol Regul
Integr Comp Physiol 2011; 300: R931–40

79

80

80

PART 1

applied physiology in anaesthesia

Fencl V, Jabor A, Kazda A, Figge J. Diagnosis of metabolic acid-base disturbances in critically ill patients. Am J Respir Crit Care Med 2000;
162: 2246–51
Gardiner BS, Smith DW, O’Connor PM, Evans RG. A mathematical model of
diffusional shunting of oxygen from arteries to veins in the kidney. Am J
Physiol Renal Physiol 2011; 300: F1339–52
Gekle M. Renal albumin handling: a look at the dark side of the filter. Kidney
Int 2007; 71: 479–81
Haase VH. Hypoxic regulation of erythropoiesis and iron metabolism. Am J
Physiol Renal Physiol 2010; 299: F1–13
Haraldsson B. Tubular reabsorption of albumin: it’s all about cubilin. J Am
Soc Nephrol 2010; 21: 1810–12
Haraldsson B, Nyström J, Deen WM. Properties of the glomerular barrier
and mechanisms of proteinuria. Physiol Rev 2008; 88: 451–87
Harris SS, Dawson-Hughes B. No effect of bicarbonate treatment on insulin
sensitivity and glucose control in non-diabetic older adults. Endocrine
2010; 38: 221–6
Herrera-Gutiérrez ME, Seller-Pérez G, Banderas-Bravo E, Muñoz-Bono J,
Lebrón-Gallardo M, Fernandez-Ortega JF. Replacement of 24-h creatinine clearance by 2-h creatinine clearance in intensive care unit
patients: a single-center study. Intensive Care Med 2007; 33: 1900–6
Ho KM. Ten commandments of interpreting and applying results of biomarker research. Anaesth Intensive Care 2011; 39: 799–801
Ho KM, Morgan DJ. Use of isotonic sodium bicarbonate to prevent radiocontrast nephropathy in patients with mild pre-existing renal impairment: a
meta-analysis. Anaesth Intensive Care 2008; 36: 646–53
Ho KM, Morgan DJ. Meta-analysis of N-acetylcysteine to prevent acute renal
failure after major surgery. Am J Kidney Dis 2009; 53: 33–40
Ho KM, Power BM. Benefits and risks of furosemide in acute kidney injury.
Anaesthesia 2010; 65: 283–93
Ho KM, Sheridan DJ. Meta-analysis of frusemide to prevent or treat acute
renal failure. BMJ 2006; 333: 420
Ho KM, Walters S, Faulke D, Liang J. Clinical predictors of acute renal
replacement therapy in critically ill patients with acute renal impairment. Crit Care Resusc 2003; 5: 97–102
Hoagland KM, Maier KG, Moreno C, Yu M, Roman RJ. Cytochrome P450
metabolites of arachidonic acid: novel regulators of renal function.
Nephrol Dial Transplant 2001; 16: 2283–5
Hoff U, Lukitsch I, Chaykovska L, et al. Inhibition of 20-HETE synthesis and
action protects the kidney from ischemia/reperfusion injury. Kidney Int
2011; 79: 57–65
Hwang KS, Kim GH. Thiazide-induced hyponatremia. Electrolyte Blood Press
2010; 8: 51–7
Kellum JA, Unruh ML, Murugan R. Acute kidney injury. BMJ Clin Evid 2011;
pii: 2001
Kobori H, Nangaku M, Navar LG, Nishiyama A. The intrarenal renin-
angiotensin system: from physiology to the pathobiology of hypertension and kidney disease. Pharmacol Rev 2007; 59: 251–87
Kraut JA, Madias NE. Metabolic acidosis: pathophysiology, diagnosis and
management. Nat Rev Nephrol 2010; 6: 274–85
Kurokawa K. Tubuloglomerular feedback: its physiological and pathophysiological significance. Kidney Int Suppl 1998; 67: S71–4
Kurtz I, Kraut J, Ornekian V, Nguyen MK. Acid-base analysis: a critique of
the Stewart and bicarbonate-centered approaches. Am J Physiol Renal
Physiol 2008; 294: F1009–31
Lambers Heerspink HJ, Gansevoort RT, Brenner BM, et al. Comparison of
different measures of urinary protein excretion for prediction of renal
events. J Am Soc Nephrol 2010; 21: 1355–60
Maioli M, Toso A, Leoncini M, Micheletti C, Bellandi F. Effects of hydration in contrast-induced acute kidney injury after primary angioplasty: a randomized, controlled trial. Circ Cardiovasc Interv 2011;
4: 456–62
McKinley MJ, Johnson AK. The physiological regulation of thirst and fluid
intake. News Physiol Sci 2004; 19: 1–6

Mohmand H, Goldfarb S. Renal dysfunction associated with intra-abdominal
hypertension and the abdominal compartment syndrome. J Am Soc
Nephrol 2011; 22: 615–21
Morgan DJ, Ho KM. A comparison of nonoliguric and oliguric severe acute
kidney injury according to the risk injury failure loss end-stage (RIFLE)
criteria. Nephron Clin Pract 2010; 115: c59–65
Nejat M, Pickering JW, Devarajan P, et al. Some biomarkers of acute kidney injury are increased in pre-renal acute injury. Kidney Int 2012;
81: 1254–62
Nguyen MK, Kurtz I. Determinants of plasma water sodium concentration as
reflected in the Edelman equation: role of osmotic and Gibbs-Donnan
equilibrium. Am J Physiol Renal Physiol 2004; 286: F828–37
Nguyen MT, Maynard SE, Kimmel PL. Misapplications of commonly used
kidney equations: renal physiology in practice. Clin J Am Soc Nephrol
2009; 4: 528–34
Niwano S, Toj T. Systemic acidosis in acute myocardial ischemia—cause or
result of life-threatening ventricular arrhythmia? Circ J 2010; 74: 1794–5
Parikh CR, Coca SG. Acute kidney injury: defining prerenal azotemia in
clinical practice and research. Nat Rev Nephrol 2010; 6: 641–2
Pedersen SF, Kapus A, Hoffmann EK. Osmosensory mechanisms in cellular
and systemic volume regulation. J Am Soc Nephrol 2011; 22: 1587–97
Persson PB, Tepel M. Contrast medium-induced nephropathy: the pathophysiology. Kidney Int Suppl 2006; 100: S8–10
Rastegar A. Clinical utility of Stewart’s method in diagnosis and management
of acid-base disorders. Clin J Am Soc Nephrol 2009; 4: 1267–74
Pickering JW, Frampton CM, Walker RJ, Shaw GM, Endre ZH. Four hour
creatinine clearance is better than plasma creatinine for monitoring
renal function in critically ill patients. Crit Care 2012; 16: R107
Pons B, Lautrette A, Oziel J, et al. Diagnostic accuracy of early urinary index
changes in differentiating transient from persistent acute kidney injury
in critically ill patients: multicenter cohort study. Crit Care 2013; 17: R56
Regner KR, Roman RJ. Role of medullary blood flow in the pathogenesis of
renal ischemia-reperfusion injury. Curr Opin Nephrol Hypertens 2012;
21: 33–8
Rodan AR, Cheng CJ, Huang CL. Recent advances in distal tubular potassium handling. Am J Physiol Renal Physiol 2011; 300: F821–7
Roman RJ, Akbulut T, Park F, Regner KR. 20-HETE in acute kidney injury.
Kidney Int 2011; 79: 10–13
Schrier RW. Diagnostic value of urinary sodium, chloride, urea, and flow. J
Am Soc Nephrol 2011; 22: 1610–13
Siew ED, Ware LB, Ikizler TA. Biological markers of acute kidney injury. J Am
Soc Nephrol 2011; 22: 810–20
Spital A. Diuretic-induced hyponatremia. Am J Nephrol 1999; 19: 447–52
Stockand JD. Vasopressin regulation of renal sodium excretion. Kidney Int
2010; 78: 849–56
Stockand JD, Sansom SC. Glomerular mesangial cells: electrophysiology and
regulation of contraction. Physiol Rev 1998; 78: 723–44
Thomson SC, Blantz RC. Glomerulotubular balance, tubuloglomerular feedback, and salt homeostasis. J Am Soc Nephrol 2008; 19: 2272–5
Tillyard A, Keays R, Soni N. The diagnosis of acute renal failure in intensive
care: mongrel or pedigree? Anaesthesia 2005; 60: 903–14
Ueda H, Yamada T, Masuda M, et al. Prevention of contrast-induced
nephropathy by bolus injection of sodium bicarbonate in patients with
chronic kidney disease undergoing emergent coronary procedures. Am
J Cardiol 2011; 107: 1163–7
Venkatachalam MA, Griffin KA, Lan R, Geng H, Saikumar P, Bidani AK.
Acute kidney injury: a springboard for progression in chronic kidney
disease. Am J Physiol Renal Physiol 2010; 298: F1078–94
Weinstein AM. A mathematical model of distal nephron acidification: diuretic effects. Am J Physiol Renal Physiol 2008; 295: F1353–64
Weinstein JR, Anderson S. The aging kidney: physiological changes. Adv
Chronic Kidney Dis 2010; 17: 302–7
Zarjou A, Agarwal A. Sepsis and acute kidney injury. J Am Soc Nephrol 2011;
22: 999–1006

81

CHAPTER 6

Central nervous
system physiology
in anaesthetic practice
Ram Adapa and Anthony Absalom
Introduction
In our daily practice as anaesthetists and intensivists we work as
applied pharmacologists manipulating the level of arousal and
consciousness of our patients. Yet, despite the fact that this is such
an important part of our vocation, little is known about how or
why the agents we administer interfere with consciousness. In
recent decades, great strides have been made in understanding
the effects of our agents at a molecular level, and more recently,
advances have been made in understanding where our drugs are
acting, and of the resulting regional neurophysiological changes.
Yet, there remains a large unexplained gap in our understanding
of how these effects result in alterations in consciousness, of the
fundamental nature of the state of anaesthesia, and of why, despite
seemingly appropriate doses of anaesthetic agents, we sometimes
fail spectacularly to ensure that patients remain unconscious,
resulting in so-called awareness with subsequent recall of intraoperative events.
Terms, such as ‘semiconscious’ used by clinicians, scientists,
and lay people suggest that we consider consciousness not to be
a binary phenomenon. The anaesthetic literature is peppered with
references to depth of anaesthesia, and descriptions of anaesthesia
as a continuum, with increasing suppression of neuronal activity.
An enormous investment has been made in developing and validating depth of anaesthesia monitors. We consider unconsciousness (hypnosis in anaesthetic jargon) to be an essential feature of
anaesthesia, and many people criticize current depth of anaesthesia
monitors on the basis that they are unable to reliably detect or distinguish consciousness and unconsciousness. Inherent in the latter
statement is an assumption that consciousness is an all-or-nothing
phenomenon, and that loss of consciousness is a single event. This
view, of consciousness and anaesthesia all-or-nothing, binary phenomena, as expressed strongly in an editorial in 1987, has never
been seriously challenged (Prys-Roberts 1987). These paradoxical
views serve to illustrate how imprecise our understanding of anaesthesia is.
A big part of the reason for the lack of understanding of the
nature of anaesthesia is of course that the current understanding
of the nature and mechanisms of consciousness is also imperfect.
When we speak with patients we commonly tell them the drugs
we administer will induce sleep, even though we know that the

state they are about to enter is not usually reversible by stimuli
that would arouse a sleeping person. As will be seen later in this
chapter though, sleep and anaesthesia do share many electro-and
neurophysiological features, and so clearly a better understanding
of consciousness and sleep will help us understand anaesthesia better. Moreover, it is becoming increasingly apparent that by using
anaesthetic drugs to induce sedation or unconsciousness, we can
simultaneously address important hypotheses about the nature of
consciousness and anaesthesia.

Consciousness
Consciousness has defied a common definition that encompasses
the scientific, philosophical, and physical aspects of it that we take
for granted. A rather simplistic view is that consciousness is everything we experience. We consider ourselves conscious when we
are aware of the external environment or of one’s self (Young and
Pigott 1999). The term can be descriptively defined as the state
of being awake and able to respond to stimuli, and being able to
perceive, interact, and communicate with the environment and
others in an integrated manner. It also represents a behavioural
expression of our normal waking state and relates to a more subjective dimension of experience. For reasons of space and relevance this discussion will be limited to the neuroscientific aspects
of consciousness.
Consciousness presents a unique methodological challenge to
neuroscience in that objective assessment is notoriously difficult
if not impossible to achieve in any scientific study attempting
to understand it. Further, the question of how the brain synthesizes the elements of sensory processing in discrete cortical loci
(which are not necessarily consciously perceived) to generate a
unified perception is yet to be answered [the cognitive binding
problem (von der Malsburg 1999)]. Nevertheless there has been a
resurgence of interest in the scientific study of consciousness over
the past three decades, predominantly stimulated by advances
in functional neuroimaging techniques. This has resulted in a
growing body of data about the biological and neural systems
underlying consciousness. Nonetheless, a complete understanding about the explanatory links between neuronal activity and
features of conscious experience has thus far eluded the scientific
community.
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Theories of consciousness
There have been as many theories of consciousness as there are definitions. The following is a brief summary of the theoretical frameworks and models of consciousness that have been guiding recent
research in consciousness.

Physical theories
The notion that consciousness results from some change in the
physical properties in the brain (global entropy (John 2001), electromagnetic field changes (Srinivasan et al. 1999), quantum effects
(Hameroff 2006), neural fields (Libet 1998), to name a few) is an
exciting premise. However, such theories remain highly controversial and do not answer the fundamental question of why such
physical changes should result in a subjective experience. It is also
hard to see how such theories could be proved using conventional
experimental designs.

Worldly discrimination and higher-order thought theories
This theory relies on the premise that any mental state that can
express its content in behaviour is conscious; in other words, the
ability to discriminate when presented with choice indicates the
presence of conscious awareness (Eriksen 1960). The converse is
not true however; the absence of behavioural output does not imply
the absence of conscious processing. The simplicity in this theory—
the ability to choose accurately under forced choice conditions—
has the great advantage in that it provides an objective means of
assessing conscious behaviour (Seth et al. 2008). A major limitation of this theory is that worldly discrimination only tests for the
existence of first-order states or primary consciousness, that is, the
basic sensory components of a conscious scene. This theory infers
consciousness from the ability to perceive the state of the external world. In contrast, higher-order thought theories assume that
consciousness is a mental state where one is aware of being aware,
and where conscious awareness crucially depends on higher-order
representation. This also assumes that every conscious mental state
is accompanied by a higher-order thought and verbal reportability. Again, these theories do not explain the presence of conscious
awareness in situations where objective assessment or behavioural
reporting is difficult.

Biological theories
This set of theories posits that consciousness is a biological state
of the brain with empirical correlations between the conscious
experience and the brain. As this does not require subjective or
behavioural confirmation, such theories allow for conscious contents to exist without reportability of these contents. Several biological systems have been postulated in recent years as necessary
requirements for consciousness. Neuronal electrical activity in the
frequency range 75–100 Hz (i.e. within the γ range), which is synchronized in time across distant brain regions is one such candidate
biological system that is thought to occur within and across sensory
modalities and thalamocortical circuits (Seth et al. 2005; Uhlhaas
et al. 2011). This coordination of neural firing in time is an example of cognitive binding by synchrony and provides a mechanism
by which the binding or synthesis of information contents might
be achieved. It is interesting to note that the focus on synchronous
γ activity as the source of consciousness has recently shifted from
40 Hz [as proposed by Crick and Koch (2003)] to these faster γ
frequencies. This is based on evidence from studies on sleep and
anaesthesia, which have shown a better correlation between loss of

consciousness and attenuation of fast γ frequencies (Breshears et al.
2010; Hudetz et al. 2011). Another source of consciousness could
be neural loops mediating recurrent processing—this is best exemplified in studies examining the content of visual consciousness.
Substantial evidence points to activity in a specific part of the visual
cortex in association with recurrent processing loops in and around
this region as the source of visual experience (Dehaene et al. 2006;
Lamme 2006; Tononi and Koch 2008). Notably, such recurrent processing patterns are absent during sleep and anaesthesia (Lamme
et al. 1998; Ku et al. 2011; Changeux 2012).

Conscious access hypothesis and the global neuronal
workspace framework
According to this hypothesis, the brain consists predominantly of
two types of neurones (Dehaene et al. 1998; Baars 2002). The first
type comprises functionally specialized neurones that communicate with other local and similarly specialized neurones in a ‘non-
conscious’ bottom-up manner. As there are specialized neurones
for specific functions, it is possible to have multiple functional
streams of processing at this level. The second type is a diffusely
distributed set of neurones (the global workspace) that exchange
information through long-range excitatory axons. These neurones
rely on recurrent bottom-up and top-down loops to keep track of
the information processed by the first set of neurones. Top-down
influences such as attention and context relative to current needs
result in an amplification of the processing of a single stimulus in
a process called ‘ignition’ to the exclusion of all other stimuli. This
is associated with several classic signatures of conscious access to
a stimulus in the form of long-range phase synchrony and high-
frequency oscillations. Conversely, neuronal groups that fail to
achieve ignition process stimuli that do not reach conscious access,
and remain below the conscious threshold (Dehaene et al. 2003;
Dehaene and Changeux 2005; Quiroga et al. 2008; Sadaghiani et al.
2009). The cortical neurones that form the global workspace are
thought to be pyramidal cells in the cortex, which have long-range
cortical connections with other cortical cells. It is thought that the
prefrontal cortex is a major node of the global workspace as a result
of its functional diversity and rich corticocortical connections
(Gaillard et al. 2009). However, it is also possible that some of the
mechanisms of conscious access could involve re-entrant thalamocortical systems (Steriade et al. 1984, 1993).

Neural Darwinism and the dynamic core hypothesis
Neural Darwinism and the theory of neuronal group selection
describe the brain as a ‘selectional’ system: the process of developmental selection occurring during neural development resulting
in a primary repertoire of neurones, and the process of experiential selection (Edelman 1993; Tononi and Edelman 1998). The latter is heavily influenced by everyday experiences, and by a process
of selective amplification of functional connectivity within the
primary repertoire, results in the formation of a secondary repertoire of neurones with substantial diversity and degeneracy in the
system. Finally, the existence of a ‘dynamic core’ of thalamocortical neurones with a high degree of interconnectivity allows for
the constant exchange of signals within the network (Tononi et al.
1998; Edelman 2003). This system provides a quantitative measure
of ‘neural complexity’ (Tononi et al. 1994), which correlates with
consciousness. This hypothesis provides an evolutionary advantage
to the conscious brain when responding to complex and potentially
dangerous environments.
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Integration of information hypothesis
Closely related to the dynamic core hypothesis is the information
integration hypothesis, where conscious experience is dependent
on the rapid and effective integration of the activity of distributed
neuronal groups in the thalamocortical system. According to this
proposal, the level of consciousness a physical system can have is
related to the repertoire of different causal states (information) that
are available to the system as a whole (integration) (Tononi, 2004,
2005, 2008, 2010). Consciousness occurs only in the presence of a
sufficiently large integrated complex, with a sufficiently large repertoire of possible informational states. Therefore, for consciousness to be present, the conscious scene must be simultaneously
highly differentiated (one among a vast number of possibilities)
and highly integrated (each conscious event is experienced as a
unity, not as independent sensory experiences) (see Fig. 6.1). Such
integration typically does not include neural circuits involving the
basal ganglia and the cerebellum (brain regions not considered
(A)

critical for generating/maintaining consciousness; however, see
(Mhuircheartaigh et al. 2010) for a functional magnetic resonance
imaging (fMRI) study indicating a crucial role for the basal ganglia in maintaining consciousness), but may receive external
influences or contributions from other subcortical brain regions
necessary for the normal functioning of the thalamocortical system
(although being informationally excluded from the main system).
One important clinical finding follows from this theory: the presence of localized sensory/motor activity is not a sign of consciousness, and the absence of such activity does not imply the absence
of consciousness.

Neural correlates of consciousness
The absence of a consensus on the mechanism of consciousness has
meant that several candidate brain regions have been put forward
as the seat of consciousness. Unsurprisingly, the neuroanatomical
structures that underpin conscious processes are a topic of intense

(B)

Φ = 74

Φ = 20
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Figure 6.1 (a) A schematic of a system that is both functionally specialized and functionally integrated. Top: this network jointly maximizes functional specialization
and functional integration among its elements, thereby resembling the anatomical organization of the thalamocortical system. Note the heterogeneous arrangement
of the incoming and outgoing connections: each element is connected to a different subset of elements, with different weights. Middle: a loss of integration within the
system to form four independent modules results in a net reduction of information integration. Bottom: a loss of specialization also results in reduction of information
integration in the system. A homogenous distribution of the same amount of connectivity eliminates functional specialization. (b) This panel demonstrates the effects of
anaesthesia on information processing in cortical networks. A cortical system with strong intrinsic local connectivity and sparse long-range connections in the conscious
brain (top) is disrupted by moderate levels of anaesthesia (middle), associated with disruption of information transfer between distant regions. Primary processing in
sensory areas remains intact. At deeper levels of anaesthesia (bottom), cortical modules become hypersynchronized and prevent successful information transfer. Typical
EEG patterns corresponding to each state are also shown.
Reproduced with permission from Tononi, G. An information integration theory of consiousness. BMC Neuroscience, Volume 5, Issue 42, Copyright © 2004 Tononi; and from Springer, Suppressing
the mind: anesthetic modulation of memory and consciousness, Hudetz, A. & Pearce, R. (eds.), ‘Anesthesia and the Thalamocortical System’, Michael T. Alkire, 2010, With kind permission from
Springer Science and Business Media.
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debate. In recent years, the search for the neural correlate of consciousness [a specific pattern of brain activity that correlates with
particular conscious experiences (Rees et al. 2002)] has intensified with the explosion of functional neuroimaging techniques. It
is important to distinguish between the neural correlates for the
level of consciousness and those for the content of consciousness.
The former is mediated by arousal and ‘gating’ systems such as the
ascending brainstem reticular activating system, and is responsible
for arousal rather than the specific experience (Seth et al. 2005).
The neural substrates for the content of consciousness have been
more elusive, and the thalamus, thalamocortical networks, frontoparietal association cortices and long-range functional networks
have all been implicated in the instantiation of consciousness. The
following ‘Thalamus’ section focuses on the role of the thalamus
and functional brain networks in this process.

Thalamus
Most theories of consciousness highlight the critical role of the
thalamus and thalamocortical projections in consciousness. The
role of the thalamus as the prominent neural substrate in consciousness relates to numerous factors: the anatomical structure
and rich connectivity of the thalamic nuclei; evidence from lesion
studies; and thalamic activity as the common factor in sleep, disorders of consciousness, and anaesthesia. The thalamus is the primary
relay station for sensory (afferent) input, which is then transmitted
to primary cortical regions. The reticular thalamic nucleus has specific projection areas in the cortex, and manages information transfer to the cortex, thus selectively highlighting a particular content
of consciousness at the expense of others. The intralaminar nuclei
of the thalamus receive afferents from the reticular formation and
project widely to the cortex. Many of these thalamocortical connections are reciprocal, with a significant number of re-entrant
corticothalamic pathways. In this scenario, the brainstem thalamic
pathways coordinate the global state of consciousness, with the corticothalamic axis providing the specific content of the conscious
state (Seth et al. 2005). It is also well recognized from lesion studies
that ablation of the intrathalamic nuclei results in unconsciousness
(Bogen 1995, 1997). Converging evidence from animal literature
also suggests that thalamic neurones switch out of the slow bursting mode and into fast γ-band oscillations before awakening from
sleep (Steriade and Timofeev, 2003). Finally, several neuroimaging and electrophysiological studies in human volunteers have
demonstrated that the thalamic nuclei are deactivated during the
transition from consciousness to anaesthesia (see ‘Evidence from
anaesthesia studies’), in the vegetative state and during non-rapid
eye movement (NREM) sleep (Braun et al. 1997; Fiset et al. 1999;
Alkire et al. 2000; Hattori et al. 2003).

Parietal cortex
The posterior parietal cortex is a large multimodal association area
consisting in part, of the precuneus, posterior cingulate cortex
(PCC), and the medial parietal cortex. Of these, the medial parietal cortex has been implicated in the generation of the first-person
perspective, acknowledged to be a crucial component of human
self-consciousness. Activity in the precuneus correlates with self-
reflection, mental imagery, and retrieval of autobiographical memory, all processes contributing to a conscious self-percept (Cavanna
and Trimble 2006). These regions are deactivated in unconscious
states secondary to the vegetative state and in sleep (Maquet et al.

1997; Laureys et al. 1999). They have also come under greater scrutiny over the past decade for their role in maintaining consciousness through functional connections with the rest of the cortex. The
return of consciousness from sleep, anaesthesia, or the vegetative
state is associated with the restoration of functional connectivity
between these two regions (Laureys et al. 2004; Xie et al. 2011).
This functional connectivity forms part of a much wider functional
network [the default mode network (DMN), see ‘Corticocortical
networks’] arguably representing baseline brain activity and global
monitoring of the internal environment in conscious humans.

Corticocortical networks
One particular advance over the last decade has been the realization that brain regions organize themselves into networks that display correlated and coherent activity, along with the finding that
the function of such integrated functional brain networks may be
altered in disorders of consciousness (Boly et al. 2008). One such
network of interest is the DMN, a set of brain regions that increase
their activity in the absence of external stimulation (Raichle et al.
2001; Greicius et al. 2003). It is now thought that modulation of such
brain networks is important, if not crucial, in processing cognitive
stimuli in the conscious state (Goldman-Rakic 1988; Mesulam
1990; Bressler 1995). Although the function of the DMN remains
unclear, the realization that consciousness is distributed across a
network of remote regions has led to the proposal that intact DMN
connectivity may be critical for conscious awareness (Boly et al.
2008; Greicius et al. 2008; Stamatakis et al. 2010). The strength of
the correlations between the nodes in this network, and by implication, the integrity of the DMN, is dynamically modulated by the
level of consciousness (Boveroux et al. 2010). The DMN represents
one proposed neural correlate for the global workspace framework
(Baars 2002). This theory is supported by the presence of structural
connections concordant with the distribution and extent of the
DMN (Hagmann et al. 2008). While conceptually appealing, these
proposals require validation.

Approaches to studying consciousness
Although consciousness represents a broad range of related but
distinct phenomena, conscious processing can be studied by two
broad approaches. The more common approach in cognitive neuroscience involves either progressive degradation or masking of
stimuli, resulting at some point, in the unconscious perceptual
processing of these stimuli, and identifies thresholds at which such
stimuli cease to be consciously processed (Kouider and Dehaene
2007, 2009). These strategies have proved very successful in identifying the temporal dynamics of conscious processing (Dehaene
et al. 2001; Holcomb et al. 2005; Tse et al. 2005). fMRI and magnetoencephalography studies using these paradigms have also identified reverberating occipitofrontal connectivity that accompanies
conscious perception of visual stimuli, but is absent when stimuli
do not reach conscious awareness (Del Cul et al. 2007).
An alternative approach is to investigate processing of cognitive
tasks in patients with depressed conscious level, and attempt to correlate behavioural and functional changes with structural deficits.
Studies in patients with traumatic brain injury have used this strategy to identify changes in attention, working memory associated
with impaired structural, and functional networks (Hampson et al.
2006; Smits et al. 2009; Bonnelle et al. 2011; Sharp et al. 2011;).
However, such correlation of function and structure is confounded
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by the fact that some brain injury lesions may be undetected by
conventional structural imaging (Newcombe et al. 2011) and by
difficulties in mapping function in severely damaged brains to normal frameworks of neural connectivity. Reversible degradation of
cognition in healthy subjects provides an exciting opportunity for
conceptual integration across several levels of analysis.

Implications for anaesthesia
Consciousness and anaesthesia are closely intertwined; loss of
consciousness is a fundamental prerequisite of anaesthesia (part
of the so-called triad of hypnosis, analgesia, and muscle relaxation) in everyday clinical practice. Understanding the mechanisms
underpinning consciousness is important for several reasons. First,
anaesthesia has emerged as a vital research tool in the manipulation
of level of consciousness. Second, it is an essential first step before
we can understand the mechanisms behind inadvertent awareness
under anaesthesia. Third, research addressing the mechanistic basis
of anaesthesia and consciousness promises to assist in the development of reliable ‘consciousness monitors’. And fourth, studies investigating the neural basis of consciousness can potentially improve
our understanding of the mechanisms of anaesthesia.
Anaesthesia presents a readily available instrument for pharmacological manipulation of the level of consciousness. As the level
of consciousness/unconsciousness attained is dose dependent,
research paradigms requiring a tightly controlled yet reversible
alteration in conscious level can be safely achieved by administration of anaesthetic drugs. Such paradigms, in conjunction with
those exploring the content of consciousness, provide powerful
methodological tools with the potential to provide insights into
the neurobiological basis of consciousness. As anaesthesia can be
achieved by a wide variety of drugs acting on differing molecular,
cellular, and neural targets, one disadvantage of this approach is
that generalizing findings from one drug is likely to be challenging. For example, anaesthesia with nitrous oxide, ketamine, and
xenon results in distinctive electrophysiological and cerebrovascular changes that cannot be immediately reconciled with classic
concepts of consciousness (Plourde et al. 1997; Langsjo et al. 2005;
Rex et al. 2006; Laitio et al. 2007; Foster and Liley 2012). Current
evidence leads us to believe that different anaesthetics differently
affect distinct elements of a consciousness system with inbuilt
degeneracy, to cause loss of consciousness. Nonetheless, our knowledge remains rather rudimentary, so that it is not impossible that
the agents work at an as yet unidentified final common pathway in
consciousness.
Although taken for granted, ensuring unconsciousness under an
anaesthetic has proved to be difficult to guarantee. As a result, the
incidence of awareness under anaesthesia has remained at 0.1–0.2%
despite the proliferation of various ‘depth of anaesthesia’ monitors
(Sebel et al. 2004; Avidan et al. 2008, 2011). A basic requirement of
such monitors is the ability to differentiate between conscious and
unconscious states. The onset of unconsciousness after an induction dose of anaesthetic is clinically accepted as the point at which
there is a loss of response to verbal command. It is well known that
patients demonstrate eye-blinks despite being unable to respond to
verbal command. An absence of response to verbal command does
not preclude persistent cognitive processing under anaesthesia. For
example, although anaesthetic drugs are powerful amnesics (causing a profound effect on explicit memory and recall), evidence from
studies on cognitive processing under sedation and anaesthesia

suggests that the brain may be able to process sensory information
during anaesthesia (Heinke, Fiebach, et al. 2004; Heinke, Kenntner,
et al. 2004; Plourde et al. 2006). Such processing in the absence
of an explicit memory trace may be responsible for the implicit
memory thought to be responsible for some of the symptoms after
an episode of awareness under anaesthesia. Awareness as reported
by patients is classically associated with perceiving and comprehending meaningful auditory stimuli in the operating theatre and
encoding these to memory. These stimuli may subsequently be
retrieved to provide explicit recall, or alternatively influence the
processing of subsequent input (implicit memory). More general
mechanisms that have been proposed for awareness under anaesthesia include the collapse, or absence, of the barrier between the
conscious and unconscious states (‘neural inertia’) (Friedman et al.
2010), involvement of the amygdala in the acquisition of aversive
memories (Alkire and Nathan 2005), and arousal resulting from
noradrenergic input to the basal forebrain nuclei. Also, although,
the work has received scant attention, there is some evidence that
although our anaesthetic drugs mostly have powerful amnesic
effects, at lower doses they can enhance memory for emotional or
unpleasant stimuli. This has been shown for halothane (Alkire and
Gorski 2004), sevoflurane (Alkire and Nathan 2005) and for propofol, for which the effect may be mediated by interactions with the
endocannabinoid system (Hauer et al. 2011).
Our ability to accurately assess adequacy of anaesthesia during surgical procedures remains limited. Clinical monitoring still
remains the most commonly used method of ensuring adequate
depth of anaesthesia, although it is also widely acknowledged to
be an unreliable means of doing so. The development of EEG-
and evoked response potential (ERP)-based methods to monitor
depth of anaesthesia over the past three decades has revolutionized this area of clinical anaesthetic practice, and some EEG/ERP-
based depth of anaesthesia monitors are routinely used in clinical
practice. Some (but not all studies) have shown that the use of
depth of anaesthesia monitors reduces the incidence of awareness
in high-risk patients (Ekman et al. 2004; Myles et al. 2004; Sebel
et al. 2004). However, EEG-based monitors are still not capable of
detecting the moment at which consciousness is lost or regained.
Further, no method is able to detect awareness with absolute certainty in all patients. Also, the calibration of such devices to, often
unreliable clinical end-points, or highly variable pharmacokinetic
or pharmacodynamic parameters, undermines the ability of these
monitors to detect the state of consciousness in an individual at
any specific moment. The development of an ideal consciousness monitor could be based on the neural correlates of cognition
(identification of reliable markers of cognitive processing) or consciousness (characteristic patterns of long-range synchrony, such as
fast γ activity and recurrent signalling through feedback loops, or
functional connectivity networks). Such a monitor could be used
to detect information processing under anaesthesia, as a means of
identifying those patients who are likely to experience inadvertent
anaesthetic awareness.
Research into the neural basis of consciousness provides a greater
understanding of the mechanisms of anaesthesia. Although a significant body of research has been built over the past century on the
molecular and cellular mechanisms of various anaesthetic agents,
the mechanism by which these agents cause unconsciousness on
a daily basis has proved to be elusive. In this context, using anaesthetic agents to explore the mechanistic basis of consciousness
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provides a framework for investigating the mechanisms behind loss
of consciousness with these agents. The final part in this section is a
brief summary of recent findings from anaesthetic studies that have
advanced our knowledge of both consciousness and anaesthesia.

Evidence from anaesthesia studies
General anaesthetics, including propofol, act at multiple anatomical sites and interfere with multiple molecular pathways. Clearly
the direct effects of anaesthetic agents on the function of cells that
are not part of the nervous system are epiphenomena (from the
point of view of anaesthetic action). Although much of the focus
is now on neuronal receptors, it should not be forgotten that the
agents have widespread effects within the central nervous system.
For example, one study showed that isoflurane altered the expression of more than 200 proteins in rat amygdala cells (Rampil
et al. 2006). Probably some of the neuronal molecular effects of
anaesthetic agents have no influence on cognitive function, but it
remains likely that the different components of anaesthetic action
(such as amnesia, sedation and loss of consciousness) are mediated
by specific molecular actions at different neuroanatomical locations (Reynolds et al. 2003).
Hypnosis is mediated by interaction with ion channels that regulate synaptic transmission and membrane potentials in key brain
regions. These targets are differentially sensitive to various anaesthetic agents. The overall consensus is the lack of a single universal
molecular target for anaesthetic action. Much happens between
the receptor and the behavioural response, and how anaesthetics affect these intermediate processes is poorly understood.
Studying loss of consciousness with anaesthetic agents allows the
identification of specific patterns of activity or neural correlates of
unconsciousness—this provides vital information on the neural
sites and mechanisms of action of the drugs themselves, but equally
importantly, provides clues to the neural correlates of consciousness. This approach typically involves the use of functional neuroimaging or electrophysiological methodology, often in conjunction
with behavioural measures. Functional neuroimaging studies
of anaesthetic action assume that regional alterations in cerebral
blood flow (CBF) and cerebral metabolic rate (CMR) associated
with different states of anaesthesia reflect changes in regional neural activity; these alterations provide neuroanatomical evidence for
sites mediating unconsciousness.
Several positron emission tomography (PET) studies have
demonstrated that whole-brain glucose metabolism is decreased
by general anaesthetic drugs (including propofol, by up to 55%),
reflecting the reduced synaptic activity across the brain in the
anaesthetic state. However, in contrast to isoflurane and halothane,
propofol caused a greater suppression of glucose metabolism in the
temporal and occipital cortices than inhalation agents and more
regional changes in reduction of CMR for glucose. These changes
were more pronounced in the cortex (58%) than in subcortical
regions (48%). Propofol caused significantly less metabolic suppression in the basal ganglia and midbrain regions (Alkire et al.
1995). In another PET study, Fiset et al. (1999) showed a reduction
in regional CBF (rCBF) with graded propofol anaesthesia in the
medial thalamus, posterior cingulate, basal forebrain, and in the
occipitoparietal association cortices, areas commonly implicated
in arousal mechanisms and information processing. Strong correlations were also found between the level of consciousness and
the reduction in thalamic, basal forebrain, and occipitoparietal

CBF. Thalamic and midbrain blood flow changes were also found
to be closely correlated, indicating that propofol preferentially
affects brain activity in areas that are known to be linked to the
control of consciousness and associative functions. Deactivation
in this region with the onset of surgical anaesthesia with thiopental has also been demonstrated in a PET study (Kaisti et al. 2002).
In a recent PET study, Xie et al. (2011) demonstrated that physostigmine reversed the attenuation of activity in the thalamus
and precuneus, indicating a link between unconsciousness and
reduced cholinergic activity. These and similar studies based on
fMRI, lend weight to the role of the thalamus and parietal cortex
in the instantiation of consciousness (see Fig. 6.2). In particular,
the critical role of the thalamus and its projections to the cortex
in the maintenance of consciousness has been emphasized in animal (intrathalamic nuclear injection of nicotine), electrophysiological (hyperpolarization of thalamic network neurones), and
fMRI studies, lending weight to the ‘thalamic switch’ hypothesis of
anaesthetic-induced unconsciousness (Nicoll and Madison 1982;
Berg-Johnsen and Langmoen 1987; Antognini et al. 1997; Alkire
et al. 2000, 2007; Stamatakis et al. 2010).
As previously discussed, the ‘integrated information theory of
consciousness’ proposed by Tononi (2004) describes conscious
experience as being dependent on the rapid and effective integration of the activity of distributed neuronal networks in the
thalamocortical system. For this reason, observation of regionally specific effects of anaesthetic drugs is insufficient to fully
characterize the effects of anaesthetic agents on consciousness.
The regional changes probably play a more limited role serving as
hubs of altered connectivity (potential sites of integration) in this
model. The focus has therefore shifted to the effect of anaesthesia
on functional integration across neural systems. Studies in anaesthetised patients have demonstrated disruption of long-range
synchronization and cortical integration by effects on structures
that facilitate long-range corticocortical interactions, such as the
posterior cortical connectional hub and thalamic nuclei (Alkire
et al. 2008b). Specifically, anaesthesia has been shown to suppress
cortical activity before suppression of thalamic activity, indicating that failure of top-down corticothalamic projections may
be responsible for loss of consciousness with anaesthesia (Velly
et al. 2007). Suppression of long-range fronto-occipital γ coherence has also been shown to occur with anaesthesia in animals
(Imas et al. 2006). Such disruptions may result in the repertoire
of responses shrinking to a stereotypic burst-suppression pattern,
with a corresponding loss of information during deep anaesthesia. The finding that connectivity within the components of the
DMN is altered with increasing sedation and anaesthesia has been
established with a diverse range of sedative and anaesthetic drugs
[e.g. propofol (Boveroux et al. 2010), midazolam (Greicius et al.
2008), and sevoflurane (Martuzzi et al. 2010)]. More recently, we
have shown that propofol sedation is associated with changes in
the connectivity of the DMN to the thalamus, brainstem, and
other functional networks in the brain (see Fig. 6.3) (Stamatakis
et al. 2010). Using high-density EEG, Ferrarelli et al. (2010) demonstrated that the pattern of electrical transmission produced by
transcranial magnetic stimulation across the cortex was disrupted
by sedation with midazolam, although local activity in the stimulated area was preserved. EEG studies under anaesthesia provide
additional evidence for the role of feedback connectivity in maintaining consciousness-anaesthetic induced loss of consciousness
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SEVOFLURANE rCBF

HALOTHANE AND ISOFLURANE
rCMRglu conjunction

PROPOFOL rCBF

LORAZEPAM rCMRglu

MIDAZOLAM rCBF

PROPOFOL rCBF correlation

CLONIDINE rCBF

DEXMEDETOMIDINE rCBF

Figure 6.2 The regional effects of anaesthetics on brain function are shown in humans who were given various anaesthetic agents at doses that caused, or nearly caused,
a loss of consciousness. The data are from seven different groups of investigators and encompass the study of eight different agents. The regional effects were measured
using either blood flow-or glucose metabolism-based techniques. All images show regional decreases in activity caused by anaesthesia compared with the awake state,
except the propofol correlation image, which shows where increasing anaesthetic dose correlates with decreasing blood flow. The figure identifies that the regional
suppressive effects of anaesthetics on the thalamus is a common finding that is also associated with anaesthetic-induced unconsciousness. rCBF, regional cerebral blood
flow; rCMRglu, regional cerebral glucose metabolic rate.
Reprinted from Progress in Brain Research, Volume 150, Michael T. Alkire, Jason Miller, ‘General anesthesia and the neural correlates of consciousness’, Pages No 229–244 Copyright (2005), with
permission from Elsevier.

is associated with an imbalance between feedforward and feedback
signalling, and a decrease in frontoparietal feedback connectivity
(Imas et al. 2005; Lee et al. 2009; Ku et al. 2011), similar to the
findings from earlier studies of sleep (Massimini et al. 2005) and
brain injury (Boly et al. 2011). These and other studies using differing methodology have focused on the role of anaesthesia on
temporary disruption of long-range functional interactions. Such
disruption may not be restricted to periods of restful inactivity,
but indeed may be responsible for the behavioural impairment in
cognitive processing that is typical in mild to moderate sedation.
In conclusion, it is unlikely that a unified framework exists that
encompasses all the major theories and proposed neural correlates of consciousness. Existing data suggest that the content of
consciousness is generated by information received from specific
brain regions. Consciousness involves widespread brain activity,
with a process of cortical integration of information (mediated by
posterior corticothalamic projections), input selection mediated by

the thalamus, and arousal mediated by brainstem reticulothalamic
pathways. This set of processes is then perturbed by anaesthesia or
disorders of consciousness at the brainstem, thalamic and cortical
levels to mediate unconsciousness.

Sleep
Sleep is essential for survival in human beings. There are considerable variations in the sleep requirements and habits of different
species, and so the neurobiological purpose of sleep remains the
subject of considerable, interesting speculation and debate. As a
naturally occurring state of unconsciousness, it is also of fundamental interest to the anaesthetist because understanding the processes
behind sleep may lead to a better appreciation of the mechanisms
of anaesthesia.
Sleep in humans can be divided into two distinct physiological
states: rapid eye movement (REM) and non-REM (NREM) sleep.
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Figure 6.3 Significant changes in resting state network connectivity with increasing sedation (shown superimposed on a standard T1-weighted structural magnetic
resonance image). When healthy volunteers were sedated with target-controlled infusion of propofol to a maximum Cp of 1.2 μg ml−1, alterations in connectivity
within the default mode network (DMN) and between the DMN and other brain regions followed two different patterns. The anterior cingulate cortex (ACC)
demonstrated no connectivity with the posterior cingulate cortex (PCC) at baseline, but sedation resulted in increases in positive correlation in activity in the two
regions. However, for the precentral gyrus and pontine tegmentum, an initial significant negative correlation with the PCC in the awake state was transformed into a
positive correlation in sedated subjects. * in the plots denotes connectivity that survived a random field cluster threshold of P≤0.05 corrected for the entire brain (at
voxel P≤0.001 uncorrected). Error bars show standard error. Talairach and Tournoux x coordinates shown underneath the T1-weighted brain slices. The colour bar
indicates strength of connectivity (t score).
Reproduced with permission from Stamatakis, E. A., et al. Changes in resting neural connectivity during propofol sedation. PLoS One, 5, e14224. Copyright © 2010 Stamatakis et al. This is an
open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided that the
original author and source are cited.

NREM sleep can be further subdivided into four stages with deepening sleep. In general, humans spend about 80% of the time in
NREM sleep and 20% in REM sleep, cycling between the two types
approximately every 90–100 min, for a total of four to six cycles.
The proportion of normal sleep spent in the two states depends on
the time of day, with a greater period of time spent in REM sleep
during early morning. REM sleep is associated with periodic rapid
eye movements; an increase in respiratory rate, blood pressure,
and heart rate; vivid dreaming; and skeletal muscular hypotonia
(which probably prevents enactment of some of the violent and
aggressive content of these dreams); in contrast, NREM sleep is
characterized by decreases in respiratory rate, blood pressure, and
heart rate.

EEG changes during sleep
The two stages of sleep have characteristic EEG patterns that are
used to identify the stage of sleep. NREM sleep is characterized by
high-amplitude, low-frequency EEG patterns such as slow waves
and K-complexes. Such synchronized activity is absent during
REM sleep, which presents with faster and lower voltage activity
(θ and β waveforms), saw-tooth waveforms, and saccadic rapid eye
movements. In addition, EEG recordings during REM sleep show
few movement-induced artifacts highlighting the muscle atonia
typical of REM sleep.
Progression through the stages of NREM sleep is associated with
distinctive EEG patterns. Stage 1 NREM sleep is associated with

relatively easy arousal and θ waves, and stage 2 with greater proportion of θ waves and the onset of sleep spindles (brief bursts of
rapid brain activity) and K waves (characterized by an increase in
amplitude). Deeper stages of NREM sleep (also called slow wave
sleep) have an increasing proportion of δ waves and are associated
with a state of difficulty in arousal, unresponsiveness to external
stimuli, and confusion.

Sleep and anaesthesia
The process of induction of anaesthesia is often referred to as
‘going to sleep’. This is because sleep shares many physiological
similarities with anaesthesia, the most obvious being unconsciousness, lack of sensory awareness, and lack of behavioural output. It
has therefore been assumed for a long time that the mechanisms
and sites of action underlying both are similar. There are, however,
obvious differences between the two: the spontaneous reversibility, reversal by external sensory input, and cyclical stages of sleep
as identified by distinct EEG patterns are clearly absent under
anaesthesia. Further, natural sleep is not merely a passive loss of
wakefulness; it is a tightly controlled homeostatic process actively
generated by the central nervous system. As a model of anaesthesia, however, physiological sleep is incomplete because of preservation of protective arousal. Failure of arousal upon intense sensory
input during anaesthesia limits the parallels that can be drawn
between the two conditions. A complete review of the molecular
and neural mechanisms of natural sleep is beyond the scope of this
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chapter; however, a summary of the mechanistic similarities and
differences underlying sleep and anaesthesia is presented in the
following section.

basal forebrain. The preoptic region is composed of several nuclei
rich in sleep-active neurones, including the ventrolateral preoptic
nucleus (VLPO) of the anterior hypothalamus, medial preoptic
nucleus, median preoptic nucleus, and the lateral preoptic zone.
Electrical stimulation of these areas in animals is associated with
the onset (behavioural and EEG evidence) of a sleep-like state
(Sterman and Clemente 1962), and the number of sleep-active neurones in these regions correlates with the amount of sleep (Sherin
et al. 1998; Lu et al. 2000). All these regions are active during sleep
and inhibit the arousal regions of the brain.

Mechanisms of sleep
Sleep pathways (neural/nuclear level)
The initiation, maintenance, and reversal of sleep are the result of a
complex interaction of several ‘sleep-promoting’ and ‘arousal’ areas
in the brain (see Fig. 6.4). The sleep-promoting (hypnogenic) nuclei
are predominantly located in the preoptic hypothalamus and the
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Figure 6.4 A summary diagram of the sleep pathways and the interaction between critical nuclei involved in the initiation, maintenance, and termination of natural
sleep in humans. (a) The key nuclei of the ascending arousal system and their predominant neurotransmitter systems. These nuclei in the brainstem and posterior
hypothalamus project to many forebrain targets. The blue circle indicates neurones of the LDT and PPT; green circles indicate aminergic nuclei; and the red circle
indicates the VLPO. (b) The VLPO projects inhibitory neurones to the ascending arousal centres. Within the major cholinergic groups, axons from the VLPO mainly
innervate interneurones, rather than the principal cholinergic cells. (c) The flip-flop model for reciprocal interactions between sleep-and wake-promoting brain regions.
This model predicates that the individual is predisposed to wakefulness or sleep but does not fluctuate between states of arousal. Inhibitory pathways are shown in
red, and the excitatory pathways in green. The blue circle indicates neurones of the LDT and PPT; green boxes indicate aminergic nuclei; and the red box indicates the
VLPO. Orexinergic neurones have a critical role in this model in stabilizing the arousal state. (d) Contribution of orexin neurones in the lateral hypothalamic area to the
promotion and stability of wakefulness. Orexin neurones reinforce arousal centres, but do not inhibit VLPO neurones. This asymmetric relationship helps stabilize the
flip-flop switch. Inactivity of orexinergic neurones during sleep also prevents unwanted switching of the wake–sleep state to wakefulness. Ach, acetylcholine; Gal, galanin;
HIST, histamine; LC, locus coeruleus; LDT, laterodorsal tegmental nuclei; NA, noradrenaline (noradrenaline); ORX, orexin; PPT, pedunculopontine tegmental nuclei;
TMN, tuberomammillary nucleus; VLPO, ventrolateral preoptic nucleus.
Reprinted from Trends in Neurosciences, Vol 24, Issue 12, Clifford B Saper, Thomas C Chou, Thomas E Scammell, ‘The sleep switch: hypothalamic control of sleep and wakefulness’, Pages 726–731.
Copyright (2001), with permission from Elsevier.
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The arousal or wakefulness promoting regions are distributed
across the brain and include parts of the posterior hypothalamus
[tuberomammillary nucleus (TMN)], locus coeruleus (LC), lateral
hypothalamic area (LHA), dorsal raphe, and pedunculopontine
tegmental nucleus. Neurones in the LC, dorsal raphé nucleus, and
TMN fire at relatively characteristic rates depending on the level
of wakefulness, firing most rapidly during wakefulness and slowing down during NREM sleep. The arousal nuclei in turn, project
inhibitory neurones to the sleep-promoting regions of the preoptic
hypothalamus (mainly originating from the LC, TMN, and dorsal raphe) and the thalamus (mainly from the pedunculopontine
and laterodorsal tegmental nuclei). For example, in wakefulness,
LC nuclei send inhibitory projections to the VLPO region, reducing the activity in VLPO. VLPO neurones, in turn, innervate the
ipsilateral TMN and inhibit their output. Therefore, VLPO inhibition results in increased TMN activity thus promoting wakefulness (Yang and Hatton 1997; Szymusiak et al. 1998). This ‘flip-flop
switch’ hypothesis allows for rapid state transitions between wakefulness and sleep and creates a feedback loop that is bistable, with
the two groups of nuclei strongly inhibiting the other (Saper et al.
2001). One proposed mechanism of NREM sleep follows from
this hypothesis and results from inhibition of LC nuclei resulting
in decreased TMN activity (Nelson et al. 2002). This switch is stabilized by lateral hypothalamic neurones during both wakefulness
and sleep, and damage to this set of neurones can result in narcolepsy (Chemelli et al. 1999; Thannickal et al. 2000).
Wakefulness in healthy humans is characterized by cognitive
activity resulting from widespread cortical activation, and this
cortical activation decreases during natural sleep. This process
results from a shift in corticothalamic neurones from their tonic
firing states towards their intrinsically hyperpolarized and bursting
states. This, in turn, leads to synchronized thalamic and thalamocortical oscillations, presenting as slow δ waves and sleep spindles
(Achermann and Borbely 1997). These alterations in the firing
mode of thalamic neurones are associated with a reduction in
responsiveness to external stimuli. Falling asleep therefore results
in a functional disconnection in the ascending reticular system
between the brainstem nuclei and the thalamus and cortex.
An alternative mutual inhibition model, the ‘REM flip-flop
switch’, has been proposed to understand the neural mechanisms
underlying REM sleep, consisting of mutually inhibitory REM-off
and REM-on areas in the mesopontine tegmentum (Lu et al. 2006).
The REM-on neurones in the pedunculopontine tegmental nucleus
(PPT) and the lateral dorsal tegmental (LDT) neurones trigger cortical desynchronization via the thalamus. The REM-off neurones in
the locus coeruleus and raphe neurones inhibit the REM-on cells
and stop REM sleep. These REM-off neurones become inactive
during REM sleep. REM sleep may therefore be initiated either by
direct excitation of REM-on neurones or by inhibition of REM-off
neurones.

Neurotransmitter systems involved in sleep generation
The bulk of the evidence behind the molecular mechanisms of
natural sleep is based on histological and animal studies. Given
that γ-aminobutyric acid (GABA) is the most ubiquitous inhibitory neurotransmitter, it is perhaps unsurprising that evidence suggests that it plays a key role in the control of the sleep-wake and
the REM–NREM cycle (Jones 1991; Datta 1997; Nitz and Siegel
1997a, 1997b; Xi et al. 1999; Manfridi et al. 2001). The cycling

between the two stages is also thought to be generated, in part, by
the interaction between cholinergic and monoaminergic neurones
(Shiromani et al. 1999).
In general, REM sleep is associated with relatively high levels
of activity in cholinergic and glutamatergic neurones, whereas
NREM sleep is predominantly a GABAergic state (Luppi et al. 2007
Fuller et al. 2007; Goutagny et al. 2008). It has long been recognized that cholinergic mechanisms are essential to the generation
of REM sleep and its physiological signs. This is based on extensive
evidence from animal studies indicating that administering acetylcholine or cholinergic agonists into the pontine reticular formation
of intact, unanaesthetized animals causes a REM sleep-like state
(Baghdoyan, Monaco, et al. 1984; Baghdoyan, Rodrigo-Angulo,
et al. 1984; Baghdoyan et al. 1987; Callaway et al. 1987; Lydic et al.
1991; Leonard and Lydic 1997). REM-off neurones on the other
hand, use noradrenalinergic, serotoninergic, and histaminergic
pathways to inhibit the REM-on cholinergic cells and cause cessation of REM sleep (Hobson et al. 1998).
Distinct neurotransmitter systems are involved in NREM sleep.
VLPO neurones are predominantly GABAergic and galaninergic,
and are under tonic inhibition from noradrenergic neurones in the
LC of the pons. The TMN is rich in histaminergic neurones, and
these neurones are inhibited by the release of GABA and galanin by
VLPO neurones. Arousal centres such as the basal forebrain (cholinergic neurones), the dorsal raphe nucleus (serotoninergic), and
the LC (noradrenergic) hyperpolarize VLPO neurones, inhibiting
their output and promoting wakefulness. With deepening NREM
sleep, GABAergic neurones of the thalamic reticular nucleus
hyperpolarize and dysfacilitate thalamic relay neurones, resulting
in the characteristic EEG patterns seen in slow wave sleep (Steriade
1993a, 1993b). A decrease in ascending thalamic cholinergic transmissions occurs in association with decreasing cortical responsiveness (Steriade 1970).
Many additional neurotransmitters may be involved in the
cycling between sleep and wakefulness, and between REM and
NREM sleep. These include glutamatergic, glycinergic, nitroxergic,
and other biogenic peptide systems. Orexinergic (hypocretin) neurones are one such system that is very active in wakefulness and
while exploring the external environment. These neurones have
ascending pathways to the cerebral cortex, and descending pathways to midbrain arousal centres. Although orexin neurones and
VLPO have mutual projections, VLPO neurones do not have orexin
receptors. Therefore, orexin neurones reinforce arousal centres, but
do not inhibit VLPO neurones. This asymmetric relationship helps
stabilize the flip-flop switch described earlier (Saper et al. 2001).
These orexinergic neurones are silent during sleep, thus preventing
unwanted switching of the wake–sleep state to wakefulness.

Neurotransmitter systems involved in arousal from sleep
Evidence from numerous animal studies reveals that arousal from
natural sleep is mediated by several neurochemical modulators,
including acetylcholine, monoamines, and orexin (Marrosu et al.
1995; Boutrel et al. 1999; Feenstra et al. 2000; Maloney et al. 2002;
Berridge and Waterhouse 2003; Xi et al. 2003). Cortical acetylcholine levels are considered essential to maintaining cognitive
function and acetylcholine release in the cortex is greater during
wakefulness compared with NREM sleep (Celesia and Jasper 1966;
Jasper and Tessier 1971). Similarly, cholinergic networks in the
pontine and basal forebrain regions are also active during states
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of arousal and demonstrate reduced activity during NREM sleep
facilitating the generation of sleep spindle waves in the thalamus
(Steriade 1996; Steriade and Timofeev 2003). Knock-out and lesion
studies in animals demonstrate a decrease in arousal with a reduction in noradrenergic and histaminergic output in the hypothalamus and brainstem. This fits well with the notion that noradrenergic
and histaminergic neurones from the LC are critical to promoting
wakefulness (Lin 2000; Parmentier et al. 2002; Ouyang et al. 2004).
Arousal may not be a direct result of stimulation of arousal centres;
for example, serotonergic and dopaminergic neurones enhance
arousal secondary to promoting motor activity and sensory processing (Veasey et al. 1995; Jacobs and Fornal, 1999; Wisor et al.
2001). Similarly, orexinergic neurones in the hypothalamus and LC
cause wakefulness both by direct activation of the arousal nuclei
and by enhancing cholinergic output (Bourgin et al. 2000; Thakkar
et al. 2001; Bernard et al. 2003).

Network level activity during sleep and arousal
The rapid development of the field of functional neuroimaging over
the past few decades has resulted in several research groups testing findings from animal studies in healthy human volunteers in a
non-invasive and safe manner. PET studies detect changes in global
and rCBF and rely on the assumption that the observed changes are
secondary to alterations in underlying neuronal activity. In human
volunteers they have demonstrated global and regional decreases
in CBF during sleep (Fig. 6.5) (Braun et al. 1997; Maquet et al.
1997). More importantly, the transition from wakefulness to slow
wave sleep was associated with deactivations in the upper brainstem, thalamus, and basal forebrain, which is consistent with earlier
animal studies describing brain systems mediating arousal (Braun
et al. 1997). Further, such studies have also identified deactivation
of brain regions considered essential for maintaining consciousness
(see ‘Neural correlates of consciousness’) including the PCC and
the precuneus during deep sleep (Maquet et al. 1997; Andersson
et al. 1998). REM sleep, in contrast, is associated with significant

activation in the pontine tegmentum and the thalamus, and parts
of the limbic cortex including the amygdala, hippocampus, orbitofrontal cortex, and anterior cingulate cortex (Maquet et al. 1996;
Braun et al. 1997; Nofzinger et al. 1997). These findings have also
been replicated with the relatively newer methodology of fMRI.
Higher-order association areas in the cerebral cortex have been
found to be more significantly affected during deep slow wave sleep
than primary sensory cortices (Franks 2008). External sensory
stimuli can therefore be processed via the primary cortex during
deep sleep; however the functional dissociation between primary
and higher-order cortex with deep sleep does not permit higher
level sensory processing in polymodal association areas thereby
preventing arousal and conscious awareness of these stimuli.
The strength of these newer methodologies however lies in the
analysis of changes in interaction between brain regions during the
transitive states, and the effect of arousal stimuli on such interactions. Advanced techniques of fMRI analyses based on graph theoretical approaches in healthy human volunteers have revealed that
the transition from wakefulness to light sleep is initially associated
with decreased thalamocortical connectivity and increased corticocortical connectivity. The progression to slow wave sleep is then
related to a breakdown in corticocortical connectivity (Spoormaker
et al. 2010). Similarly, significant changes have been demonstrated
in brain networks active during rest (a typical example being
the default mode network, DMN, described previously in the
‘Corticocortical networks’ section) during NREM sleep (Samann
et al. 2011). In addition to a breakdown of corticocortical functional connectivity, deepening sleep revealed a decreasing contribution of the PCC, parahippocampal gyrus, and medial prefrontal
cortex to the DMN. These alterations provide further evidence for a
critical role of the PCC and resting networks similar to the DMN in
the regulation of consciousness (Vogt and Laureys 2005). A recent
fMRI study in healthy volunteers revealed a reorganization of such
large-scale resting networks into smaller independent modules
during NREM sleep (Boly et al. 2012). Such modifications in brain

–4.5

NREM
sleep
A

B

C

D

–1.0
3.5

NREM to
REM sleep
1.0
A

B

C

D
3.5

REM sleep to
wakefulness
1.0
A

B

C

D

Figure 6.5 Coronal brain sections showing regional decreases in cerebral blood flow (CBF) during non-rapid eye movement (NREM) sleep when compared with
wakefulness (top), increases in CBF during rapid eye movement (REM) sleep when compared with NREM sleep (middle), and increases in CBF during post sleep
wakefulness when compared with REM sleep (bottom). Arrows and arrowheads point to regions with significant changes in regional CBF.
A R Braun, T J Balkin, N J Wesenten, R E Carson, M Varga, P Baldwin, S Selbie, G Belenky, P Herscovitch, Regional cerebral blood flow throughout the sleep-wake cycle. An H2(15)O PET study, Brain,
1997, volume 120, issue number 7, by permission of Oxford University Press and The Guarantors of Brain.
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connectivity could be related to the slow wave patterns seen in the
EEG, and could impair the integration of information required to
maintain consciousness.
The dynamics of these inter-regional interactions have been
recently examined using combined methodologies. Combining
transcranial magnetic stimulation (TMS) and EEG in healthy
humans confirms that loss of consciousness during slow wave sleep
is associated with a breakdown in effective connectivity between
different cortical regions (Massimini et al. 2010). Similarly, the
increase in corticocortical connectivity in light sleep has been
investigated using combined EEG/fMRI (Horovitz et al. 2008). In
one study, activity in the PCC and medial prefrontal cortex was
found to correlate with hypothalamic activity during NREM sleep
(Kaufmann et al. 2006). This increased connectivity could reflect the
decrease in ascending arousal system activity, which sends projections from the brainstem and posterior hypothalamus throughout
the forebrain. Such studies provide further evidence for the critical
role of the hypothalamus in regulating the networks involved in the
initiation and maintenance of sleep.

Comparison with anaesthesia
As is obvious from the earlier discussion, there is no single mechanism primarily responsible for the onset of sleep or wakefulness.
This applies equally to anaesthesia, where it has proved impossible
to attribute one common mechanism of inducing unconsciousness to a pharmacologically diverse group of drugs. Although the
distinct EEG patterns of the stages of sleep are not seen during
anaesthesia, the progression from wakefulness to anaesthesia is
marked by high-frequency oscillations giving way to a lower frequency, higher-amplitude EEG pattern not unlike that seen during
NREM sleep. Spindles and δ waves are also characteristic of deep
anaesthesia and provide a link to the thalamus as the neural correlate of unconsciousness. Further evidence to support the idea that
sleep-related neural pathways are involved in anaesthesia-induced
loss of consciousness comes from animal studies where anaesthesia
can be induced or reversed by the injection of anaesthetic drugs or
their antagonists into arousal nuclei. For instance, studies in rats
have shown that injection of nicotine into the thalamus (Alkire
et al. 2007) or histamine into the TMN and basal forebrain (Luo
and Leung 2009) reverse anaesthesia with sevoflurane and isoflurane respectively. Animal studies also indicate that the TMN is a
key target for general anaesthetic drugs that act via GABAA receptors. Intracerebroventricular injection of propofol and injection of
pentobarbital into the hypothalamic nuclei in rats results in the initiation of hypnosis (Mendelson 1996; Tung et al. 2001; Nelson et al.
2002). This results, in part, from the GABAA-mediated inhibition of
histamine release from the TMN. Microinjection of pentobarbital
into the brainstem reticular nuclei also causes loss of consciousness
in rats (Devor and Zalkind 2001; Sukhotinsky et al. 2007). Studying
genetic expression and lesion effects in rats have demonstrated that
the α2-agonist dexmedetomidine exerts its sedative action by inhibition of the arousal nuclei LC and TMN, and an increase in GABA
at the VLPO (Nelson et al. 2003). Anaesthesia is associated with
modulation in cholinergic transmission in the thalamocortical and
ascending brainstem pathways (Lydic and Biebuyck 1994; Durieux
1996; Perry et al. 1999), and studies in rats and human volunteers
have shown that administration of cholinergic agonists (physostigmine) can cause arousal from anaesthesia (Fassoulaki et al.
1997; Meuret et al. 2000; Hudetz et al. 2003). Finally, arousal from

anaesthesia is enhanced by orexin (Kushikata et al. 2003; Yasuda
et al. 2003), and orexin antagonists cause prolonged emergence
from anaesthesia (Kelz et al. 2008). There are notable exceptions
to this common neurobiology: not all anaesthetics cause unconsciousness when injected into ‘sleep’ nuclei, and anaesthesia is not
reversed by injection of antagonists into these nuclei (Flood et al.
2002). The cellular effects of GABAA agonists are also distinct to the
effects of physiological GABA release (as seen during sleep) on the
GABAA receptor (Bjornstrom and Eintrei 2003).
Findings from functional imaging studies show a remarkable
resemblance in the deactivation patterns seen in anaesthesia and
sleep (Fig. 6.6). The global reduction in neuronal activity is superimposed by regional reductions in CBF and neuronal activity in the
thalamus, brainstem, precuneus, PCC, and the prefrontal cortex
(Maquet et al. 1997). Primary sensory cortical activity is preserved
at levels of anaesthesia that impair higher (association) cortical
activity (Heinke, Kenntner, et al. 2004; Plourde et al. 2006)—this is
analogous to NREM sleep (Braun et al. 1997). Similar to anaesthesia, resting networks such as the DMN show alterations with slow
wave sleep (Horovitz et al. 2009; Samann et al. 2011). A combined
TMS/EEG study in human volunteers sedated with midazolam
confirmed the similarity in breakdown of corticocortical connectivity that occurs with loss of consciousness in both conditions
(Ferrarelli et al. 2010; Massimini et al. 2010). The emerging opinion
is that both sleep and anaesthesia cause a breakdown in integration
of information such that it is no longer accessible to the conscious
self. Such studies lend credence to the notion that sleep and anaesthesia share common neurotransmitter systems and probably act
via similar neuronal pathways.

Interaction between sleep and anaesthesia
It is well recognized that prolonged sleep deprivation results in
a predisposition to sleep (with alterations in sleep architecture,
such as compensatory, rebound increased REM sleep), and natural sleep can reverse the behavioural and cognitive effects of sleep
deprivation. Indeed, it has been argued that this is probably one
of the fundamental functions of natural sleep (Karni et al. 1994;
Maquet et al. 2000; Born et al. 2006). As both anaesthesia and sleep
share mechanistic similarities, it is therefore possible that one could
influence the other. Studies into postoperative sleep patterns have
found, for example, that anaesthesia could increase the proportion
of time spent in early NREM sleep compared with deep NREM
sleep (Moote and Knill 1988). Besides, the pattern of REM sleep is
also altered, with initial REM suppression followed by a rebound of
REM sleep (Knill et al. 1990; Gogenur et al. 2008). Studies in animals have revealed that sleep deprivation before the onset of anaesthesia can potentiate the hypnotic effect of anaesthetics (Tung et al.
2002). Adenosine is a sleep-promoting endogenous molecule that
has been implicated in this process. An increase in adenosine levels
in the brain occurs during sleep deprivation and levels are highest
before onset of sleep (Porkka-Heiskanen et al. 1997). Exogenous
adenosine can potentiate hypnosis induced by i.v. anaesthetics and
reduce the minimum alveolar concentration (MAC) for isoflurane (Segerdahl et al. 1996; Kaputlu et al. 1998). Administration
of adenosine antagonists can partially reverse this effect in rats.
Anaesthesia also allows recovery from sleep deprivation in animals,
although the mechanisms are not clearly understood (Tung et al.
2004; Nelson et al. 2010). For example, propofol induces the hallmark features of recovery from natural sleep deprivation (increases

93

Chapter 6

(A)

central nervous system physiology in anaesthetic practice
(B)

Awake

Awake

Stage 1
sleep

Light
sedation

Stage 2
sleep

Moderate
sedation

Slow wave
sleep

Figure 6.6 Spatial configuration of the default mode network (DMN) in sleep and sedation. (a) Group statistical maps as obtained from 5 min epochs of wakefulness,
stage 1 sleep, stage 2 sleep and slow wave sleep. (b) illustrates the effect of mild and moderate sedation with propofol on the DMN.
(a) Adapted from Philipp G. Sämann, Renate Wehrle, David Hoehn, Victor I. Spoormaker, Henning Peters, Carolin Tully, Florian Holsboer, Michael Czisch, Development of the Brain's Default Mode
Network from Wakefulness to Slow Wave Sleep, Cerebral Cortex, 2011, 21, pp. 2082–2093, by permission of Oxford University Press; and from Stamatakis, E. et al. Changes in resting neural activity
during propofol sedation. PLoS One, December 2, 2010, DOI: 10.1371/journal.pone.0014224, Copyright © 2010 Stamatakis et al. This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided that the original author and source are cited.

in duration of NREM and REM) (Tung et al. 2004). Such evidence
is lacking in humans. In fact, opioid administration during surgery
is associated with postoperative sleep impairment (Steinmetz et al.
2007). Further research is still needed to appreciate the relationship between anaesthesia and sleep homeostasis. Such studies may
contribute to the understanding of neurobiology of sleep, but more
importantly, may provide strategies to manage sleep disturbances
and restore normal sleep patterns in the postoperative period and
the intensive care unit.
The previous section highlights the complementarity that exists
between sleep and anaesthesia, and the mechanistic significance of
sleep neurobiology for anaesthesia. Although there are clear physiological differences between the two, emerging evidence in the
past decade from seminal studies utilizing animal models, genetic
expression and functional neuroimaging indicating that the final
state of anaesthetic-induced unconsciousness and deep sleep are
remarkably similar should lead to greater insights into the fundamental mechanisms underlying consciousness.

Memory
Introduction to memory
Understanding the mechanisms of memory is important to the
anaesthetist for obvious reasons: the identification of critical steps
in the development of a memory process may allow the development of strategies to prevent intraoperative awareness; in addition
this may shed light on the origin of postoperative memory deficits.
Failure of amnesia during anaesthesia can result in the devastating

situation where the patient either spontaneously recollects events
under anaesthesia or presents subsequently with psychological
consequences resulting from the episode of awareness. However,
there is also a proportion of patients who do not present in this
manner—in fact, the only manner in which awareness can be
demonstrated in this subset is through complex tests of memory
function. This demonstrates not just the spectrum of awareness
under anaesthesia, but also reveals the different types of memory
that exist. It is obvious that when we are awake, memory of events
depends on the time since the event occurred. We hold events in
memory for a short period during the processing of cognitive stimuli (working memory), and unless these events are continuously
accessed, they are either lost (forgetting) or encoded to long-term
memory (consolidation). But memory can also vary in the richness
of detail remembered. Memory can be declarative or explicit, when
it refers to information about specific facts (semantic memory) or
past events that involved the self and occurred at a particular time
and place (episodic memory). Such memory can be further classified into recollection memory (when there is conscious recollection
of the entire experience) and familiarity (mental awareness that an
event has been experienced in the past, but the memory lacks the
unique details or mental reinstatement of the event that accompanies recollection). On the other hand, memory can also be non-
declarative or ‘implicit’, where there is no conscious recollection
of the experience, but there is an effect of this prior experience or
event on behaviour. As a result of the absence of conscious awareness, implicit memory is usually tested by indirect measures, which
do not refer to the past experience. A common method of assessing
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Figure 6.7 Different types of memory, and the distinct brain regions involved in mediating them. Note that priming is correlated with reduced activation in the
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such memory is ‘priming’, which refers to a change in the speed,
bias, or accuracy of the processing of a stimulus, after prior experience with the same, or a related, stimulus (Fig. 6.7).
Irrespective of the nature of the memory, memory processes can
be conceptualized as involving three separate stages: encoding,
storage, and retrieval. Encoding refers to the initial processing of
information that potentially instantiates a memory trace, and is a
transient process that is converted during storage and consolidation into more permanent events. For example, encoding auditory
stimuli into memory is intertwined with other aspects of auditory
processing (Friederici 2002). Retrieval refers to newly evolved
processing that results from, and often requires access to, prior
encoding episodes. As human memory can involve many diverse
processes, it will therefore come as no surprise that the underlying neuroanatomical basis depends on the type of memory being
investigated.

Neuroanatomical basis of memory
Historically, memory literature has relied on lesion studies to identify the neural correlates of memory. Over the past two decades,
functional neuroimaging studies have contributed significantly to
this field, especially in dissociating explicit from implicit memory
and recollection from familiarity-based memory.
In brief, successful explicit retrieval of memory is associated with
activation in a broad network of areas including bilateral lateral
inferior parietal cortices, the precuneus, left dorsal middle frontal
gyrus, and left anterior prefrontal cortex. This network of regions
exhibit a larger transient haemodynamic response for old than new
items, and conversely, failure to recognize old items is associated

with a reduction in haemodynamic activity in these regions. Explicit
memory is also closely associated with the hippocampus—several
lesion studies have identified an explicit memory deficit in patients
with hippocampal damage in the presence of normal implicit memory (Warrington and Weiskrantz 1968; Warrington and Weiskrantz
1974; Cohen and Squire 1980; Graf et al. 1984; Schacter 1985;
Moscovitch et al. 2006). The hippocampus and adjacent medial
temporal cortex are traditionally considered essential for the formation, reorganization, and consolidation of memory. However,
hippocampal contribution decreases with time, and the cortex
plays a greater role in the maintenance of long-term memory. This
is evident with hippocampal damage when recent memories are
often affected more profoundly than remote memories.
A functional dissociation appears to exist in the medial temporal
and lateral parietal regions for recognition memory—recollection
is thought to be related with hippocampal activation (Yonelinas
et al. 2005), whereas familiarity-based memory is associated with
the parahippocampal and other medial temporal regions (Wan
et al. 1999). More inferior and lateral regions of the parietal cortex
(BA 39/40) are associated with recollection (Henson et al. 2005);
familiarity-based memory is correlated with activity in the more
medial and superior parietal cortex (Wheeler and Buckner 2004).
Repetition priming is associated with the left inferior frontal
gyrus and left temporal cortex; in contrast to recognition memory,
however, priming is correlated with reduced activation in these
areas (Wagner et al. 2000; Bergerbest et al. 2004). A reduction in
activity is thought to reflect more efficient and quicker processing
resulting in a reduced haemodynamic response. On the other hand,
perceptual priming tasks (related to the physical properties of the
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stimulus) are thought to be modality specific, and reveal reduced
activations in modality specific regions [e.g. for visual tasks, see
(Koutstaal et al. 2001) and (Bergerbest et al. 2004) for perceptual
auditory priming tasks].

Receptors involved in memory
Several neurotransmitter systems are considered critical in the
maintenance of different types of memory, and many of these systems are also sensitive targets for anaesthetic drugs. These neurotransmitters are ubiquitous in the hippocampus and parts of the
cortex identified in the studies described earlier. Extensive support for the interactions between these neurotransmitter systems
in the limbic network is provided by electrophysiological studies
in animals. Glutamatergic transmission [involving both kainate
receptors and N-methyl-D-aspartate (NMDA) receptors] plays
a key role in memory in both animals and humans (Barker et al.
2006, Riedel et al. 2003). Short-term memory formation depends
on kainate receptors, whereas long-term memory formation and
consolidation may rely on NMDA and metabotropic glutamate
receptors. Infusion of glutamate receptor antagonists into the hippocampus has been demonstrated to cause amnesia in animals,
and this effect was reversed by glutamate (Jerusalinsky et al. 1992;
Liu et al. 2009). Part of this glutamatergic effect may be mediated by influencing cholinergic pathways in the limbic system
(Madison et al. 1991). Nicotinic receptor activation (specifically
the α7 subunit) plays a facilitatory role in memory consolidation
(Boccia et al. 2010); pharmacological inhibition of these receptors
by scopolamine results in amnesia (Blake et al. 2012), and pathological impairment of cholinergic transmission in Alzheimer’s disease is at least partly responsible for the memory defects seen in
this condition (Nordberg 2001). Experimental evidence suggests
that scopolamine prevents both formation and consolidation of
memory (Warburton et al. 2003). Similar results have been seen
using lorazepam (Wan et al. 2004), thus implicating GABAergic
transmission in recognition memory. Both cholinergic and glutamatergic receptors may in turn be modulated by GABAergic and
noradrenergic transmission (Dalmaz et al. 1993). GABAB receptors may be involved in consolidation of memory and GABAA
modulates recognition memory; enhancing activity at these receptors inhibits memory processes, while injection of GABA antagonists into the limbic system causes retrograde memory facilitation
in rats (Izquierdo et al. 1992).

Electrophysiological correlates of memory
Electrophysiological studies based on ERPs rely on identifying
minute voltage changes induced within the brain in response to
a variety of cognitive processes. Changes in the waveform, amplitude, latency, and scalp distribution of the ERPs provide information about the spatiotemporal characteristics behind specific
memory processes. For example, successful encoding that is associated with successful subsequent remembering is associated with
large negative potential at around 400 ms latency in the left inferior
frontal region, an N400-like potential within the anterior parahippocampal cortex, and also elicits larger positive amplitudes over
midline parietal scalp (Friedman and Johnson 2000). Retrieval
from memory is also associated with characteristic changes in the
ERP: improved memory performance elicits an increase in the
amplitude of the P300 waveform. The nature of retrieved information can also be differentiated on the basis of ERP waveforms.

For example, recollection is associated with a positive potential at
around 800 ms latency, and familiarity-based memory is associated
with increased negativity over the later parts of the ERP (Curran
2000). ERPs associated with implicit memory and priming effects
are still unclear, although studies have reported changes at latencies
between 300 and 500 ms in the ERP (Paller and Kutas 1992).
A current popular theme in cognitive neuroscience research is
focused on how coordinated activity in regional and distant brain
regions (anatomical and functional neuronal networks) may result
in observable cognitive behaviour. Electrophysiological research
into the neural correlates of memory has also identified neuronal
networks important for various aspects of memory. Oscillations in
almost all frequency bands of the EEG have been linked in several
studies to various aspects of memory function. Of particular interest is the identification of θ oscillations (frequency range: 4–12 Hz)
localized to the hippocampus and surrounding limbic and subcortical structures. These oscillations are postulated to be integral in
the successful encoding of new information (Klimesch et al. 1996).
Several computational models have been put forward that suggest a
coupling of oscillatory networks in the θ and γ range as crucial for
memory formation (Lisman and Idiart 1995; Jensen 2001). Such
models propose differing roles for the θ and γ oscillations. Animal
and human studies have shown that successful encoding of memory is associated with complex patterns of local θ and α band activity (Klimesch 1999). In addition to the sustained local θ activity
over left frontal recordings, an increase in long-range coherence (γ
activity) has also been demonstrated between the left frontoposterior cortical regions (Summerfield and Mangels 2005).

Tests of memory function
Testing for explicit memory typically involves presenting subjects
with a list combining ‘old’ items (‘targets’, items presented in an
earlier session) with novel, ‘new’ items (‘distractor’) that did not
appear earlier in the experiment. Saying ‘yes’ to a target constitutes
a hit, while saying ‘yes’ to a distractor constitutes a false alarm.
Based on the proportions of these types of trials, statistical measures of recognition memory can be derived. Such measures can be
explored using the signal detection theory model (SDT) (see, e.g.
Banks 1970), which allows quantification of the ability to discern
between signal and noise, especially in situations of uncertainty.
The underlying model of SDT consists of two normal distributions, one representing a signal and another representing ‘noise’.
There are two main components to the decision-making process: stimulus strength and criterion. A stronger signal (definite
recognition memory) will shift the signal-plus-noise curve to the
right. The cut-off point between saying ‘yes’ or ‘no’ is termed the
‘criterion’. Different subjects pick different locations for the criterion along the response axis.
The most commonly used SDT measure of sensitivity is d′ (d
prime), which is the standardized difference between the means of
the signal and noise distributions, and is a measure of the subject’s
ability to discriminate between old and new items. A higher d′ indicates that the signal can be more readily detected.
As d′ also reflects sensitivity to the difference between the proportion of hits and proportion of false alarms, calculation of d′
requires knowledge of hit and false alarm rates.
The formula for d′ is as follows:
d ′ = z ( FA ) − z ( H )

(6.1)
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where FA and H are the false alarm and hit rates, respectively, that
correspond to right-tail probabilities on the normal distribution.
Thus, z(FA) and z(H) are the z scores that correspond to these
right-tail P-values represented by FA and H. Larger absolute values
of d′ mean that a person is more sensitive to the difference between
the signal present and signal absent distributions. d′ values near
zero indicate chance performance.
The processes underlying explicit recognition memory can
be further explored by asking participants to differentiate the
nature of their experience when they identify an ‘old’ item. By
means of the ‘remember/know’ procedure (Tulving 1985), it is
possible to differentiate between conceptual and perceptual processing streams, which are thought to underlie episodic memory
and procedural memory systems respectively (Mandler 1980).
Remembering is thought to reflect conscious recollection and
awareness of the experience when the item was first presented.
Knowing, on the other hand, occurs in the absence of any such
recollection of the actual experience, and is thought to reflect
familiarity in the absence of recollection. The assumption of
mutual exclusivity that such remember/know tests are based
on is a matter of debate, and several authors (Donaldson 1996;
Hirshman 1998; Inoue and Bellezza 1998) have proposed that
remember and know responses simply reflect different degrees
of memory strength and confidence in the retrieval process.
Addition of a ‘guess’ response allows subjects to confine their R–
K judgements to confidently recognized items, thus reducing the
influence of the strength of the memory trace in the decision.
Further, a ‘guess’ option reduces the false alarm rate of know
responses (Eldridge et al. 2002).
Implicit memory can be tested by assessing if a prior encoding
episode affects future performance on a task when there is no conscious retrieval of past information. There are various behavioural
indices of testing this; however, it is important that the procedure
for testing is not contaminated by explicit recall. Word stem completion test is one such measure of implicit memory where participants are asked to complete word stems with the first word that
comes to mind. As the instructions for such a task would be typically ill defined and non-rigid (as compared with a typical ‘yes–no’
explicit memory test), and participants are likely to use differing
(often explicit retrieval) strategies to complete word stems, the
reliability of this test is lower than that of recognition memory
measures (Buchner and Wippich 2000). On the other hand, tests
of conceptual priming (e.g. measuring response times to semantic
categorization of repeated stimuli) require participants to achieve
a specific goal at their upper performance limits. This avoids the
disadvantages of word stem completion tests as a reliable measure
of implicit memory.

Anaesthetic drugs and memory
The previous sections dealt with the neural correlates of memory
and testing for memory in awake humans. The anaesthetized state
is not comparable for various reasons. Anaesthetic drugs act on a
variety of receptor targets and brain regions. How this reconciles
with an apparent common final pathway of amnesia is still unclear.
Testing for memory under anaesthesia is often confounded by the
lack of control over depth of anaesthesia and surgical stimulation.
Another major problem with the previously described tests is that
they are not practical or feasible in routine clinical practice to detect
failure of amnesia under anaesthesia.

The effect of anaesthetic drugs on human memory is limited to
anterograde amnesia; several human studies have failed to demonstrate an effect on retrograde amnesia (Twersky et al. 1993;
Rich et al. 1999). Amnesia precedes the onset of anaesthesia after
the administration of anaesthetic drugs. Propofol and indeed,
several other anaesthetic drugs used in anaesthesia are potent
amnesics in dose ranges lower than those required to cause sedation or anaesthesia (Heinke and Schwarzbauer 2001; Veselis et al.
2002). Anaesthetic drugs profoundly affect explicit memory in
most instances, and failure of this amnesic component can result
in awareness, which is usually manifest after the operation in the
form of explicit recall of intraoperative events. However, implicit
memory under anaesthesia is a topic of continuing debate, with
some studies showing persistence of implicit memory under
anaesthesia (e.g. Iselin-Chaves et al. 2000; Lubke et al. 2000;
Deeprose and Andrade 2006), and several others demonstrating
failure of implicit memory with increasing anaesthesia (e.g. Lubke
et al. 2000; Kerssens et al. 2005). Part of this discrepancy can be
explained by the differing nature of investigations used to identify
implicit processing, although the differing mechanisms of action
of the anaesthetic drugs can also be partly to blame. One further
reason could be because of the fact that behavioural and neuroimaging studies in healthy volunteers lack the surgical stimulation
associated with clinical anaesthesia, thereby reducing the risk of
arousal associated with such stimulation (Andrade et al. 2001;
Deeprose et al. 2004). A review of studies exploring memory function under anaesthesia by Andrade and Deeprose revealed the varied methods used in these studies associated with a lack of control
over depth of anaesthesia and surgical stimulation (Andrade and
Deeprose 2007).
Beta oscillations in the EEG are prominent when sedative drug
administration is associated with amnesia (this effect is independent of the level of consciousness), and these oscillations are associated with decreased rCBF in the thalamus and prefrontal cortex
(Rudolph and Antkowiak 2004). Similarly, amnesia with a wide
range of anaesthetic drugs is characterized by reversible interruption of the θ rhythm (Perouansky et al. 2010). Nonetheless,
the effects of anaesthetic drugs on memory are both agent and
dose dependent, and region specific. At MAC-equivalent concentrations, nitrous oxide is a weaker amnesic compared with the
volatile agents. Alkire and Gorski assessed the relative amnesic
potency of different volatile anaesthetic agents (Alkire and Gorski
2004)—these findings are, however, dependent on several factors
including the type of experimental memory paradigm and the
age of the participant. Anaesthetic drugs affect a wide variety of
neurotransmitters, and amnesia is characterized by activation of
the α1 and α5 subunit of the GABAA receptor (Bonin and Orser
2008). Studies in rats suggest that blockade of GABAA receptors can reverse amnesia resulting from propofol infusion (Ren
et al. 2008). There is evidence that α5-subunit activation may also
be partly responsible for postoperative memory deficits (Zurek
et al. 2012). Modulation of NMDA receptor-mediated synaptic excitation may also contribute to ketamine-induced amnesia
(Grunwald et al. 1999).
Amnesia can be mediated either by a relatively non-specific
neuronal depression predominantly in the cortex (Veselis
et al. 2002), or by specific effects on the insula (Heinke and
Schwarzbauer 2001), amygdala (Alkire et al. 2008a), prefrontal
cortex and the hippocampus (Veselis et al. 2002). For example,
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low-dose sevoflurane has been shown to impair long-term memory by suppressing thalamic activity and altering the connectivity
between the amygdala and the hippocampus (Alkire et al. 2008a).
Midazolam in contrast, impairs long-term memory by attenuating
hippocampal activity and the basolateral amygdala (Dickinson-
Anson and McGaugh 1993). Veselis et al. (2004) have demonstrated that the amnesic doses of propofol are partly dependent
on impairment of frontal lobe functions. Paradoxically, very low
doses of sevoflurane can enhance aversive memory formation in
rats (Alkire et al. 2005).

Conclusion
There is a large amount of work currently being performed that
should improve our understanding of the mechanisms of action of
our anaesthetic agents. Gaining this improved knowledge will do
far more than satisfy our curiosity. It is possible that this knowledge
will lead to better, safer anaesthetic agents and practices, and also to
benefits for the broader (scientific) community.
Information about how and where our drugs work, might inform
the search for more specific agents, with broader therapeutic indices. At present, for example, the dangers of sedation are mostly
associated with the adverse effects of the available agents. An ideal
sedative, if ever found, might cause dose-dependent sedation, but
with a ceiling effect (so that there is a low risk of loss of consciousness), and no other adverse effects such as respiratory depression or
loss of airway reflexes. Likewise, a short-acting hypnotic resulting
in dose-dependent depth of anaesthesia, but without adverse cardiorespiratory effects would be desirable.
It remains unclear why some patients, despite seemingly adequate
anaesthetic and analgesic doses, suffer awareness. In the absence of
technical errors, such as disconnection of infusion lines, this must
be the result of pharmacokinetic and pharmacodynamic variability.
Why some patients display reduced pharmacodynamic susceptibility, and how to detect this in advance, is not yet clear. Perhaps
it is the result of genetically mediated differences in ion channel
receptors, or some regional anatomical and histological differences, which increase the propensity of the brain to remain active
and alert, or to return to this state (factors which might reduce the
neuronal inertia proposed by Friedman). Different agents appear to
be associated with differing degrees of neuronal inertia (Friedman
et al. 2010), and so better knowledge of anaesthetic action, and perhaps advanced prediction of susceptibility might inform the choice
of agent.
The influence of anxiety, stress, and pain, on hypnotic induction doses, and on maintenance concentration requirements, has
received scant attention. At the moment, the best we can do is to
titrate to clinical effect. The effects of these factors on explicit and
implicit memory functions also require further study. Most of the
anaesthetic agents are profoundly amnesic even at sub-hypnotic
and sometimes even at sub-sedative doses. Given this, it is difficult
to understand why some patients, with effect-site concentrations
well above those usually required for amnesia, will exhibit subsequent recall of intraoperative events. It may be that these patients
have particularly well-formed memory systems, or that in these
patients, stress and anxiety provide a greater than usual mnemonic
boost.
Current depth of anaesthesia monitors provide outputs that
correlate well with the anaesthetist’s intuitive feelings of depth of

anaesthesia, probabilities of responses and memories, and with
hypnotic concentrations. All of this information is useful, and can
assist with individual titration of drug doses. However, what many
anaesthetists and most patients want is a monitor that tells the
anaesthetist that the individual patient is either conscious or unconscious. As yet, other than behavioural responses in unparalysed
patients [or in those in whom the isolated forearm test is applied
(Russell 1990)], no one has discovered a unique signal, detectable
in real time, which indicates the presence or absence of consciousness. A likely source for such a signal is, of course, the electroencephalogram, and some progress has been made (Lee et al. 2009;
Ku et al. 2011). Nonetheless, much more work is required until a
monitor can be developed that can detect the presence or absence
of consciousness in paralysed patients.
A final spin-off of studies of the mechanism of action of the
anaesthetic agents is that these may provide information about
the nature of, and the mechanisms of, consciousness itself. Here
the hypnotics or sedatives used could be regarded as probes, by
which one can interfere with different cognitive functions, such
as speech processing or memory functions (Davis et al. 2007),
to help shed light on these and other functions, such as alertness, wakefulness, awareness, and consciousness itself (Lydic and
Baghdoyan 2005; Hameroff 2006; Mashour 2006; Alkire et al.
2008b; Franks 2008).
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CHAPTER 7

Neuromuscular physiology
in anaesthetic practice
Philip M. Hopkins
Introduction
The focus of this chapter is the structure and function of the
fundamental elements of the voluntary motor system. While
the context is voluntary motor function, the coverage of cellular
neurophysiology is also relevant to the somatic sensory and autonomic nerves and synapses. Control of motor function is an integral component of surgical anaesthesia and involves prevention
of voluntary patient movement, prevention of involuntary reflex
movement, and muscle relaxation. Depending on anaesthetic and
surgical requirements, the required muscle relaxation ranges from
a simple reduction in normal muscle tone to profound relaxation
achieved by blockade of the neuromuscular junction. This chapter
will begin by describing the fundamental physiological properties
of excitable cells before outlining the general structures of nerves
and muscles; it will then describe how a neuronal signal leads to
muscle contraction, in so doing describing the mechanism of synaptic transmission using the neuromuscular junction as a model
synapse.

Electrophysiological properties of cells
The cell membrane of all cells serves to maintain an intracellular
environment optimal for the functions of the cell. This is achieved
by the cell membrane’s phospholipid bilayer structure that prevents
the free movement of hydrophilic molecules, including ions and
other charged molecules. An abundance of cytoplasmic anionic
proteins generates an excess of negative charge on the intracellular
surface of the cell membrane compared with its extracellular surface. There is therefore an electrical potential difference across the
insulating cell membrane, with the extracellular and intracellular
surfaces of the cell membrane being analogous to the positive and
negative plates respectively of a capacitor. The reader will recall that
if the two plates of a charged capacitor are connected by a conductor then current will flow and the capacitor will discharge. The cell
membrane can indeed be represented by a capacitor and resistor
in parallel (see Fig. 7.1) but in non-excitable cells the resistance is
generally constant and large.
The fact that there is any conductance across the membrane
can be attributed to membrane-spanning, ion-conducting proteins collectively termed ion channels. The ion channels responsible for resting membrane potential are collectively known as
‘leak’ channels as they generally have a persistent conductance
state. The majority of leak channels are selective for K+ ions. The

significance of K+ ion selectivity is that the membrane potential is
a function of the concentration gradient of the permeable ion(s)
and electrophoretic gradient (imbalance of charge) across the
membrane.

The Nernst potential
The Nernst potential describes the electrical potential between
two compartments containing different concentrations of an ion
at equilibrium—that is, when the concentration and electrophoretic gradients are balanced. If the extracellular and intracellular
concentrations of an ion are known, the potential across the membrane for the permeable ion can be calculated using the Nernst
equation:
EX =

RT [ X ]out
ln
zF
[ X ]in

(7.1)

where: EX = equilibrium, or Nernst, potential for the ion, X;
[X]out = extracellular concentration of X; [X]in = intracellular concentration of X; R = universal gas constant; T = absolute temperature; z = valency of ion; F = Faraday constant.
At 37°C, and converting from natural to base 10 logs, RT/F = 61.5.

Distribution of principal ions across
the cell membrane
All cells have evolved to maintain a markedly uneven distribution
of Na+, K+, Ca2+, and Cl− ions across the cell membrane. Typical
values for their intracellular and extracellular concentrations and
the Nernst potentials consequent to the concentration gradients are
illustrated in Table 7.1.
If the membrane leak currents were solely selective for K+ ions
and permitted conductance according to both concentration and
electrophoretic gradients then the membrane potential, with the
ion concentrations in Table 7.1, would be −95 mV. However, the
resting membrane potential of most cells is less negative than this.
Part of the explanation is that some K+ channels permit conductance in only one direction—such channels are known as rectifying
channels. Inwardly rectifying K+ channels only permit conductance
down the electrophoretic gradient and if such channels contribute
to the leak current they will make the membrane potential less
negative. The other factor contributing to the membrane potential
being less negative than the Nernst potential for K+ is conductance
of other ions.
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Figure 7.1 Electrical properties of cell membranes.

Membrane potential
The contribution of multiple ions to the membrane potential is
described by the Goldman field equation:
Vm =

 P [K + ] + P [Na + ]out + 2PCa [Ca 2+ ]out + PCl [Cl − ]in 
ln  K + out Na
(7.2)
F
 PK [K ]in + PNa [Na + ]in + 2PCa [Ca 2+ ]in + PCl [Cl − ]out    

RT

Gated ion channels
Gated ion channels are proteins that share the following common
features:
◆

◆

where: Vm = membrane potential; [X]out = extracellular concentration of ion X; [X]in = intracellular concentration of X; PX = permeability of ion X; R = universal gas constant; T = absolute temperature;
F = Faraday constant.

They span the plasma membrane with extracellular, transmembrane, and intracellular segments
The transmembrane segments contain both hydrophobic and
hydrophilic regions.

The fundamental property of excitable cells is that their membrane
potential can be profoundly and rapidly changed. This is enabled
by the presence of additional ion channels whose conductance can
be controlled, or gated. From its resting potential, the membrane
potential can be made less negative by depolarization or more negative by hyperpolarization. Complete depolarization in nerves and
striated muscle results in a positive membrane potential. The process whereby a depolarized cell membrane is returned to its resting
membrane potential is called repolarization.
The ion conductance of channels responsible for depolarization,
repolarization, and hyperpolarization can be predicted from the
Nernst potentials of the ions that are unevenly distributed across
the plasma membrane (Table 7.1). Thus, depolarization can be
caused by Na+ or Ca2+ conductance because of the positive Nernst
potential of these ions, whereas repolarization and hyperpolarization can be caused by K+ or Cl− ion conductance.

The functional ion channel consists of multiple components each
containing multiple extracellular, transmembrane, and intracellular sequences. Where the components of the ion channel are the
product of a single gene they are known as domains; where an ion
channel is assembled from multiple gene products the components are known as subunits. The transmembrane sequences tend
to be arranged so that the hydrophobic regions encircle the centrally arranged hydrophilic regions which form the putative ion
conductance pore. Some ion channels have auxiliary subunits that
are encoded by separate genes. Some auxiliary subunits are essential for channel gating, others can modify gating, while some are
responsible for correct cellular localization of the channel, including associating the ion channel with other proteins as a functional
complex.
Gated ion channels exist in at least two conformational states,
open and closed, although some have also an inactive, or a subconductance state, or both. The gated ion channels are classified
according to the gating mechanism: voltage gated, ligand gated,
and second messenger gated are the major classes but other gating
mechanisms exist, for example, physical (stretch, heat), osmotic,
and intracellular store depletion.

Table 7.1 Ion concentrations and Nernst potentials in mammalian cells

Voltage-gated ion channels

Excitable cells

Ion

Plasma
concentration (mM)

Na+

Cytoplasmic
concentration (mM)

145

12

K+

4

140

Ca2+

1.2

Cl−

115

EX (mV)
+67
−95

10–4

+125

4

−90

Voltage-gated ion channels can be subclassified according to
their ion selectivity (Na+, Ca2+, K+, and Cl−). The cation-selective
voltage-gated ion channels are typically made up of four domains,
each with six transmembrane segments, named S1–S6. The chain of
amino acids linking each S5 with its adjacent S6 segment is called
the P loop (Fig. 7.2). The P loop begins at the extracellular termination of the S5 segment and projects into the membrane before
looping extracellularly to end at the extracellular origin of the S6
segment. The ion channel pore is formed by the P loop and S5–S6
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Figure 7.2 Characteristic voltage-gated channel subunit.

segments. The voltage gating properties reside in the S1–S4 segments. The S4 segments carry a series of positively charged amino
acids, often arginine, interspersed with hydrophobic residues,
which are in proximity to the channel pore. When there is a change
in the potential of the membrane in which the channel is located,
the charge movement alters the interaction between the positively
charged amino acids in S4 and negatively charged residues in S1–S3
such that there is a local conformational change in the protein that
includes the channel pore, with the effect that the pore opens.

Voltage-gated Ca2+ ion channels

acid residues arranged in four domains each with six transmembrane segments, and is termed the α1 subunit. Just as with Na+
channel α subunits there are multiple isoforms of Ca2+ α1 subunits. Indeed there is even greater diversity between the amino acid
sequence and functional properties of the Ca2+ α1 subunits than
among the Na+ channel α subunits.
Ca2+ α1 subunits form three distinct subgroups, Cav1, Cav2, and
Cav3, which have four, three, and three subtypes respectively. Cav1
channels are characterized by having a high activation voltage, a
large and long (slow inactivating) conductance, and inhibition by
dihydropyridine, phenylalkylamine and benzothiazepine drugs.
They are sometimes referred to as L-type (after their conductance
properties) or DHPR (dihydropyridine receptor) channels. Cav3
channels have a low (negative) activation voltage and fast inactivation, giving a transient opening from which they are referred to as
T-type channels. Cav2 channels have electrophysiological properties intermediate between L-type and T-type channels. They can
be further distinguished from L-type and T-type, and indeed subclassified by the specific inhibitory effects of a series of venoms
and toxins (Table 7.3). Cav2 channels are only expressed in neuronal cells, whereas Cav1 and Cav3 have a more diverse expression
(Table 7.3).
Cav1 and Cav2 expressed in muscle and other non-neuronal tissues are associated with α2, β, γ, and δ auxiliary subunits and their
arrangement is illustrated in Figure 7.4. The γ subunit seems to be
absent from this arrangement in neuronal tissues although neurones do express γ subunit isoforms but their role and organization
remains to be elucidated.
The auxiliary subunits are important for correct cellular localization of expression, the voltage dependence of gating and the
activation–inactivation kinetics of the α1 subunits. The auxiliary
subunits also expand the functional diversity of calcium channels
as there are multiple genetic isoforms of each. The α2 and δ subunits are encoded by a single gene but there are four isoforms of this
gene. There are also four genes encoding different β unit subtypes
but multiple alternative splice variants of these exist that further
enhance diversity (Buraei and Yang 2010). There are eight γ subunit
isoforms including the neuronal proteins whose function is presently unclear (Arikkath and Campbell 2003).

The functional channel of voltage-gated Ca2+ channels resembles
that of voltage-gated Na+ channels (Catterall, 2011). It is also the
product of a single gene, is comprised of approximately 2000 amino

The diversity of voltage-gated potassium channels exceeds even that
of voltage-gated sodium and calcium channels (Wulff et al. 2009;

Voltage-gated Na+ channels
The functional voltage-gated Na+ channels are formed by a single
gene product known as the α subunit (Catterall 2012). The α subunits are made up of approximately 2000 amino acids that comprise
four homologous domains, I–IV. Each domain is made up of six
transmembrane segments with cytoplasmic loops of amino acid
sequences connecting domains I and II, II and III, and III and IV
(Fig. 7.3a). The N (amino)-terminal and C (carboxy)-terminal
sequences extend into the cytoplasm from the S1 segment of
domain I, and S6 segment of domain IV, respectively. The I–II loop
contains the main sites for channel regulation by phosphorylation
while the III–IV loop contains the inactivation gate. Within the
cell membrane the domains are arranged so that the S5–P loop–S6
regions of each domain are adjacent to each other and encapsulated
by the remaining segments (Fig. 7.3b).
To date, nine voltage-gated Na+ channel α subunit isoforms and
the genes encoding them have been identified. The names of the
different isoforms, the genes encoding them, and their principal tissues of expression are listed in Table 7.2. A tenth protein of similar
structure expressed in astrocytes and the hypothalamus is not voltage gated and is thought to function as a ‘salt sensor’ (Watanabe
et al. 2000).
Auxiliary Na+ channel subunits are termed β subunits and there
are two isoforms, β1 and β2. Depending on the tissue, the Na+ channel complex is made up of a heterodimer or heterotrimer consisting of one α subunit and one or two β subunits respectively. The β
subunits influence the voltage change required for activation and
inactivation and also the kinetics of these processes.

Voltage-gated potassium channels
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Figure 7.3 Voltage-gated Na+ channel structure.

Jan and Jan 2012). There are 40 genes encoding different α subunits and these are divided into 12 families. The α subunits contain
between 495 and just over 1100 amino acids depending on family
and subtype but all are smaller than the corresponding channel-
forming α subunit proteins of voltage-gated sodium and calcium
channels. Each potassium channel α subunit is the equivalent of
Table 7.2 Voltage-gated Na+ channel α subunit isoforms
Type

Gene symbol

Principal tissue expression

Nav1.1

SCN1A

Central nervous system neurones

Nav1.2

SCN2A

Central nervous system neurones

Nav1.3

SCN3A

Central nervous system neurones

Nav1.4

SCN4A

Skeletal muscle

Nav1.5

SCN5A

Cardiac muscle

Nav1.6

SCN8A

Central nervous system neurones

Nav1.7

SCN9A

Peripheral nervous system neurones

Nav1.8

SCN10A

Dorsal root ganglion neurones

Nav1.9

SCN11A

Dorsal root ganglion neurones

one of the four domains of sodium and calcium channel α subunits with a similar arrangement of six transmembrane segments
(Fig. 7.2). To form the channel four potassium channel α subunits must be expressed and aligned in the plasma membrane in the
same way as the four domains of sodium and calcium α subunits
arrange. Thus the pore is formed by the S5–P loop–S6 sequences
which are encircled by the S1–S4 voltage-sensing sequences. The
four co-aligned α subunits may be of the same (homotetramer) or
different (heterotetramer) subtype or family.
There are also auxiliary β potassium channel subunits of three
major subtypes that influence many properties of the channel
(Pongs and Schwartz 2010). Some types of β subunit are located
in the cytoplasm where one β subunit protein aligns on the intracellular surface of each α subunit so that there is a cytoplasmic
heterotetramer of β subunits. Other types of β subunit are integral membrane proteins with extracellular, cytoplasmic, or both,
extensions.

Other potassium channels with voltage-dependent
properties
There are several other types of potassium channel where the channel pore shows remarkable sequence homology to the S5–P loop–
S6 sequence of voltage-gated potassium channels.
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Table 7.3 Voltage-gated Ca2+ channel types
Type

Electrophysiological
classification

Specific blocker

Principal tissue expression

Cav1.1

L-type

Dihydropyridines

Skeletal muscle

Cav1.2

L-type

Dihydropyridines

Cardiac muscle, smooth muscle, endocrine secretory cells, neuronal cell bodies
and dendrites

Cav1.3

L-type

Dihydropyridines

Cardiac pacemaker cells, endocrine secretory cells, neuronal cell bodies and
dendrites, auditory neurones

Cav1.4

L-type

Dihydropyridines

Visual receptor neurones

Cav2.1

P/Q-type

ω-Agatoxin IVA

Presynaptic nerve terminals, neuronal dendrites

Cav2.2

N-type

ω-Conotoxin GVIA

Presynaptic nerve terminals, neuronal dendrites

Cav2.3

R-type

SNX-482

Presynaptic nerve terminal, neuronal dendrites

Cav3.1

T-type

None

Cardiac pacemaker cells, neurones with pacemaker or repetitive firing properties

Cav3.2

T-type

None

Neurones with pacemaker or repetitive firing properties

Cav3.3

T-type

None

Sensory neurones with repetitive firing properties

ω-Agatoxin IVA: one of several agatoxins produced by the funnel web spider. P-type channels are distinguished from Q-type channels by their higher affinity for ω-Agatoxin IVA.
ω-Conotoxin GVIA: from the cone snail Conus geographicus.
SNX-482: a synthetic analogue of a peptide toxin from the tarantula spider Hysterocrates gigas.

Inward rectifying potassium channels (K IR) are tetramers
of four subunits that each has two subunits with a connecting P loop. Although they therefore do not contain the voltage sensing S1–S4 segments of the Kv channels they are closed
when the cell membrane is depolarized and open during

hyperpolarization. In the open state they greatly favour inward
movement of potassium ions down the electrophoretic gradient rather than outward movement of the chemical gradient,
thereby stabilizing the resting membrane potential (Wulff
et al. 2009).
Subunit interaction

N
α2
Subunit interaction
Proteolysis and
disulfide bridge

S S

α1

GLWXXC motif

δ

γ

Extracellular

Membrane anchor
Intracellular
PDZ binding
motif

C
N
C

N
SH3 domain

C
BID - Subunit interaction
ER retention signal

PDZ-like domain
N

β

C

Guanylate kinase-like domain

Figure 7.4 Calcium channel subunit arrangement. Predicted membrane topology, subunit interactions, and structural domains of the auxiliary subunits of the
voltage-gated calcium channels. The voltage-gated calcium channels are composed of the pore forming α1 subunit and the auxiliary α2δ, β, and γ subunits. The α2δ
and γ subunits contain transmembrane domains, whereas the β subunit is entirely intracellular. All three auxiliary subunits interact directly with the α1 subunit, with
no known inter-auxiliary subunit interactions. Each of the auxiliary subunits contains unique structural domains as shown.
Reprinted from Current Opinion in Neurobiology, Volume 13, Arikkath J and Campbell KP, Auxiliary subunits: essential components of the voltage-gated calcium channel complex, pp. 298–307,
Copyright © 2003, with permission from Elsevier.
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Calcium-
activated potassium channels are made up of
four subunits containing six or seven transmembrane segments. They play a significant role in the control of vascular
and other smooth muscle tone. A role in neuronal activation
or regulation has not been defined and they will not be further
discussed here.
Two-pore potassium (K2P) channels are dimers with each subunit
made up of four transmembrane segments with two P loops. They
are responsible for the principal leak or background potassium current that determines the resting membrane potential in the majority
of cells. There are 18 genes identified to date that encode K2P channel
subunits and the channels are divided into six families (Mathie et al.
2010). The first of these two-pore channels to be identified was found
to have weak inward rectifying potassium ion conductance and was
therefore given the acronym TWIK. TWIK-related (TREK), TWIK-
related acid-sensitive (TASK), TWIK-related alkaline-sensitive
(TALK), TWIK-related halothane-inhibited (THIK), and TWIK-
related spinal cord (TRESK) channels are the other K2P families
(Table 7.4). TREK and TASK subtype 3 are activated by depolarizing
voltage and are the principal K2P channels found in neuronal tissues.
Other physiological regulators are described in Table 7.4. Although
one family of K2P channels is named after its inhibition by halothane,
one of the first K2P channels to be characterized was a molluscan
neuronal homologue that was activated by halothane (Franks and
Lieb 1988). The mammalian TREK1 K2P channels are also activated
by potent inhalation anaesthetics and this mechanism may contribute to the anaesthetic action of these drugs (Patel et al. 1999).
Table 7.4 K2P channels
Family

Principal
subtypes

TWIK

TWIK1
TWIK2

TREK

TREK1
TREK2

Physiological
activators

Physiological inhibitors
Intracellular acidosis
Protein kinase C

Intracellular acidosis
Extracellular acidosis
(TREK1)
Gαi G protein
Heat
Stretch
Depolarization
Arachidonic acid
Nitric oxide (TREK1)

Extracellular acidosis
(TREK2)
Gαq G protein
Gαs G protein
Protein kinase A
Protein kinase C

Extracellular acidosis
Gαq G protein
Zinc (TASK3)

TASK

TASK1
TASK3

Extracellular alkalosis
(TASK1)
Depolarization (TASK3)

TALK

TALK1
TASK2
TASK4

Extracellular alkalosis

THIK

THIK1

Arachidonic acid

TRESK

TRESK

Calcium
Gαq G protein

Arachidonic acid

Adapted with permission from Mathie A, Al-Moubraak E, Veale EL, Gating of two pore
domain potassium channels, Journal of Physiology, Issue 588, pp. 3149–56, Copyright ©
2010 The Authors. Journal compilation © 2010 The Physiological Society.

Voltage-gated chloride channels
The mammalian voltage-gated chloride channels belong to a nine-
member gene family (Nilius and Droogmans 2003) but only four
of these (ClC-1, ClC-2, ClC-Ka, and ClC-Kb) are expressed in the
plasma membrane and function as voltage-gated channels (Pusch
and Jentsch 1994) as opposed to intracellular organelle ion channels or co-transporters. ClC-1 is expressed almost exclusively in
skeletal muscle while ClC-2 is ubiquitous: ClC-Ka and ClC-Kb
are expressed in the kidney and inner ear and will not be considered further here. The structure of the ClC channels is very different to the voltage-gated cation channels and to date should be
considered less definitive in terms of the channel topology. The
channels are dimers that form a double-barrelled ion pore. Each
subunit contains 988 (ClC-1) or 881 (ClC-2) amino acid residues
which form two sets of nine α-helices. Each set of nine α-helices is
roughly a repeat of the other but the two sets are arranged so that
they span the membrane in the opposite orientation to each other.
Furthermore, one α-helix lies outside the membrane while most of
the remainder are markedly tilted to the axis of the membrane and
do not span the membrane (Fig. 7.5).
The ClC-1 channel is activated by depolarization and partially
inactivated by hyperpolarization. It contributes 75% of the resting
membrane current in skeletal muscle and plays an important role
in preventing hyperexcitability of the tissue. Mutations in the ClC-
1 gene are associated with myotonia. ClC-2 is activated by hyperpolarization but also by extracellular acidosis and increased cell
volume. ClC-2 function is important in regulation of the intracellular chloride ion concentration and in neurones this in turn may
play a role in the regulation of the response to γ-aminobutyric acid
(GABA)A and glycine channel activation.

Ligand-gated ion channels
Ligand-gated ion channels belong to one of three structural families. These are the cys-loop, the ionotropic glutamate, and the
purinergic ATP-gated family.

Cys-loop channels
The cys-loop ligand-gated ion channels form the largest and most
diverse ligand-gated family. The members of the family are listed
in Table 7.5. The functional channel is a pentameric structure in
which each of the five subunits contains four transmembrane segments and a large N-terminal extracellular sequence (Fig. 7.6).
The extracellular N-terminal sequence contains key cysteine residues that are sufficiently apposed in the final three-dimensional
structure to form a disulphide bridge between them that maintains the loop of amino acids that gives the cys-loop family its
name.
Just as with the voltage-gated ion channels, the ligand-gated
channels are able to maintain a diversity of function through the
variety of subunit isoforms from which they can be variably constituted (Alexander et al. 2013). The GABAA-gated channel subunits
consist of six α, three β, three γ, one each of δ, ε, θ, and π, and three
ρ variants. The nicotinic cholinergic-gated isoforms are ten α, four
β, and one each of γ, δ, and ε. The glycine-gated receptors have just
four α isoforms and one β while the 5-HT3-gated channels have five
molecular isoforms labelled A to E.
The cys-loop-gated channels will be illustrated later in the chapter through discussion of the role of the skeletal muscle nicotinic
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Figure 7.5 Proposed membrane topology of voltage-gated chloride channels (CLCs). (A) The 18 α-helices (A–R) are drawn as cylinders with the extracellular region
above and the intracellular region below: one helix is intracellular (A). The two halves of the subunit are green and cyan, and regions forming the Cl− selectivity filter are
red. Partial charges at the end of helices involved in Cl− binding are indicated by + and − (end charges) to indicate the sense of the helix dipole. (B) This is a side-on view
of one of the two subunits of a CLC channel, looking at the side that interacts with the other subunit. α-Helical structures are indicated by cylinders, coloured in green
and cyan to indicate the two ‘repeated’ units. Regions directly involved in formation of the ion-permeation pore are in red. A negative charge that might be involved in
gating the channel is shown as a green circle; it is just above where the chloride ion (shown in yellow) is coordinated. The amino terminus of helix R (bright blue) contains
a tyrosine amino acid, which helps to coordinate the Cl− ion; the carboxy terminus emerges into the cell. In mammalian CLCs, helix R is connected to a large intracellular
region, indicated by the dashed line.
Reprinted by permission from Macmillan Publishers Ltd: Dutzler, R., Campbell, E.B., Cadene, M., Chait, B.T., MacKinnon, R, X-ray structure of a ClC chloride channel at 3.0 A reveals the molecular
basis of anion selectivity, Nature, Volume 415, pp. 287–94, Copyright © 2002 Nature Publishing Group; and from Jentsch, T.J, Chloride channels are different, Nature, Volume 415, pp. 276–7,
Copyright © 2002 Nature Publishing Group.

cholinergic-gated channel as the postsynaptic receptor channel
complex involved in neuromuscular transmission.

Ionotropic glutamate-gated channels
These are excitatory channels found in synapses in the brain and
spinal cord. The functional channels are tetramers with each

subunit made up of three transmembrane segments with an
intramembranous loop of amino acids projecting into the membrane from the cytoplasmic surface between the first two transmembrane segments. The three principal ionotropic glutamate
receptor subtypes are named after exogenous agonists that have
differential selectivity for the respective subtype. The subtypes
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Glial cells

Table 7.5 Cys-loop ligand-gated ion channels
Channel

Transmitter

Permeable ion(s)

Nicotinic
cholinergic

Acetylcholine

Na+, K+
(Ca2+)

CNS, NMJ, excitation,
autonomic ganglia

GABAA

GABA

Cl−

CNS inhibition

Glycine

Glycine

Cl−

CNS (spinal) inhibition

Serotonin

Na+, Ca2+

CNS (mood, memory,
emesis)
Gut (emesis)

5-HT3

Role

GABA, γ-aminobutyric acid; 5-HT, 5-hydroxtryptamine (serotonin); CNS, central nervous
system; NMJ, neuromuscular junction.

are therefore named AMPA (α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid), kainite and N-methyl-D-aspartate
receptor (NMDA). A fourth type of glutamate receptor is less
well characterized and has been named the δ glutamate receptor.
Within each type of glutamate receptor the channels are generally
formed by homotetramers made up from four molecular isoforms
for AMPA, two for δ, five for kainate, and seven for NMDA receptors (Alexander et al, 2013).

P2X ATP-gated ion channel
These are expressed in a wide range of tissues. When activated
by ATP they conduct cations and their opening therefore favours
depolarization of neuronal membranes. The functional channel is a trimer made up of subunits that contain two transmembrane segments linked by a large extracellular loop of amino acids.
Alignment of the subunits suggests that the second transmembrane
segment forms the pore lining of the ion channel. There are seven
genetically distinct P2X subunit isoforms which assemble as either
homotrimers or heterotrimers.

The nervous system has two major classes of cells, glial cells and
nerve cells.

NH2
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COOH

Extracellular
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4

Intracellular
P

Figure 7.6 The GABAA receptor subunit.

1. Supporting, separating, and insulating neurones and synaptic
connections
2. Oligodendrocytes and Schwann cells produce myelin to insulate
the axons of nerve cells
3. Scavenging debris after neuronal injury or death
4. Maintaining the intercellular milieu, for example, by taking up
synaptic neurotransmitters or, in the case of astrocytes, potassium ions released in excess during repetitive firing
5. Guiding the migration of neurones and the direction of propagation of axons during brain development
6. Regulation of presynaptic terminal function at some synapses
including the neuromuscular junction
7. Astrocytes are involved in causing brain capillary endothelial
tight junctions which is a crucial step in the formation of the
blood–brain barrier
8. Contribution to nutrient provision to nerve cells.
The insulation of nerve cell axons with myelin is important in maintaining the speed of conduction of nerve fibres. Oligodendrocytes
form the myelin in the white matter of the central nervous system
whereas Schwann cells form the myelin of peripheral neuronal
axons. The myelin forms an intermittent sleeve along the course of
the axon and the gaps in the sleeve are called nodes. In the central
nervous system each oligodendrocyte can form the sheath between
several nodes along the course of an axon and indeed contribute to
the sheath of more than one axon. Each Schwann cell, in contrast,
in the peripheral nervous system forms only the sheath between
two adjacent nodes in a single axon.

Nerve cells

Cells of the nervous system

s

These are the most abundant cells of the central nervous system
making up more than 90% of cells. The main functions of glial cells
are as follows:

The basic structure of neurones is illustrated in Figure 7.7. There
are four key components: the cell body containing the nucleus,
two types of projections from the cell body, the dendrites and
axon, and fourthly the presynaptic extensions of the axon. The
cell body contains the nuclear material of the cell and the transcriptional and translational machinery for protein production.
Most of the neuronal energy is also generated within the cell
body although mitochondria do migrate along the dendrites and
axon. The dendrites are the short projections from the cell body,
extending out to adjacent neurones and their presynaptic terminal extensions. Most nerve cells have multiple dendrites: the most
notable example of multiple dendritic processes is the cerebellar
Purkinje cells. The principal role of dendrites is to receive incoming signals from other neurones through synaptic connections.
Synaptic activity results in changes in membrane potential within
the dendrites and these membrane potential changes are transmitted to the membrane of the cell body and from there to the
neuronal integrating centre. The axon is usually the longest projection from the neuronal cell body and can range in length from
0.1 mm to between 1 and 2 m depending on the height of the
individual. Axons also vary in their diameter by up to 100-fold
ranging between 0.2 and 20 μm. The axonal diameter is a major
determinant of the speed of conduction of the nerve signal, along
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Figure 7.7 Neuronal structure.
Reproduced with permission from Kandel, E. Principles of Neural Science. Copyright © 2000 McGraw Hill.

with the presence or absence of a myelin sheath. Measurement of
nerve conduction velocity from the compound action potential
was used to produce a classification of nerve fibres within a mixed
nerve (Gasser 1941). The peripheral myelinated fibres were called

A fibres, subclassified in decreasing diameter as α (conduction
velocity 100–120 ms−1), β, γ, and δ, while the small unmyelinated
fibres with the slowest conduction velocity (5–20 ms−1) were
called C fibres. B fibres are intermediate in size and conduction
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velocity between A and C fibres: they are the preganglionic fibres
of the sympathetic nervous system.
The initial part of the axon, known as the axon initial segment,
functions as the neuronal integrating centre (Bender and Trussell
2012). As it approaches its target cell for communication (the
postsynaptic cell) the axon divides into multiple small branches
that terminate as swellings (presynaptic terminals) adjacent to the
postsynaptic cell. The communication between a presynaptic terminal and the postsynaptic cell is called a synapse. In the central
nervous system, synapses are formed between nerve cells and the
majority of the postsynaptic terminals are on dendrites but others are formed on the cell body, on the presynaptic terminal of
other neurones, and, in also quite a high density, on the axon initial segment. Outside the central nervous system, axons form synapses with effector organs. The synapse formed between a motor
neurone and a skeletal muscle fibre is known as a neuromuscular
junction.

The nerve action potential
The action potential is an all-or-none phenomenon. During an
action potential the membrane potential changes rapidly from its
resting level, for example, −70 mV, and depolarizes reaching a peak
of approximately +30 mV. There is then a repolarization phase in
which the membrane potential may overshoot the resting membrane potential (hyperpolarization) before settling at the resting
level (Fig. 7.8).
The generation of a nerve action potential requires a sufficient
density of open voltage-gated sodium channels to overcome the
resting electrochemical equilibrium. If a region of high density of
voltage-gated sodium channels is subjected to sufficient depolarization to activate the sodium channels, the sodium channels open
en masse creating a large inward sodium current. The membrane
potential travels rapidly towards the nerve’s equilibrium potential
for sodium but usually does not quite reach this level because the
rapid depolarization causes voltage-dependent inactivation of the
sodium channel. The rapid depolarization of the membrane also
activates a class of voltage-dependent potassium channels called
delayed rectifier potassium channels. Delayed rectifier potassium
channels conduct an outward potassium current along the chemical gradient of potassium ions and the combination of sodium
channel inactivation and the potassium outward current produces
repolarization.

+40 mv
+20 mv
Membrane potential
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Figure 7.8 Nerve action potential.

Hyperpolarization

The generation of the action potential causes a rapid reversal
of the membrane potential in the region of the membrane where
the activated voltage-gated sodium channels are present. This in
turn sets up local electrical currents that spread down the axon
and these intracellular and extracellular charge movements lead to
depolarizing changes in membrane potential in adjacent regions
of the axon. If this region of the axon contains a sufficiently high
density of voltage-activated sodium channels these will be opened,
resulting in regeneration of an action potential more distally along
the axon. This process is repeated down the length of an axon and
is known as propagation of the action potential.
In a myelinated axon, the presence of the insulating myelin layer
extends the length of the axon down which each local current generated by an action potential spreads. The charge movement will
indeed spread to the next axonal node (of Ranvier) between adjacent sections of the myelin sheath. Each node of Ranvier contains a
high density of sodium and potassium channels involved in action
potential generation. Electrical recording down the length of an
axon therefore would reveal a wave of action potentials spreading
down an unmyelinated axon compared with the appearance of a
series of leaping action potentials down a myelinated axon. The latter type of conduction is known as saltatory conduction.
The flux of sodium and potassium ions during the action potential leads to a change in the electrochemical gradient of these ions
across the nerve cell membrane. The basal levels are rapidly restored
however by the action of the sodium–potassium ATP-dependent
membrane pump. This exchanges three intracellular sodium ions
for two extracellular potassium ions and, as its name implies, is
an energy-dependent process involving the breakdown of ATP to
ADP and inorganic phosphate.

The synapse
The arrival of an action potential at the presynaptic terminal results
in the release of neurotransmitter from the presynaptic terminal
into the synaptic cleft. The details of the complex mechanisms
whereby the neurotransmitter is packaged into synaptic vesicles
and released by exocytosis have been the subject of much research
over the past 20 years which led to the award of the 2013 Nobel
Prize for Medicine or Physiology.
Most neurones form more than 500 nerve terminals but these are
not uniformly activated by each action potential resulting in neurotransmitter release. Indeed, it has been estimated that only 10–20%
of nerve terminals will release neurotransmitter upon stimulation
by an action potential. The probability that an individual nerve
terminal will release neurotransmitter is dependent upon its activation history and both intra-and extracellular signals. This adaptability in presynaptic function enables synaptic plasticity.

Synaptic vesicles
Synaptic vesicles take up neurotransmitter and transport it to the
release site on the presynaptic membrane which is known as the
active zone. In response to stimulation of the nerve by an action
potential, the synaptic vesicle membrane fuses with the active
zone membrane causing release of neurotransmitter into the synaptic cleft.
Synaptic vesicles are small, typically with a radius of 15–20 nm.
Their membrane is made up of a phospholipid bilayer but approximately 25% of their mass is protein. The largest protein complex of
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the vesicle is a proton pump which occupies approximately 10% of
the vesicle volume. The proton pump has ATPase activity and its
energy-dependent action is to generate an electrochemical gradient
by pumping hydrogen ions into the vesicle. It is this electrochemical gradient that enables neurotransmitter uptake into the vesicle.
The neurotransmitter that is taken up and subsequently released
from the nerve terminal is dependent upon which of seven synaptic vesicle transporters are expressed in the neurone. There are
three transporters for glutamate and two for monoamines (catecholamines, histamine, serotonin), there is one transporter that
can take up both GABA and glycine, and the final transporter is for
acetylcholine.
The synaptic vesicle proteins that are responsible for conveying
the vesicles to the active zone are not fully elucidated but appear
to be several. Understanding of the proteins involved in fusion of
the vesicle with the active zone membrane and subsequent exocytosis is, however, more fully resolved. The mechanisms first need a
description of the active zone and its key components.

The active zone
The active zone is characterized by a dense thickening on the cytoplasmic surface of the membrane seen by electron microscopy. This
cytoplasmic matrix is made up of a huge protein complex of one
or more isoforms of six large proteins: munc13, RIM, piccolo/bassoon, ERCs, RIM-BPs, and α-liprins (Sudhof 2004). RIMs, ERCs,
and munc13s have multiple binding domains that enable binding
both to other proteins in the active zone matrix and to the proteins
that are involved in synaptic vesicle fusion. The α-liprins also bind
to receptor tyrosine phosphatases and a close association of these
receptors implies a regulatory role in neurotransmitter release.

SNARE proteins and membrane fusion
SNARE proteins are the key components of all intracellular mechanisms of membrane fusion. They are characterized by a 70-amino
acid sequence that is called the SNARE motif. The membrane
fusion complex is formed by the assembly of four SNARE motifs
such that the helices of each motif make a parallel bundle. In the
fusion of synaptic vesicles with the active zone membrane there
are three SNARE proteins involved. Synaptobrevin is a protein on
the synaptic vesicle membrane while syntaxin 1 and SNAP-25 are
bound to the active zone protein complex. Synaptobrevin and syntaxin 1 each have 1 SNARE motif while SNAP-25 contributes two
motifs. The formation of the SNARE complex primes the vesicle
for fusing with the plasma membrane but does not open the fusion
pore. This primed phase is unstable so that if a fusion for opening
is not triggered the vesicles will return to a state where they are
docked at the active zone but not immediately available for neurotransmitter release. Before neurotransmitter release can occur
the primed vesicle must become super-primed by binding of the
SNARE complex with a cytoplasmic protein known as complexin.
Once bound to the SNARE complex, complexin stabilizes it in the
super-primed state.

Transmitter release is stimulated by Ca2+
For a pore to develop in the vesicle membrane fusion complex
an increase in the local concentration of intracellular calcium
ions is required. This is achieved through the opening of presynaptic voltage-dependent calcium channels by the arriving action
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potential. Depending on the particular neurone, the calcium channel is of either the P/Q or N type, which are not affected by classical
calcium channel antagonists which are specific for L-type voltage-
dependent calcium channels. Opening of the calcium channel leads
to influx of calcium down its electrochemical gradient and as the
channels are located in or closely adjacent to the active zone they
rapidly activate formation of the fusion pore. Activation is achieved
by the binding of five calcium ions to the respective binding sites on
a synaptic vesicle protein, synaptotagmin 1. Calcium activated synaptotagmin 1 displaces complexin from the SNARE complex thus
enabling synaptotagmin 1 to associate with the SNARE complex and
in so doing project into the plasma membrane. A conformational
change in the synaptotagmin 1 and SNARE complex destabilizes
the fused membrane causing pore formation and neurotransmitter
release (Fig. 7.9) (Sudhof and Rizo 2011; Sudhof 2013).
After neurotransmitter release, the fusion pore closes and the
vesicle is absorbed by endocytosis into the nerve terminal. There
are two types of synaptic vesicle endocytosis, fast and slow. The
fast pathway involves vesicular refilling either at the active zone
or immediately adjacent to the active zone before re-entering for
availability for release. The slow endocytosis process requires the
vesicle to be transported to endosomes where the vesicle is integrated before new vesicles are produced.

Vesicle pools and stimulation dependency
of neurotransmitter release
When a nerve is subjected to high-frequency stimulation the initially high rate of neurotransmitter release soon declines to reach
a plateau of a lower rate of release. The initial high level suggests
that there is a readily releasable pool of vesicles and the lower
steady-state of release is dependent on this readily releasable pool,
a reserve pool, and the vesicle recycling rate. In some central nervous system neurones only 5% of vesicles are in the readily releasable
pool with a further 10–15% in the reserve pool and the remainder
being in, what has been termed, a resting pool. In the neuromuscular junction, however, there is no resting pool, with 20% in the
readily releasable state and the remaining 80% in the reserve pool.

Fate of the neurotransmitter
The active zones of the presynaptic terminal are arranged in apposition to the peaks of the ridges of the postsynaptic membrane which
contain the highest density of the receptor channel complex of the
ligand-gated ion channel. Neurotransmitter release therefore preferentially exposes the postsynaptic receptors to the highest concentration of neurotransmitter before the neurotransmitter dissociates
further afield in the synaptic cleft where it can either be metabolized by membrane-bound enzymes (monoamines and acetylcholine) or taken back up into the presynaptic terminal.

Postsynaptic events
Binding of the neurotransmitter to its receptor site on the ligand-
gated ion channel results in the channel opening and conductance
of ions according to selectivity of the channel and the electrochemical gradient across the membrane. Inhibitory channels (GABAA and
glycine) conduct chloride ions down their electrochemical gradient into the cell leading to hyperpolarization. Electrophysiological
recording of the postsynaptic membrane potential detects this
hyperpolarization as an inhibitory postsynaptic potential (IPSP).
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Figure 7.9 Presynaptic events leading to neurotransmitter release.
Reproduced with permission from Sudhof TC and Rizo J. Synaptic vesicle exocytosis. Cold Spring Harbor Perspectives on Biology, Volume 3, pp. a005637, Copyright © 2011 Cold Spring Harbor
Laboratory Press.

If sufficient channels are opened, the IPSP generates an inhibitory postsynaptic current (IPSC) which spreads to the integrating
region of the neurone (axon initial segment) or, in muscle, over the
end-plate region.
When excitatory neurotransmitters bind to their receptors and
open ligand-gated ion channels they cause a flux of cations which is
predominately sodium or calcium depending on the specific channel. This causes a small depolarizing change in membrane potential
(EPSP) and if sufficient channels are opened the generation of an
excitatory postsynaptic current (EPSC).
In postsynaptic neurones, inputs in the form of IPSCs and EPSCs
are summated in the axonal initial segment and if the result of the
integration is a depolarization of significant magnitude because
EPSCs outweigh IPSCs then the local depolarization of the axon
initial segment will lead to activation of voltage-gated sodium channels which are in high density in this region, leading to generation
of an action potential that would be propagated down the axon.

The neuromuscular junction
The neuromuscular junction is a specialized synapse that is of
particular relevance to anaesthetists because neuromuscular

junction transmission is specifically targeted to produce neuromuscular paralysis during surgery. The presynaptic terminal
of the neuromuscular junction is formed by the terminal divisions of the α motor neurones and the neurotransmitter is acetylcholine. Neuronal tissue cannot manufacture choline and so
the nerve terminals contain a sodium-dependent high-affinity
choline uptake system within their plasma membrane. Within
the neuronal cytoplasm, choline is acetylated by combination
with acetyl coenzyme A, utilizing the enzyme choline acetyl
aminotransferase.
Acetylcholine is taken up into the synaptic vesicles by its specific vesicle transporter utilizing the electrochemical gradient
generated by the vesicular proton pump. The active zones in the
presynaptic terminal of the neuromuscular junction are arranged
in lines, which is in contrast to the majority of presynaptic active
zones which form hexagonal pits. Acetylcholine release is triggered by nerve terminal depolarization which activates the P/Q
type voltage-gated calcium channels, which in turn results in
synaptotagmin 1-activated interaction with SNARE proteins to
cause vesicular fusion and pore formation. Feedback inhibition
of acetylcholine release is mediated through presynaptic M2
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type muscarinic cholinergic receptors which lead to an alteration in the phosphorylation state of the voltage-gated calcium
channel with the effect of reducing the probability of activation
(Takamori 2012).
In the synaptic cleft, acetylcholine is metabolized by acetylcholinesterase which is concentrated in the pits of the folded
postsynaptic membrane where it is anchored to the extracellular glycoprotein matrix. Acetylcholinesterase converts acetylcholine to choline and acetate. The choline is then taken back up
into the presynaptic terminal where it can be reutilized to form
acetylcholine.

The postjunctional nicotinic acetylcholine receptor
This member of the cys-loop family of ligand-gated ion channels
has a uniform subunit composition of two α1 subunits, one β, one
δ, and one ε. This adult form of the receptor replaces the fetal form
in which the ε subunit is replaced by a γ subunit during the course
of neonatal development. The acetylcholine receptors are concentrated in a specialized portion of the muscle membrane known as
the motor end plate. Most muscle fibres contain a single motor end
plate situated towards the middle of the fibre. If a muscle is denervated or damaged, for example, by a burn, this concentration of
acetylcholine receptors is forfeited. The extrajunctional acetylcholine receptors in these conditions may revert to the fetal subunit
conformation.
The pore of the channel is lined by the second transmembrane
segment of each subunit and the subunits are aligned such that
the two α1 subunits each form the principal face of an acetylcholine receptor at its interface with either the δ or ε subunits which
form the complementary faces of the receptors (Fig. 7.10) (Sine
2012). Opening of the channel requires binding of an acetylcholine molecule to each receptor site. The principal ion flux through
the open channel is inward flow of sodium with much smaller
quantities of potassium and calcium. Channel opening leads to
the generation of EPSPs and, if sufficient, the EPSCs so generated
will summate to generate depolarization to activate the voltage-
gated sodium channels which are concentrated in the perijunctional or peri-end-plate regions of the skeletal muscle plasma
membrane.
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Skeletal muscle
Skeletal muscle, like cardiac muscle, is a form of striated muscle.
This is because the contractile elements are organized in such a
geometrically systematic way that they form a series of bands or
stripes along the length of the muscle fibre when viewed under the
microscope. Despite the uniformity of the architecture and spatial
relationships of the sarcomere, which is the functional contractile
unit of the fibre, the muscle fibres that form different muscles of the
body are adapted to the specific function that that muscle performs.
Indeed, even within each muscle there are different types of muscle fibre. The relative proportion of each fibre type reflects the balance
of activity of that muscle between low-intensity sustained contraction
and brief bursts of more rapid movement. Research in rodents has categorized four major types of fibre: 1, 2a, 2x, and 2b (Schiaffino and
Reggiani 2011). Types 1 and 2 were first distinguished on the basis of
colour of the muscle fibres with type 1 appearing ‘more red’ than type
2 because of the greater abundance of the haem-containing pigment
myoglobin in type 1 fibres. Myoglobin is the oxygen storage molecule
of skeletal muscle and the high concentration in type 1 fibres reflects the
predominance of oxidative phosphorylation in type 1 fibres which use
this form of efficient ATP production to sustain relatively low-intensity
slow-rate contractile activity for prolonged periods of time. Type 1
fibres are the most resistant to fatigue. Type 2 fibres contain higher
concentrations of glycolytic enzymes and relatively little myoglobin
(appearing pale) and mitochondria than type 1 fibres. Type 2a and type
2b fibres were initially distinguished from each other on the basis of
their fatiguability with type 2a being more fatigue resistant than type
2b. This fatigue resistance in type 2a fibres is associated with a higher
concentration of oxidative enzymes in type 2a and more mitochondria than type 2b. Type 2 fibres can also be distinguished from type 1
because of the mechanical properties where type 2 fibres develop force
both with a faster response and a faster rate and with faster relaxation
than type 1. One of the key determinants of greater contraction and
relaxation is which isoform of the myosin heavy chain protein (myosin
being the major constituent of the thick myofilaments) is expressed in
the tissue. Type 1, type 2a, and type 2b all express different myosin
heavy chain isoforms. More recently, a further myosin heavy chain isoform has been characterized and is associated with fibres having properties intermediate between those of type 2a and type 2b. This fourth
type of muscle fibre is known as type 2x. Further work based on myosin heavy chain composition has revealed populations of fibres with a
hybrid composition, for example, fibres expressing slow and type 2a
myosin heavy chain and others expressing type 2a and 2x. In addition
to the four major types of muscle fibre the extraocular muscles and
the masticatory muscles of the jaw express unique myosin heavy chain
isoforms for both slow and fast contractile functions.
While the fundamental electrophysiological, mechanical, and
metabolic understanding of skeletal muscle has been determined in
rodents, this field is a good example of divergence of human physiology from other mammals. In rats and mice, for example, some
muscles contain almost exclusively type 1 fibres (soleus) while others contain the three subtypes of type 2 fibre but not type 1 (extensor digitorum longus). This is in contrast to human limb muscles
which have a much more uniform distribution of type 1 and type
2 fibres. However, of note is that humans have a greater proportion of type 2 fibres in the upper limb than the lower limb which
is similar to most other mammals when comparing forelimbs with
hind limbs. There is also a relationship between species where the
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Figure 7.11 Skeletal muscle fibre structure.
Reproduced from Blausen.com staff. “Blausen gallery 2014”. Wikiversity Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 20018762. This file is licensed under the Creative Commons
Attribution 3.0 Unported license. https://creativecommons.org/licenses/by/3.0/deed.en

fibre type proportions vary with increasing body mass of species
such that the larger the body mass the greater proportion of slower
fibres. In humans, therefore more than 90% of fibres are either type
1 or type 2a with the remainder being type 2x, that is, there are no
type 2b fibres expressed in humans (Schiaffino and Reggiani 2011).

Skeletal muscle structure
Skeletal muscle fibres are formed from the coalescence and differentiation of multiple primary myoblasts. As differentiation ensues, the
fused myoblasts become elongated as myotubes. Further progression of this process eventually leads to the formation of the mature
muscle fibres. Individual muscle fibres range in diameter from 20 to
100 µm and in length from a few millimetres up to 12 cm. Within
the body of each muscle the fibres are maintained and bound by
three layers of connective tissue. The endomysium is the most intimate connective tissue layer to the muscle fibres maintaining the
architecture of the muscle fibres, binding together fibres that are not
long enough to extend between the tendons, and providing a framework to support the muscle capillaries. Groups of 12 or more muscle fibres are bound together as fascicles by perimysium, the second
I band

layer of connective tissue. The perimysium encasing multiple fascicles coalesces to form the outermost layer of connective tissue, the
epimysium, which in turn merges with the tendons.
The plasma membrane of skeletal muscle is known as the sarcolemma and it is characterized by having regular invaginations (transverse or T-tubules) that penetrate perpendicularly into the body of
the fibre at regular intervals according to the M line of the sarcomere
(see ‘The sarcomere’). Within the cytoplasm or sarcoplasm of the
muscle, extensive sarcoplasmic reticulum runs longitudinally along
the muscle fibre and forms swellings associated with T-tubular penetration. Here the sarcoplasmic reticular swellings on either side of a
T-tubule (seen in two dimensions) appear as a triadic structure and
the interface between each T-tubule and the two adjacent sarcoplasmic reticulum swellings is known as a triadic junction (Fig. 7.11).

The sarcomere
The sarcomere (Fig. 7.12) is the contractile unit of the skeletal muscle
fibre. It is bounded at each end by a sheet of proteins that form the Z
line seen histologically. The Z lines run transversely across the muscle fibre. In the middle of the sarcomere is another, albeit thinner,
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Figure 7.12 The sarcomere.
Reproduced with permission from Hopkins PM. Skeletal muscle physiology. Continuing Education in Anaesthesia, Critical Care and Pain 2006; 6:1-6, by permission of the British Journal of Anaesthesia.
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Figure 7.13 Interaction of thick and thin myofilaments.
Reproduced with permission from Hopkins PM. Skeletal muscle physiology. Continuing Education in Anaesthesia, Critical Care and Pain 2006; 6:1-6, by permission of the British Journal of Anaesthesia.

transverse sheet of proteins known as the M line. Projecting into
the sarcomere from each opposing Z line are the thin myofilaments.

is released and binds to its receptor on the postsynaptic junction of
the motor end plate. If sufficient excitatory postsynaptic potentials
are generated, the motor end-plate potential will depolarize sufficiently to activate the voltage-gated sodium channels that are present
in high density at the motor end plate. The skeletal muscle action
potential is propagated across the sarcolemma. As with the nerve
action potential, depolarization is a result of activation of the voltage-
gated sodium channels. The membrane potential repolarizes initially
through inactivation of the sodium channel and activation of voltage-gated potassium channels. In contrast to nerve fibres, the resting
membrane potential in skeletal muscle results predominantly from
voltage-activated chloride channels rather than potassium channels.
The importance of the chloride channels is that they permit rapid
repolarization even in the presence of significant efflux of potassium
ions from the muscle, which occurs during contraction.
As the action potential spreads across the sarcolemma, when it
encounters a T-tubular opening it is conducted down the T-tubules
into the body of the fibre. The T-tubules contain a high density of
CaV1.1 proteins. Although these are structurally very similar to the
voltage-gated calcium channels of cardiac tissue (CaV1.2) the skeletal
muscle isoform does not conduct calcium ions as its primary function. Rather, the conformational changes in the S4 transmembrane
segments of the α subunit in the presence of a depolarized muscle
membrane lead to a conformational change in the cytoplasmic loop
between the second and third domains of the α subunit. This conformational change in turn leads to an interaction with the large
cytoplasmic protuberance of the ryanodine receptor protein (the calcium release channel of the sarcoplasmic reticulum) (Fig. 7.14) and

Thin filaments
The principal thin filament protein is actin which is made up of a double strand of continuous F actin molecules. The actin strands form a
helical structure with a repeat every seven F actin molecules. Lying in
the groove of the actin helix is tropomyosin while a troponin complex
(troponin I, troponin T, troponin C) is found once again every seven F
actin molecules (Fig. 7.13). Supporting the thin filament structure are
two further very large proteins, nebulin and obscurin.

Thick filaments
Thick filaments extend towards the Z lines from the central M line
of the sarcomere (Fig. 7.13). The thick filaments are made up of
six individual proteins, four myosin heavy chains, and two myosin
light chains. It is thought that the myosins are arranged in a hexagonal way when viewed in cross section. Interestingly each thick
filament is at the centre of a hexagonal arrangement of thin filaments. Protruding from the main strand of the thick filaments are
the globular heads of the myosin heavy chains and these extend
towards the surrounding thin filaments. Anchoring the thick filaments, running through their core from the Z line to M line is the
third giant protein of the sarcomere, titin.

Skeletal muscle contraction
Skeletal muscle contraction is initiated by action potentials arriving
at the presynaptic terminal of the α motor neurones. Acetylcholine
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Figure 7.14 Structures involved in release of calcium within skeletal muscle fibres.
Reproduced with permission from Hopkins PM. Skeletal muscle physiology. Continuing Education in Anaesthesia, Critical Care and Pain 2006; 6:1-6, by permission of the British Journal of Anaesthesia.
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subsequently causing the calcium channel of the ryanodine receptor
protein to open enabling the movement of calcium ions from within
the sarcoplasmic reticular store into the cytoplasm.
Free calcium ions in the sarcoplasm bind to the troponin C subunit of the thin filament (Fig. 7.13). This binding causes a conformational change in the troponin complex that results in movement of
the troponin I subunit and tropomyosin strand to expose the myosin binding sites on actin. Free actin and myosin have an extremely
high affinity for each other and exposure of the actin binding site
results in rapid association with the myosin head. Binding to actin
causes the myosin head to pivot towards the tail of the myosin molecule (in the direction of the M line) and the coordinated action of
multiple such hinging movements repeated while in the continuing
presence of calcium ions causes the thin filaments to slide on the
thick filaments drawing the Z lines towards each other and thus
shortening the sarcomere. The coordinated shortening of sarcomeres along the length of the muscle fibre causes shortening or contraction of the fibre.
The ability of the thin and thick filaments to slide against each
other and thus shorten the sarcomere and muscle fibre crucially
depends upon the ability of the myosin heads to dissociate from an
actin binding site once it has generated its power stroke. The energy
needed to break the high-affinity actin–myosin bond is provided by
the hydrolysis of ATP bound to the myosin head. Hydrolysis of the
ATP producing ADP and inorganic phosphate breaks the actin–
myosin bond and the myoglobin head returns to its resting position
by extending away from the tail of the myosin strand. Successive
binding and unbinding occurs until calcium ions are sequestered
from the sarcoplasm sufficiently for the troponin complexes to
return to their resting positions which results in the tropomyosin
strand and the troponin I subunit blocking the actin binding site
from interacting with myosin.
The principal mechanism for calcium sequestration is by reuptake into the sarcoplasmic reticulum which is mediated by the
sarcoplasmic reticulum ATPase pump. Auxiliary calcium sequestration mechanisms brought into play in situations of high demand
of muscle activity are a sarcolemmal ATPase, sarcolemmal sodium–
calcium exchanger, and mitochondrial calcium uptake.

Excitation–contraction coupling
and malignant hyperthermia
The process whereby electrical activation of the skeletal muscle
membrane is transduced into muscle force generation is referred to
as excitation–contraction coupling. It is this process that has been
the focus of research into the cause of malignant hyperthermia.
Malignant hyperthermia is a reaction to general anaesthetic agents
(potent inhalation anaesthetics and suxamethonium) in which
genetically predisposed individuals can sustain a life-threatening
reaction that is characterized by increased carbon dioxide production, oxygen consumption, tachycardia, hyperthermia, muscle
rigidity, and rhabdomyolysis. All of these clinical features are a
consequence of intracellular calcium ion accumulation within the
skeletal muscle cytoplasm. A full understanding of the molecular
aetiology and mechanisms of triggering of malignant hyperthermia remains to be elucidated but a majority of malignant hyperthermia-susceptible individuals has one of many genetic variants
so far discovered in the gene encoding the skeletal muscle ryanodine receptor protein. A handful of other malignant hyperthermia-susceptible individuals have genetic variants in CACNA1S, the
gene encoding CaV1.1, while a significant minority of malignant

hyperthermia-susceptible individuals have no deleterious variants
in these two genes. High-throughput genetic sequencing research
programmes are actively searching for other genes that may be
implicated in malignant hyperthermia.

Muscle mechanics
A single skeletal muscle action potential peaks after approximately
2 ms with the resulting maximum increase in intracellular calcium
ion concentration occurring within 10 ms. The tension generated
by the single action potential peaks after approximately 25 ms. If no
further action potential occurs, the calcium ion concentration in
the cytoplasm decays to reach resting concentrations after approximately 50 ms while the skeletal muscle tension returns to normal
after approximately 80 ms. The peak tension developed in response
to a single action potential depends upon the number of myosin
heads that are apposed to actin binding sites, which in turn is a
function of the length of the muscle. A Frank–Starling length–force
relationship similar to cardiac muscle can be demonstrated in skeletal muscle that has been isolated from its attachments to the skeleton. However, in vivo these skeletal attachments limit the degree in
variation of the length of muscle fibres to within 20% of the optimal
length for force generation.

Graded muscle contraction
It is obvious that skeletal muscle would be functionally useless if it
could only achieve twitches lasting 80 ms. Sustained muscle contraction relies on repetitive firing of the nerve action potential. The
skeletal muscle membrane remains refractory after an action potential for approximately 8 ms because of the duration of the inactivation state of the voltage-gated sodium channel. A further impulse
between 8 ms and 60–70 ms after the initial impulse will lead to an
increase in cytoplasmic calcium ion concentration before the muscle tension has returned to the resting concentration. The second
action potential therefore leads to a second twitch which will result
in an increase in muscle tension at least as great as the initial action
potential. The fact that the starting tension in this instance is above
the original resting tension means that the peak tension generated
by successive twitches is greater than the tension generated by the
first twitch, a process known as summation. If then successive action
potentials at a firing interval of less than 60–70 ms occur there will
be successive summation which forms a stepwise increase in muscle
force known as steppe (from the German for steps). In fact once the
stimulus interval is less than 50 ms (20 Hz stimulation) the steps
of the summation response become imperceptible and there is a
smooth increase in muscle tension to achieve a plateau and this is
known as a tetanic response. In humans, the physiological rate of
firing of the motor nerves is usually between 20 and 50 Hz.
The previous description of a smooth increase in muscle fibre
force through tetanic stimulation explains how a graded response
of a single muscle fibre can be generated. There is, however, another
level of refinement in producing a graded response of the whole
muscle and this is known as recruitment.

Motor units and recruitment
A single motor neurone through its terminal divisions forms synapses with multiple muscle fibres. A single motor neurone and the
muscle fibres it innervates are known as a motor unit. The number
of muscle fibres within motor units varies from less than 10 to several 100. All the muscle fibres within a single motor unit are of the
same fibre type as the differential protein expression that determines
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the fibre type properties is regulated by the pattern of nerve firing.
In general, the smaller motor units are made up of fast-twitch muscle fibres that are involved in fine intricate movements and the largest motor units are those that contain slow-twitch (type 1) muscle
fibres. If a muscle is required to gradually increase its force of contraction, the smallest motor units are activated initially with larger
and larger motor units recruited as force generation increases.

Energy for muscle contraction
Muscle contraction places a high energy demand on the body.
High concentrations of ATP are required to provide the energy
for myofilament cross-bridge cycling, calcium sequestration, and
maintenance of sodium and potassium ion gradients across the cell
membrane. There is also a requirement for ATP to service a high
demand for protein turnover because of protein damage resulting
from mechanical stresses and free radical production during sustained or vigorous contraction.
The amount of immediately available energy in the form of ATP
is sufficient to maintain contraction for only a matter of a few seconds. Muscle has a reserve of phosphate molecules stored as creatine phosphate. At the initiation of muscle contraction, phosphate
is released from creatine phosphate by the action of creatine kinase
to maintain ATP for a matter of further tens of seconds. Sustained
muscle contraction therefore requires production of ATP through
intermediary metabolism. Muscle fibres can generate ATP through
aerobic or anaerobic metabolism. Anaerobic metabolism generates
2 moles of ATP for the conversion of 1 mole of glucose (stored in
muscle as high concentrations of glycogen) resulting in the production of pyruvate which is converted to lactate. The fast-twitch non-
oxidative muscle fibres (type 2x in humans) maintain contraction
principally through anaerobic metabolism until the build-up of
intracellular lactate interferes with calcium release from the sarcoplasmic reticulum and the interaction of the myofilaments. Type 2x
fibres have relatively few mitochondria compared with type 2a and
especially type 1 fibres. These muscle fibres are required to sustain
lesser degrees of force but for longer periods and their mitochondria take up pyruvate produced by glycolysis and through oxidative
phosphorylation produce a further 34 moles of ATP per mole of
glucose, which is clearly a much more efficient use of the substrate.
Oxidative muscle fibres can also utilize fatty acids as substrates.
Oxygen is required to sustain oxidative phosphorylation and oxygen uptake from blood is maximized by the presence of myoglobin
especially in the type 1 fibres.
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CHAPTER 8

Neuroendocrine physiology
in anaesthetic practice
Grainne Nicholson and George M. Hall
Introduction
The physiological stress response refers to the series of hormonal,
inflammatory, metabolic, and psychological changes which occur
in response to trauma or surgery. In surgery, the changes that occur
can be observed from a well-defined starting point and this makes
it a useful model. However, similar features occur in patients with
severe infection, burns, or trauma. These patients have an initial
stress response which may be exacerbated by subsequent surgery.
The physiological changes result in substrate mobilization, muscle
protein loss, and sodium and water retention. Such changes may
have evolved to aid survival in a more primitive environment,
when fluid retention together with glucose, lipid, and protein
mobilization would be beneficial to an injured animal that was
unable to drink and eat. In modern surgical practice, where such
physiological disturbances may be easily prevented or rapidly corrected, the benefits of the stress response are less obvious and it has
been argued that attenuating the metabolic and endocrine changes
associated with surgery may reduce postoperative morbidity and
expedite recovery. One problem associated with this is that there
is no strict definition of recovery; common ‘measurements’ of
recovery include time to eating and drinking, time to mobilization, duration of hospital stay, return to activities of daily living,
and return to work.
Cuthbertson provided one of the first formal descriptions of the
stress response in 1932, documenting the metabolic responses of
four patients with lower limb injuries and introducing the terms
‘ebb’ and ‘flow’ to illustrate the initial decrease and subsequent
increase in metabolic activity. Difficulties in accurately measuring so-called stress hormones prevented investigators showing an association between changes in hormone concentrations
and the metabolic response. Measurement of corticosteroids in
the 1950s, however, confirmed increased glucocorticoid secretion after injury and in 1959, Egdahl demonstrated that afferent
neuronal input from the surgical site activated hypothalamic–
pituitary hormone secretion and the sympathetic nervous system (Egdahl 1959). In animals with a transected sciatic nerve or
spinal cord, there was no hormonal response to operative injury
or superficial burns to a limb. If the nerve or spinal cord was
intact, such injury caused a rapid and sustained increase in adrenal hormones.
The development of reliable assays for catecholamines enabled
the physiological effects of increased sympathetic nervous system
activity after surgery to be studied. The hypothalamus activates the

autonomic nervous system, with increased catecholamine secretion
from the adrenal medulla and presynaptic nerve terminals resulting in hypertension and tachycardia, and some of the metabolic
aspects of the stress response such as hyperglycaemia.
The notion that local substances can also influence many of the
changes associated with surgery was advanced by the discovery of
so-called wound hormones or cytokines. Early studies of cytokines
from the 1950s to the 1980s involved the description of numerous protein factors produced by different cells that mediated particular functions in vitro. More recently, the purification of many
cytokines and production of highly specific assays have resulted
in the identification of the structure and functions of individual
cytokines.

Initiation of the stress response
Hormones
Afferent neuronal input from the operative site, both somatic and
autonomic, and release of cytokines from the damaged area activate the hypothalamic–pituitary axis and the sympathetic nervous system. The pituitary response consists of an increase in the
secretion of adrenocorticotropin hormone (ACTH), growth hormone (GH), β endorphin, and prolactin (PRL) from the anterior
pituitary and in arginine vasopressin (AVP) from the posterior
pituitary. Changes in the secretion of luteinizing hormone (LH),
follicle-stimulating hormone (FSH), and thyroid-stimulating
hormone (TSH) from the anterior pituitary have been studied in
much less detail. This increased pituitary hormone secretion has
secondary effects on target organs, such as cortisol secretion from
the adrenal cortex (ACTH) and increased permeability of the collecting ducts in the kidney (AVP). The magnitude of the endocrine response is proportional to the severity of the trauma and
the normal feedback mechanisms that control hormone secretion
are ineffective; hyperglycaemia fails to inhibit GH secretion and
hypercortisolaemia fails to inhibit further release of ACTH. The
increased secretion of catabolic hormones predominates, whereas
anabolic hormone secretion, such as insulin and testosterone, is
suppressed (Box 8.1).

Sympathoadrenal response
The first detectable hormonal response to injury is an increase in
sympathetic activity, with elevated circulating noradrenaline and
adrenaline concentrations. This increased activity results in the
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Box 8.1 Endocrine response to surgery
Increased catabolic hormone secretion:
◆

Noradrenaline

◆

Adrenaline

◆

Cortisol

◆

Growth hormone

◆

Glucagon.

Decreased anabolic hormone secretion:
◆

Insulin

◆

Testosterone.

well-recognized adverse effects of tachycardia and hypertension
that may contribute to perioperative cardiac morbidity in susceptible patients. Strenuous efforts have been made to reduce this
increase in sympathetic activity with perioperative β blockade, or
by the use of α2-adrenergic agonists, although the effects on cardiovascular mortality and morbidity have been disappointing.
The function of certain organs, including the liver, pancreas,
and kidneys, is also affected by both efferent sympathetic stimulation and by circulating catecholamines. Enhanced sympathetic
activity stimulates hepatic glycogenolysis and gluconeogenesis,
increasing blood glucose concentrations. Pancreatic stimulation by circulating catecholamines causes an increase in glucagon secretion and inhibition of insulin secretion (vide infra).
Glucagon release stimulates glycogen breakdown in the liver
and muscle resulting in increased glucose and lactate concentrations. Free fatty acids are mobilized by glucagon from triglyceride
stores. Renin secretion from the juxtaglomerular cells of the kidneys is augmented by increased sympathetic outflow leading to
the conversion of angiotensin I to angiotensin II. Angiotensin II
stimulates the secretion of aldosterone from the adrenal cortex,
which, in turn, increases sodium absorption from the distal convoluted tubule of the kidney.

Cortisol
Corticotrophin-
releasing hormone (CRH), a 41-
amino acid
peptide, is synthesized in the hypothalamus, secreted into the
hypophyseal–portal system, and stimulates the release of corticotrophin (ACTH) from the anterior pituitary. ACTH is synthesized as part of a large precursor molecule, pro-opiomelanocortin
(POMC) which is cleaved by a serine endoprotease into ACTH, β-
lipotropin, and an N-terminal precursor. The onset of surgery is
associated with the rapid secretion of ACTH. AVP also plays an
important role in the control of ACTH secretion during stress,
by directly stimulating the release of ACTH and acting synergistically with CRH, and regulating pituitary CRH receptor expression. ACTH acts on the adrenal gland and mediates its effects via
a specific cell surface receptor, a member of the G-protein-coupled
receptor family. The signal is transmitted through stimulation of
the activating unit of the G protein, resulting in the activation of
adenyl cyclase and an increase in intracellular cAMP. Normally,
feedback inhibition by cortisol prevents any further increases in
CRH or ACTH production.

Cortisol is a C21 corticosteroid with both glucocorticoid and
mineralocorticoid activity and endogenous cortisol production
is between 25 and 30 mg day−1. Cortisol concentrations vary in a
circadian pattern and its half-life in the circulation is between 60
and 90 min. Surgical stimulation results in a rapid and sustained
increase in plasma cortisol concentrations. Peak values are achieved
within 4–6 h after surgery or injury and usually return towards
baseline after 24 h; but may, however, be sustained for up to 48–72
h after major surgery, such as cardiac surgery. Both the magnitude
and duration of the cortisol response depend on the severity of surgical trauma, and the occurrence of postoperative complications,
and values greater than 1500 nmol litre−1 occur occasionally (Hall
1985). The normal negative feedback control of cortisol on ACTH
is no longer effective, and concentrations of both hormones remain
elevated. It has been suggested that a sustained cortisol response
to injury, of several days, results from the effects of inflammatory
mediators, such as interleukin (IL)-6, on ACTH secretion. The
amount of cortisol secreted depends on the severity of surgical
trauma. Minor surgery, such as herniorrhaphy, induces cortisol
secretion of less than 50 mg during the first 24 h after surgery, but
major surgery, such as abdominal or thoracic surgery, results in
cortisol secretion of 75–100 mg on the first postoperative day.
Cortisol has a number of important physiological effects, particularly on the metabolism of carbohydrate, fat, and protein. It
increases blood glucose concentrations by stimulating protein
catabolism in muscle and augmenting gluconeogenesis in the
liver and kidney from the mobilized amino acids. It also reduces
peripheral glucose utilization by an anti-insulin effect. Cortisol
inhibits neutrophils and monocyte-macrophages from migrating
into the area of tissue trauma and also has well-described anti-
inflammatory actions. It decreases the production of inflammatory mediators such as leukotrienes and prostaglandins and there
is also immunoregulatory feedback between the glucocorticoid
hormones and IL-6; ACTH and cortisol inhibit the production
and action of IL-6.

Growth hormone
Growth hormone-releasing hormone (GHRH) and somatostatin
are released by the hypothalamus and regulate the secretion of GH,
a 191-amino acid protein. GHRH secretion fluctuates throughout
the day, but somatostatin secretion is more tonic. Somatostatin is
also found in other organs, such as the pancreas, where it inhibits secretion of insulin and glucagon, and is an important inhibitory gastrointestinal peptide. GH, also known as somatotropin,
has, unsurprisingly, a major role in growth regulation. Its anabolic
effects are mediated by polypeptides synthesized in the liver, muscle, and other tissues. These are called somatomedins or insulin-
like growth factors (IGFs, because of their structural similarity to
insulin) and act on cartilage, bone, and skeletal muscle. Several
IGFs have been isolated; the main polypeptide is somatomedin C
or IGF-1. GH also has many effects on metabolism. It stimulates
protein synthesis and inhibits protein breakdown, stimulates lipolysis, enhances hepatic glycogenolysis, and has an anti-insulin effect
on peripheral tissues. The hyperglycaemic effects of GH are not
thought to be significant during surgery; hormones such as cortisol
and catecholamines play a more important role in increasing blood
glucose values. Glucose is then available for use by tissues that have
obligatory glucose requirements, such as brain, renal medulla, retina, and red and white blood cells. Attempts have been made to
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increase anabolism after surgery by the use of recombinant GH,
IGF-1, or both to reduce muscle catabolism and improve wound
healing in severely catabolic states and in critically ill patients. At
present, the evidence is inconclusive and the use of GH may even
be associated with increased mortality.

of insulin produces a subnormal biological response and has been
defined as ‘the unresponsiveness of anabolic processes to the normal effects of insulin’. The exact cause of insulin resistance after
surgery or trauma is unclear, but it is not simply a consequence of
the concentrations of counter-regulatory hormones such as cortisol and excessive cytokine secretion. Attempts have been made to
control perioperative hyperglycaemia which has been shown to be
associated with an increased risk of infection, particularly at the
site of injury. Preoperative glucose loading, via the oral or i.v. route,
may decrease insulin resistance (Byrne and Carlson 2001).
The physiological effects of glucagon counteract those of insulin. Although concentrations increase briefly in response to surgery, glucagon does not contribute significantly to perioperative
hyperglycaemia.

β-endorphin and prolactin

Pro-opiomelanocortin (POMC) is cleaved by a serine endoprotease into ACTH, β-lipotropin, and an N-terminal precursor that
is β-endorphin. This compound consisting of 31 amino acids is an
opioid and increased concentrations during surgery reflect anterior
pituitary stimulation. Prolactin has a major role during pregnancy
and lactation. Normally, it is under tonic inhibitory control via prolactin release-inhibitory factor and dopamine, and increased prolactin secretion occurs by release of inhibitory control. Increased
circulating prolactin concentrations are found after surgery, exercise, and many stressed states, but the physiological effects of
increased secretion of both hormones during surgery are unknown.
It has been postulated that they may alter immune function.

Insulin and glucagon
Insulin is secreted by β cells of the pancreas. It is a polypeptide
hormone consisting of a 21-amino acid and 30-amino acid peptide
chain linked by disulphide cross bridges. Insulin is released after
food intake, when blood glucose and amino acid concentrations
increase and is a key anabolic hormone. It promotes the uptake of
glucose and non-esterified fatty acids (NEFAs) into muscle, liver,
and adipose tissue and their conversion into glycogen and triglycerides. It also inhibits hepatic glycogenolysis and hepatic and renal
gluconeogenesis (Box 8.2).
An important aspect of the surgical stress response is the failure of insulin secretion to respond to increased circulating glucose concentrations. This is caused partly by α2-
adrenergic
inhibition of β-cell secretion, but all volatile anaesthetic agents
reversibly inhibit insulin secretion in a concentration-dependent
manner (Desborough 2000). Hyperglycaemia results, not only
from enhanced glucose production, but also from insulin resistance. This occurs where a normal or even an elevated concentration

Box 8.2 Key metabolic effects of insulin
Carbohydrate metabolism:
◆

Enhanced uptake of glucose into muscle and adipose tissue

◆

Increased storage of glucose as glycogen in liver and muscle

◆

Decreased glycogenolysis in liver and muscle

◆

Decreased gluconeogenesis in liver and renal and cortex.

Lipid metabolism:
◆

Decreased lipolysis in adipose tissue

◆

Enhanced hepatic lipogenesis

◆

Decreased ketone body production in liver.

Protein metabolism:
◆

Decreased proteolysis in muscle

◆

Enhanced uptake of amino acids into muscle and liver.

TSH and thyroid hormones
The anterior pituitary secretes thyrotropin or TSH, and this, in
turn, stimulates the production and secretion of thyroxine (T4)
and a small amount of triiodothyronine (T3) from the thyroid
gland. TSH secretion is regulated by the stimulatory effects of
thyrotropin-releasing hormone (TRH) released from the hypothalamus and negative feedback by circulating T3 and T4. Reverse
T3 (rT3) which is metabolically inactive is also secreted in small
quantities. T3 is three to five times more active than T4 and the
majority is produced by deiodination of T4 in the liver and kidneys. Both hormones are extensively protein bound, to albumin,
thyroxine-binding pre-albumin and thyroid-binding globulin, and
have a long half-life (T3, 24 h and T4, 7 days). It is the free thyroid
hormones in the circulation that are metabolically active and their
concentrations are in equilibrium with bound hormones. Thyroid
hormones stimulate oxygen consumption in most of the metabolically active tissues of the body, with the exception of brain, spleen,
and anterior pituitary, increasing metabolic rate and heat production. This increased metabolic activity is fuelled by rapid cellular uptake of glucose, increased glycolysis and gluconeogenesis,
and enhanced carbohydrate absorption. Lipid mobilization from
adipose tissue results in an increase in circulating NEFAs but a
decrease in plasma cholesterol, phospholipids, and triglycerides. T3
and T4 have different effects on protein metabolism, depending on
their concentrations. In physiological concentrations they have a
protein anabolic effect, but in larger doses their effects are catabolic.
The activity of thyroid hormones is linked with that of catecholamines. Adrenaline and noradrenaline also increase the metabolic
rate and thyroid hormones increase the sensitivity of the heart to
catecholamines by increasing the number and affinity of cardiac β
receptors.
TSH concentrations increase briefly during surgery, or immediately afterwards. However, T3 concentrations are markedly
decreased and this is sustained and accompanied by an increase
in rT3. These changes result partly from the suppression of TSH
secretion by cortisol, and also preferential formation of metabolically inactive rT3. Changes in thyroid hormone metabolism may
represent adaptive responses to limit increases in metabolic rate in
the presence of increased sympathetic activity.

Gonadotrophins
The anterior pituitary secretes the gonadotrophins FSH and LH.
FSH stimulates development of ovarian follicles in women and
maintains the spermatic epithelium in males. In females, LH
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promotes maturation of the ovarian follicle and the secretion of
oestrogen. It also stimulates formation of the corpus luteum from
the follicles after ovulation. In males, LH stimulates growth and
development of the Leydig cells of the testis, which produce testosterone. Testosterone is a C19 steroid, synthesized from cholesterol. Small amounts are also produced from the adrenal cortex.
Testosterone has a negative feedback effect on LH secretion from
the anterior pituitary. In addition to its reproductive effects, testosterone has important effects on protein anabolism and growth.
After surgery, testosterone concentrations are decreased for several days, although LH concentrations show variable changes.
Oestrogen concentrations have also been shown to decrease for up
to 5 days after surgery. This may be due, in part, to changes in cortisol and prolactin. The significance of these changes is uncertain,
but represent another example of the failure of anabolic hormone
secretion.

Box 8.3 Acute-phase response
◆

Acute-phase protein synthesis in liver (e.g. CRP, fibrinogen)

◆

Hepatic sequestration of divalent cations (e.g. zinc, copper)

◆

Decreased synthesis of transport proteins (e.g. albumin,
transferrin)

◆

Enhanced muscle proteolysis

◆

Increased vascular permeability

◆

Neutrophil leucocytosis.

◆

Lymphocyte differentiation

◆

Pyrexia

◆

Activation of hypothalamic–pituitary–adrenal axis.

Arginine vasopressin
The posterior pituitary is an extension of the hypothalamus and
secretes two hormones, AVP and oxytocin. These are synthesized
in the cell bodies of the supraoptic nucleus and the paraventricular
nucleus of the hypothalamus, bound to a specific transport protein, neurophysin, and transported in vesicles along the axons to
the nerve terminals of the posterior pituitary. AVP is a nonapeptide
with a biological half-life of 16–20 min. It acts on three different
receptors, V1A, V1B, and V2, all of which are G-protein-coupled
receptors. The V1A and V1B receptors act through phosphatidylinositol hydrolysis to increase intracellular Ca2+ concentration.
V2 receptors act through the Gs family of G proteins to increase
cAMP concentrations. The V1A receptors mediate vasoconstriction. Vasopressin is a potent stimulator of vascular smooth muscle in vitro but large amounts are required to raise blood pressure
in vivo because vasopressin also acts at the area postrema to cause
a decrease in cardiac output. An increase in plasma osmolality
and a decrease in extracellular fluid volume are potent stimuli to
AVP secretion. V1A receptors also occur in the liver and brain.
Vasopressin causes glycogenolysis in the liver and serves as a neurotransmitter in the brain and spinal cord. V1B receptors (also known
as V3 receptors) are found in the anterior pituitary and increase
ACTH release. The antidiuretic effect of vasopressin is mediated via
V2 receptors, which activate protein water channels, aquaporins, in
the luminal membranes of the principal cells of the collecting ducts.
AVP also enhances haemostasis by increasing factor VIII activity.

Cytokines
Cytokines are low-molecular-weight (<80 kDa), heterogeneous
glycoproteins, which include interleukins, interferons, and tumour
necrosis factor (TNF). They are synthesized by activated macrophages, fibroblasts, and endothelial and glial cells in response
to tissue injury from surgery or trauma. Cytokines are present
locally at high concentrations where they isolate and destroy infective organisms, prevent further tissue damage, and activate wound
healing. Some inflammatory mediators are released into the circulation, particularly IL-6, and act on distant organs to stimulate the
acute-phase response (Box 8.3).
Cytokines play an important role in mediating immunity and
inflammation by acting on specific surface receptors of target
cells. The most important cytokine associated with surgery is IL-6;
increases occur 2–4 h after the start of surgery with peak values

occurring after 12–24 h; the size and duration of IL-6 response
reflects the severity of tissue damage. Cytokine secretion is not
modified by the use of neuronal blockade, but laparoscopic surgical
techniques result in less tissue trauma and, hence, smaller increases
in IL-6 than those after conventional, open surgery. Systemic TNFα
and IL-1β values do not change significantly unless there is malignancy or underlying chronic infection, but increases may be found
locally at the site of tissue damage (Sheeran and Hall 1997).
There are considerable interconnections between the immune
and the neuroendocrine systems. IL-1β and IL-6 have both been
shown to stimulate secretion from isolated pituitary cells. After surgery, circulating cytokines increase pituitary ACTH secretion and
the release of cortisol, thus sustaining the glucocorticoid response
to injury for several days. A negative feedback system exists
whereby glucocorticoids decrease cytokine production by inhibiting gene expression. Thus, the cortisol response to surgery limits
the severity of the inflammatory response (Jameson et al. 1997).
There may also exist a role for central sympathetic pathways in
controlling the systemic inflammatory response. Epidural clonidine has been shown to decrease IL-6 values after colorectal surgery
and preliminary data suggest that dexmedetomidine may also have
anti-inflammatory effects. Neuraxial block with lidocaine or bupivacaine does not affect the inflammatory response, but i.v. lidocaine
has been shown to decrease pain, inflammation, and opioid consumption after abdominal surgery (McCarthy et al. 2010).
IL-6, and other cytokines, activate the acute-phase response. This
response is characterized by synthesis of proteins such as fibrinogen, C-reactive protein (CRP), complement proteins, amyloid P
component, amyloid A and caeruloplasmin in the liver, neutrophil
mobilization from the bone marrow, immunosuppression from
altered T-lymphocyte differentiation, increased body temperature
by affecting hypothalamic control, and ACTH secretion from the
anterior pituitary (Box 8.3). This response prevents further tissue
damage, isolates and destroys infective organisms, activates the
repair processes, and is considered an integral part of wound healing and repair. However, some aspects of the acute-phase response
are potentially detrimental. Increased synthesis of fibrinogen in the
liver, peaking several days after injury, increases the risk of thromboembolism and is accompanied by a decrease in transferrin and
albumin synthesis. The latter is a major contributor to the hypoalbuminemia found after severe injury. Concentrations of circulating
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cations such as zinc and iron also decrease, partly as a result of
changes in the production of transport proteins.
Recent studies suggest that a hyperinflammatory state is associated with adverse perioperative outcomes (Schwinn and Podgoreanu
2008). Therefore interventions that modulate the inflammatory
response—
surgical, anaesthetic, and pharmacological—
may
enhance recovery with fewer complications. Furthermore, there is
a marked inter-individual variability in the severity of the inflammatory response which may be partly genetic in origin. In cardiac
surgery, it has been shown that single nucleotide polymorphisms
(SNPs) in genes encoding IL-6, ICAM-1 (intercellular adhesion
molecule-1) and E-selectin were independent predictors of perioperative myocardial infarction (Podgoreanu and Schwinn 2005).

synthesis of acute-phase proteins in the liver. Albumin synthesis is
also reduced, impairing the maintenance of the extracellular volume. The total amount of protein loss can be assessed indirectly
by measuring nitrogen excretion in the form of urea in the urine;
3-methylhistidine excretion is a more precise estimate of skeletal
muscle protein breakdown.

Metabolic consequences
One of the key functions of the stress response is glucose, protein,
and lipid mobilization to provide fuel for oxidation.

Carbohydrate metabolism
Hyperglycaemia is a cardinal feature of the stress response and
results from an increase in glucose production, and a reduction
in peripheral glucose utilization. An increase in circulating catecholamines and cortisol promotes glycogenolysis and gluconeogenesis. The resulting increase in blood glucose is proportional to
the severity of surgery. Minor surgery causes a small increase of
approximately 0.5–1 mmol litre−1, but cardiac surgery results in
more marked increases and values greater than 10 mmol litre−1
occur. Perioperatively, glucose infusions and blood products further increase the hyperglycaemic response. The usual mechanisms
which regulate glucose production and uptake are less effective.
Catabolic hormones promote glucose production and glucose utilization is impaired because of an initial failure of insulin secretion followed by insulin resistance. Glucose concentrations higher
than 10 mmol l−1 increase water and electrolyte loss, impair wound
and anastomotic healing, and increase infection rates. There is also
an increased risk of ischaemic damage to the nervous system and
myocardium; prognosis after an acute myocardial infarction or cerebrovascular haemorrhage is worse in the presence of hyperglycaemia in diabetic and non-diabetic patients (Lipshutz and Gropper
2009).

Protein metabolism
Protein anabolism is inhibited initially by surgical trauma which,
if severe, then causes enhanced protein catabolism. This results, in
part, from increased circulating cortisol and cytokine concentrations. However, the exact mechanisms responsible for muscle protein loss still have not been fully elucidated as catabolic hormones
appear to have only a minor role. Furthermore, infusions of catabolic hormones into healthy volunteers have only minimal effects on
nitrogen balance. Attempts to prevent protein loss after surgery—
by providing nutritional support, enteral and parenteral—have
proved disappointing. The severity of protein catabolism depends
on the type of surgery and the nutritional status of the patient; after
major abdominal surgery up to 0.5 kg day−1 of lean body mass can
be lost resulting in significant muscle wasting and weight loss. This
catabolic process mainly affects skeletal muscle protein but some
visceral muscle protein may also be catabolized to release essential
amino acids. Amino acids, particularly glutamine and alanine, are
used for gluconeogenesis in the liver and renal cortex and also for

Fat metabolism
Lipid mobilization after surgery is rarely significant unless starvation becomes a major factor after operation. Plasma NEFAs and
ketone body concentrations do not change significantly. Lipolysis
and ketone body production is caused by increased catecholamine,
cortisol, and glucagon secretion together with an insulin deficiency.
Triglycerides are metabolized to fatty acids and glycerol; the latter
is a gluconeogenic substrate. High glucagon and low insulin concentrations also promote oxidation of NEFAs to acyl coenzyme A,
which is converted in the liver to ketone bodies (β-hydroxybutyrate,
acetoacetate, and acetone). These serve as a useful, water-soluble
fuel source for many organs.
The most dramatic changes in lipid metabolism are seen during
cardiac surgery. Administration of heparin activates lipoprotein
lipase which acts on triacylglycerol to cause a dramatic increase in
circulating NEFA concentrations. Circulating concentrations may
exceed 1 mmol litre−1 during cardiopulmonary bypass and these
may have toxic effects on cell membranes, in particular, promoting arrhythmias. The problem is less severe with the new ‘cleaner’
heparins.

Salt and water metabolism
AVP secretion may continue for 3–5 days after surgery and results
in water retention and concentrated urine. Activation of the renin–
angiotensin–aldosterone axis enhances sodium and water absorption from the renal collecting ducts. Sodium ions are exchanged
for potassium and hydrogen ions increasing potassium loss in the
urine and decreasing urinary pH.

Fatigue and behavioural changes
Feelings of malaise or postoperative fatigue are common after major
surgery and may persist for several months. These are assumed to be
a consequence of the physiological changes associated with surgery
but a simple physiological explanation for postoperative fatigue is
implausible as even in studies in which fatigue is a major occurrence, it is absent in 30–40% of patients. Fatigue after surgery may
be explained as a component of a motivational response, as there is
an association between fatigue and anxiety and depression or negative mood. Fatigue is commonly associated with reluctance to move
and immobility after surgery and originally served as a protective
function in an injured animal. Rapid movement will impair healing
but movement is still possible if the external threat is sufficiently
great (e.g. battlefield injuries).
Psychological aspects of surgery may explain the differences in
occurrence of postoperative fatigue, it is virtually absent after elective joint arthroplasty and yet is often severe and persistent after
major abdominal surgery. Joint arthroplasty is usually expected
to improve quality of life, but major abdominal surgery is rarely
life-enhancing and may even be life-threatening. The importance
of the expectations of the patient and the staff in influencing psychological changes in the patient, after surgery, are obvious. At present, postoperative fatigue should be considered a component of
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the emotional response, rather than the physiological response, to
surgery (Salmon and Hall 1997).

Modifying the response to surgery
Effects of anaesthesia
Although it is common practice to view the physiological changes
as an inevitable consequence of surgical trauma, it has been suggested that these are an ‘epiphenomenon’ and that decreasing the
endocrine and metabolic changes may reduce major perioperative
morbidity. A number of approaches to decreasing the endocrine
and metabolic changes have been investigated.

Intravenous induction agents
Etomidate is a potent inhibitor of adrenal steroidogenesis. It
is an imidazole derivative and acts on the mitochondrial 11β-
hydroxylase step and cholesterol cleavage part of the biosynthetic
pathway. A single induction dose inhibits cortisol and aldosterone
production for up to 8 h after abdominal surgery (Fragen et al.
1984). It is often used in sick patients with limited cardiovascular
reserve without adverse effects, thereby raising the question of how
much circulating cortisol is required in routine surgery for cardiovascular stability. Both diazepam and midazolam have also been
shown to inhibit cortisol production from isolated bovine adrenocortical cells in vitro. Midazolam, which contains an imidazole
ring in addition to its benzodiazepine structure, may have a direct
effect on ACTH secretion and also decreases the cortisol response
to peripheral surgery and major upper abdominal surgery, but it is
less effective than etomidate.

Volatile anaesthetic agents
Volatile anaesthetic agents probably have little effect on the
hypothalamic–pituitary–adrenal (HPA) axis when used at low
concentrations. No difference was found between 2.1 and 1.2 minimum alveolar concentration halothane in obtunding the pituitary
hormone and sympathoadrenal responses to abdominal surgery
and it is likely that newer volatile anaesthetic agents behave similarly at clinical concentrations

High-dose opioid anaesthesia
Morphine inhibits the HPA, and its use in modifying the metabolic and endocrine responses to surgery was first investigated in
the 1970s. Large doses of morphine, however, result in hypotension
and unacceptably prolonged recovery times, so its use is limited.
Fentanyl, in concentrations of 50–100 μg kg−1 i.v., abolishes the
cortisol response to pelvic surgery and upper abdominal surgery,
but is less effective in cardiac surgery. Its inhibitory effect on surgically induced secretion of pituitary hormones is mediated directly
via the hypothalamus (Hall et al. 1990). Again, this will result in
profound respiratory depression for several hours after operation.

Regional anaesthesia
Complete afferent blockade, both somatic and autonomic, is necessary to prevent stimulation of the HPA axis. An extensive T4–
S5 block is necessary for pelvic surgery and it is very difficult
in upper abdominal surgery to prevent cortisol secretion with
regional anaesthesia. Operations which are amenable to complete
afferent blockade are limb and eye surgery but cytokine-mediated
responses, which occur as a consequence of tissue trauma, are
not altered by afferent neuronal blockade. The introduction of

endoscopic surgical techniques has drawn attention to the importance of the inflammatory aspects of surgery.
Whether epidural anaesthesia and analgesia improve the outcome
of major surgery is a long-running controversy. Enthusiasts cite
the beneficial effects resulting from reducing the stress response,
which in turn has advantages for postoperative hypercoagulability and cardiovascular, respiratory, gastrointestinal, metabolic, and
immune function. A systematic review in 2000 concluded that
epidural or spinal anaesthesia results in a significant reduction in
postoperative morbidity and mortality of up to one-third (Rodgers
et al. 2000). However, this reduction in mortality did not differ by
surgical group, type of regional nerve blockade, or use of general
together with regional anaesthesia, and the findings have been the
subject of intense controversy. There is evidence that epidural analgesia can provide better postoperative pain relief and shorten the
intubation time and intensive care stay of patients undergoing specific procedures such as abdominal aortic surgery. However, a large
randomized controlled trial found that in high-risk patients undergoing major abdominal surgery, adverse morbid outcomes were
not decreased by the use of combined epidural and general anaesthesia and postoperative epidural analgesia (Rigg et al. 2002). The
only significant benefit with the epidural regimen was a decreased
occurrence of postoperative respiratory failure. Epidural analgesia
after gastrointestinal surgery has been shown to be associated with
improved pain control, a shorter duration of postoperative ileus,
and fewer pulmonary complications, but does not affect the incidence of anastomotic leakage, intraoperative blood loss, transfusion requirements, risk of thromboembolism, or cardiac morbidity
(Fotiadis et al. 2004). Epidural analgesia is an integral part of multimodal rehabilitation programmes that also include early nutrition,
mobilization, and avoidance of opiates. However, it is not possible to determine the precise role played by regional anaesthesia in
these programmes.

Non-steroidal anti-inflammatory drugs
The effects of non-steroidal anti-inflammatory drugs (NSAIDs) on
the inflammatory response to surgery depend on the individual
drug dosage and timing of administration. When given during and
after surgery they are usually ineffective and must be given beforehand in addition, before any beneficial effects are found. It has been
suggested that cyclooxygenase 2 inhibitors have a similar analgesic
potency, but a better safety profile compared with older NSAIDs in
terms of gastrointestinal tract and platelet function, but this view
has recently been challenged, particularly for patients with cardiovascular disease.

Minimal access surgery
Laparoscopic surgery causes less tissue damage than conventional procedures, so the increases in biochemical markers of
inflammation, such as IL-6 and CRP, are not as great. The classical neuroendocrine response to abdominal surgery (increases in
catecholamines and cortisol) is not significantly altered by undertaking the operation using a laparoscopic technique. Most anaesthetic techniques have little effect on the inflammatory response
as they do not influence tissue trauma. Combined analgesic regimens, which included large doses of steroids (such as prednisolone
30 mg/kg), cause a small decrease in IL-6 concentrations and the
acute-phase response. However their use is precluded because of
the risk of unwanted side-effects, including wound dehiscence.
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Endoscopic surgery results in a decreased acute-phase response
and preserves immune function compared with conventional open
techniques. It has been recommended as the treatment of choice,
instead of laparotomy, for benign pelvic disease whenever feasible.
Concerns had been expressed about its suitability for the treatment
of malignant disease, particularly because of port-site recurrences
when used in the treatment of colorectal cancer but studies have
shown that laparoscopic resection of rectosigmoid carcinoma does
not jeopardize survival. On the contrary, laparoscopically assisted
colectomy is more effective than open colectomy in terms of morbidity, hospital stay, tumour recurrence, and cancer-related survival
(Leung et al. 2004). The mechanisms for this are unknown but it has
been suggested that better immune function and reduced tumour
manipulation may both contribute.

Table 8.1 Criteria for diagnosis of diabetes mellitus (glucose 75 g orally,
if given)

Diabetes mellitus
The most common metabolic-endocrine disease that anaesthetists
have to manage is diabetes mellitus (DM). The burdens of DM are
not only medical, caused mainly by the microvascular and macrovascular complications, but also economic and social. Diabetic
patients incur an increasing financial cost on healthcare systems
with limited budgets so that measures to decrease the incidence
of DM are being urgently undertaken in many countries. The
International Diabetes Federation has predicted that there will be
at least 380 million adults worldwide with DM by 2025 (Editorial
2008). In developed countries, the prevalence is already at least
6%. Most patients with diabetes have the ‘common’ type 2 diabetes
(non-insulin dependent) which has a multifactorial pathogenesis.
Only about 5% of all diabetic patients have type 1 diabetes (insulin
dependent) which usually starts at an earlier age. A basic understanding of the aetiology and pathophysiology of DM is essential
if anaesthetists and intensivists are to successfully manage these
patients.

Diagnosis of diabetes mellitus
Diagnosis is undertaken on the basis of criteria agreed by the World
Health Organization (WHO) in 1999 (see Table 8.1). It is now possible to diagnose DM on the basis of fasting plasma glucose concentrations alone of equal to or greater than 7.0 mmol litre−1. The
traditional oral glucose tolerance test (75 g glucose) is inappropriate for routine diagnostic purposes because of its poor reproducibility, inconvenience, and cost. Nevertheless, it is still used when
the diagnostic category is uncertain. The criteria of impaired fasting glycaemia (previously impaired fasting glucose) and impaired
glucose tolerance are important clinically as about 7% of individuals with these conditions progress to overt DM each year. Impaired
glucose tolerance is also associated with an increased risk of microvascular disease. An important practical point is that if fasting
whole-blood glucose concentrations are used rather than fasting
plasma glucose values then the diagnostic limit is decreased from
7.0 mmol litre−1 or higher to 6.1 mmol litre−1. The WHO have
recently recommended that haemoglobin A1c (HbAlc) values can
be used as a diagnostic test providing that the assays are standardized to international reference values, there are no conditions
present which preclude its accurate measurement, and that stringent quality assurance tests are in place (WHO 2011). An HbAlc of
48 mmol mol−1 (6.5%) is recommended as the threshold for diagnosing DM. However, a concentration of less than 48 mmol litre−1
does not exclude diabetes diagnosed using the conventional criteria

Diagnosis

Plasma venous glucose (mmol litre−1)

Diabetes mellitus

Fasting ≥ 7.0
2 h post-glucose load ≥ 11.1

Impaired glucose tolerance

Fasting < 7.0
2 h post-glucose load > 7.8 < 11.1

Impaired fasting glycaemia

Fasting ≥ 6.1 and < 7.0
2 h post-glucose load < 7.8

Data from Definition, diagnosis and classification of diabetes mellitus and its
complications: report of a WHO consultation. Part 1, Diagnosis and classification
of diabetes mellitus – See more at: http://apps.who.int/iris/handle/10665/66040#sthash.
hmmQZdaA.dpuf

(Table 8.1). The utility of HbAlc values in routine clinical practice
remains to be established.

Type 1 diabetes
The characteristic of type 1 DM is destruction of the pancreatic
β cells which usually results in the absolute deficiency of insulin.
Two forms have been described: type 1A is the most common and
results from a cell-mediated autoimmune attack on the β cells; type
1B is uncommon, has no known cause, and is found mostly in Asian
individuals who have varying amounts of insulin deficiency. The
current model for the development of the immune form of type 1
DM proposes that every individual is born with a degree of susceptibility to develop type 1 diabetes and that this susceptibility varies
greatly between individuals. Susceptibility is inherited, predominantly in the HLA genotypes DR and DQ and to a lesser extent in
a large number of other loci called IDDM (insulin-dependent diabetes mellitus) susceptibility genes. The next stage is exposure to
one or more triggers that start β-cell destruction. Triggers include
viruses, environmental toxins, and foods but there is little agreement on a single causative factor. Activation of the T-cell-mediated
response results in ‘insulitis’ within the β cell and a β-cell antibody
response to β-cell antigens such as glutamic acid decarboxylase.
The presence of such antibodies in the circulation may precede
the clinical onset of type 1 DM by several years. The continuing
destruction of β cells leads to a progressive loss of insulin secretion.
Individuals with type 1 DM are more susceptible to other autoimmune diseases such as Hashimoto’s thyroiditis, Addison’s disease,
Graves’ disease, myasthenia gravis, and coeliac disease.
Type 1 DM is often considered to be a disease of childhood and
adolescence presenting as an acute illness such as diabetic ketoacidosis. Recently it has been found that there is a low incidence
throughout adult life. In children, there is a large geographical variation in incidence, for example, high in Finland and low in China,
and migrants rapidly acquire the incidence rates of the new country
suggesting a large contribution of environmental factors to causation (Daneman 2006).

Type 2 diabetes
Obesity and physical inactivity are well-known risk factors for type
2 DM but genetic factors are also involved. A positive family history confers a two-to threefold increased risk of type 2 diabetes
and if both parents are affected the prevalence in the offspring is at
least 50% by the age of 60 years. There has been a detailed search
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to identify candidate genes and many polymorphisms have been
described. At present only about 10–15% of the total risk of type 2
DM can be explained by the known association of 48 SNPs.
Type 2 DM is characterized by insulin resistance initially and β-
cell dysfunction as the disease progresses. Insulin resistance occurs
when the biological effects of insulin are less than expected for a
given concentration in relation to glucose disposal peripherally
and inhibition of endogenous glucose production in the liver. In
patients with type 2 DM and impaired fasting glycaemia, endogenous glucose production is increased in spite of raised circulating
insulin concentrations. This indicates that hepatic insulin resistance is a key factor in the causation of hyperglycaemia in the early
stages of the type 2 DM. Insulin resistance is strongly associated
with obesity and physical inactivity.
Abnormalities in insulin secretion are present in type 2 DM
although they are not as obvious as the failure of secretion in
type 1 (Wayer et al. 1999). It has been shown experimentally that
insulin secretion is markedly impaired in type 2 diabetic patients
compared with non-diabetic individuals of the same body composition and that secretory defects are also present in individuals with
impaired fasting glycaemia and impaired glucose tolerance. The
insulin defect may be partly hereditary and is exacerbated by ageing
and obesity. Hyperglycaemia itself can result in decreased insulin
secretion and deterioration of β-cell function over time is common
in type 2 DM. This has led to the concept of glucose toxicity which
implies the progressive development of irreversible damage to the
β cell. Lipotoxicity has also been proposed to explain the failure of
β-cell function; circulating NEFA values are increased in type 2 DM
as a result of enhanced lipolysis in adipocytes. Oxidation of NEFA
within the β cell is thought to impair insulin secretion.

Complications of diabetes mellitus
Metabolic problems in diabetic patients are occasionally life-
threatening, for example diabetic ketoacidosis, but the micro-and
macrovascular complications are the cause of most of the increased
morbidity and mortality. There are many risk factors for the complications of DM but the most important are long duration of DM,
obesity, poor glycaemic control, hypertension, hyperlipidaemia,
smoking, and physical inactivity.

Microvascular complications
Diabetic nephropathy is a common cause of renal failure in the
developed world. Progression occurs through several well-defined
stages. Treatment is based on good glycaemic control with aggressive management of the associated hypertension and hyperlipidaemia. In particular, angiotensin-converting enzyme inhibitors and
angiotensin receptor blocking drugs are effective in slowing the
progression of renal disease (HOPE Study Group 2000). Diabetic
patients with end-stage renal failure have worse outcomes on dialysis and transplantation than non-diabetic patients.
Diabetic retinopathy is closely associated with nephropathy and
has end-stages of a proliferative retinopathy, vitreous haemorrhage,
and macular oedema.
Diabetic neuropathy involves both somatic and autonomic
nerves. The most common neuropathy is a mixed sensory and
motor polyneuropathy which usually presents as a peripheral sensory neuropathy. A combination of peripheral vascular disease and
a sensory neuropathy often results in critical ischaemia in the leg.
An autonomic neuropathy is common (~50%) in type 1 DM and is

also found in type 2 diabetic patients. Cardiac autonomic disturbances can be an important factor in managing diabetic patients
undergoing major surgery. Focal neuropathies are less common in
DM and include carpal tunnel syndrome, third cranial nerve palsies, and proximal diabetic amyotrophy.

Macrovascular complications
A recent review confirmed that DM confers a twofold excess
risk for a wide range of vascular diseases that was independent
of other factors (Emerging Risk Factors Collaboration 2010).
Cardiovascular disease is responsible for most of the deaths in
type 2 DM but the relationship is less evident in type 1. Risk factors for the development of cardiovascular disease in type 1 DM
include the usual hypertension, hyperlipidaemia, and nephropathy, but also an autonomic neuropathy and microvascular cardiac
disease. Coronary artery disease, peripheral vascular disease,
and cerebrovascular disease occur commonly in type 2 DM and
there is evidence to show that intensive treatment of hypertension, hyperlipidaemia, and hypertension, together with changes
in lifestyle and good glycaemic control, decrease the risk of vascular complications (Gaede et al. 2008). The possible benefits of
good glycaemic control in preventing macrovascular disease are
unclear in type 1 DM.

Management of type 1 diabetes mellitus
Early intensive treatment of type 1 DM is important as this confers greater protection from the development of complications
than conventional treatment. This protection persists even when
glycaemic control reverts to the usual insulin regimens indicating
the presence of a metabolic memory. Intensive insulin therapy is
associated with an increased risk of severe hypoglycaemia, which
often deters patients from trying to obtain near normal blood
glucose concentrations. In patients with established type 1 DM,
neuroglycopenia can occur without the early warning adrenergic
symptoms of sweating, trembling, and palpitations (Table 8.2).
Episodes of severe hypoglycaemia predispose an individual to
further episodes probably because of a decrease in opposing
adrenergic responses. Repetitive hypoglycaemia may cause mild
but permanent cognitive impairment in adolescents and elderly
adults, that is, those with ‘vulnerable’ brains. Severe hypoglycaemia in hospital patients, both diabetic and non-diabetic, is

Table 8.2 Symptoms and signs of hypoglycaemia
Level of hypoglycaemia

Symptoms and signs

Mild hypoglycaemia

Sweating
Trembling
Palpitations
Anxiety

Moderate hypoglycaemia

Dizziness
Weakness
Blurred vision
Confusion

Severe hypoglycaemia

Convulsions
Coma
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associated with adverse outcomes and increased duration of hospital stay (Danne et al. 2001).
Target values for circulating glucose values and HbAlc concentrations have been recommended by the National Institute for Health
and Care Excellence (NICE) for types 1 and 2 DM; before meals,
blood glucose 4–8 mmol litre−1 in children and 4–7 mmol litre−1 in
adults, HbAlc 8.0% (64 mmol mol−1) or lower in children and 7.0%
(53 mmo mol−1) or lower in adults. These targets may be modified
for individual risk factors.
The provision of insulin for patients with type 1 DM has changed
greatly in recent years. The development of long-acting and rapid-
acting analogues of insulin has facilitated the introduction of basal-
bolus regimens which mimic the physiological secretion of insulin
in individuals without DM. That is, there is a continuous slow
release of insulin from the β cells in the starved state (basal), with
the rapid release of insulin in response to feeding (bolus). The long-
acting analogues provide basal insulin over 24 h from a single injection and the rapid-acting analogues are given before meals three or
four times daily. Insulin pumps give a continuous basal infusion of
a rapid-acting analogue with bolus doses before meals.
Monitoring of glucose values is fundamental to the management
of all diabetic patients. It has been shown repeatedly that frequent
measurement helps glycaemic control, the avoidance of hypoglycaemia, and the flexibility necessary in modern life with changes in
diet and exercise.

Management of type 2 diabetes mellitus
The primary aim of treatment is to delay the onset and progression of
the cardiovascular complications of the disease. Changes in lifestyle
should be an integral part of treatment, particularly weight loss and
exercise to improve insulin sensitivity. A variety of drugs are available to treat type 2 DM (Box 8.4) and have been reviewed in detail
(Nicholson and Hall 2011). Insulin is used increasingly in type 2 DM
to aid glycaemic control, the long-acting analogues provide a constant
low circulating concentration. This can cause confusion in healthcare
professionals who still think in terms of insulin-dependent and non-
insulin-dependent DM rather than type 1 and type 2 DM.
Box 8.4 Drugs used currently to treat type 2 diabetes mellitus
◆

Sulphonylureas

◆

Biguanides

◆

Thiazolidinediones

◆

Glucagon-like peptide 1 (GLP-1) receptor agonists

◆

Dipeptidyl peptidase 4 (DPP-4) inhibitors

◆

Meglitinides

◆

α-glucosidase inhibitors

◆

Synthetic amylin analogues

◆

Insulin.

Reproduced with permission from Nicholson G, Hall GM.
Diabetes mellitus: new drugs for a new epidemic. British Journal of
Anaesthesia, 2011, Volume 107, Issue 1, pp. 65–73, by permission of
Oxford University Press and the Board of Management and Trustees of
the British Journal of Anaesthesia.
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Metabolic syndrome
The metabolic syndrome consists of a cluster of risk factors for
cardiovascular disease and type 2 DM that result from insulin
resistance and obesity. There is no single definition of the metabolic syndrome and the WHO, the European Group for the Study
of Insulin Resistance (EGIR), the National Cholesterol Education
Program—Third Adult Treatment Panel (NCEP-ATPIII), and the
International Diabetes Federation (IDF) have produced similar,
but slightly different, definitions. Inevitably this has led to confusion in determining the prevalence of the metabolic syndrome
with considerable variability between definitions in predicting
the risk of cardiovascular mortality. In Australia, the prevalence
of the metabolic syndrome was 20.7% by the WHO definition,
18.2% by the ATPIII definition, and only 15.8% by the EGIR definition. Furthermore, only 9.2% of individuals met the criteria of
all three definitions (Alberti et al. 2006). In the United States, the
ATPIII definition was superior to the WHO definition for predicting cardiovascular mortality and diabetes, whereas in Finland, the
WHO definition was superior in predicting diabetes. In addition
to increased risk of cardiovascular disease and type 2 DM, the
metabolic syndrome is also associated with polycystic ovary syndrome, fatty liver, cholesterol gallstones, and sleep disturbances.
The key components of the metabolic syndrome common to all
four current definitions are:
◆
◆

◆

◆

abdominal obesity (waist circumference)
atherogenic dyslipidaemia (raised triglycerides and low high-
density lipoprotein cholesterol)
insulin resistance, usually defined by impaired fasting glycaemia
or impaired glucose tolerance
hypertension.

The authors of the ATP definition of the syndrome considered
that the epidemic of obesity in the Western world was mainly
responsible for the increased incidence and viewed the syndrome
as a clustering of the metabolic complications of obesity (National
Cholesterol Education Program 2001). Insulin resistance is usually
linked with obesity; however, resistance occurs commonly in some
Asian populations with BMIs less than or equal to 25 kg−1 m−2
where it is referred to as primary insulin resistance. Weight gain
in individuals with primary resistance enhances the defect. The
recognition that adipose tissue acts not only as a storage depot
for triglycerides but also has an important regulatory function
in metabolism has been an important step in understanding the
pathogenesis of the metabolic syndrome. Abdominal fat, measured
by waist circumference and waist:hip ratio is correlated with insulin
resistance and also increased prothrombotic factors such as plasminogen activator inhibitor 1 and the inflammatory markers TNFα
and CRP. The adipokine, adiponectin, is decreased with abdominal
obesity so that its ability to increase insulin sensitivity and decrease
inflammation is impaired. Most of these metabolic, prothrombotic,
and inflammatory changes can be reversed by dietary restriction
and weight loss.
The management of the metabolic syndrome can be considered
using the mnemonic ABCDE. A represents assessment of cardiovascular risk, B for blood pressure control, C for cholesterol management, D for diet (weight loss) and diabetes prevention, and E
for exercise.
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The value of the metabolic syndrome as a predictor of cardiovascular risk has been questioned. It has been suggested that the
syndrome is a relatively weak predictor compared with established
risk scores and adds little when added to existing scores (Preiss and
Sattar 2009). The metabolic syndrome is better at predicting DM
than cardiovascular disease. The dependence on a fasting blood
sample to determine insulin resistance is a major drawback. There
is likely to be a continuing debate on the utility of the metabolic
syndrome as a clinical risk assessment.

Adrenal tumours
Adrenal tumours are rare but usually require surgical excision, often laparoscopically. A secretory tumour of the adrenal
medulla, a phaeochromocytoma, results in high circulating catecholamine concentrations. The main adrenocortical tumours
secrete cortisol (Cushing’s disease) and aldosterone (Conn’s syndrome). Many adrenal masses are undiagnosed during life and
the incidence at autopsy may be as high as 4–8%. It is unclear,
however, if these tumours, often very small, were functional
secretory masses.

Phaeochromocytoma
This is a rare tumour with an incidence of 1 in 1.5–2.0 million
general population year−1. Some phaeochromocytoma are hereditary and are linked with other pathologies such as multiple endocrine neoplasia (MEN) type 2 and neuroectodermal dysplasias
(Table 8.3). Most phaeochromocytoma arise in the adrenal gland
but they can occur in the para-aortic and mesenteric ganglia, in
the thorax, and in the bladder and urogenital tract where they
are referred to as paraganglionomas. It has been traditional to
use the rule of ‘10’ when describing this tumour: 10% are extra-
adrenal, 10% are bilateral, and 10% are malignant. The hereditary
forms of the disease have a higher incidence of bilateral tumours,
extra-adrenal primaries, and malignancy. In a recent case series of
115 patients with phaeochromocytoma, 90 had adrenal tumours,
18 were in extra-adrenal sites, and 7 patients had both. Ten of the
115 tumours were malignant and 29 patients had a hereditary
basis—17 with MEN 2 (Safwat et al. 2008). Mutations of the RET

Table 8.3 Syndromes linked to phaeochromocytoma
Multiple endocrine neoplasia (MEN)
Type

Syndrome

Type 2A

Medullary carcinoma of thyroid
Parathyroid hyperplasia or adenoma
Phaeochromocytoma

Type 2B

Type 2A plus:
• marfanoid habitus
• mucosal neuromata

(RE arranged during transfection) gene give rise to the development of different endocrine tumours in MEN 2 patients depending
on the precise codon locations of the mutation. Increased understanding of the genetic basis of phaeochromocytoma will enable
effective screening procedures to be introduced.
Episodic release of catecholamines from the tumour results in
the classic symptoms of phaeochromocytoma: headache, sweating,
pallor, anxiety, and palpitations which may be induced by exercise,
pain, or posture. Hypertension may be sustained, paroxysmal, or
even orthostatic, but phaeochromocytomas account for only a
very small number of patients (<0.5%) who present with increased
blood pressure. Adrenal tumours are increasingly diagnosed during imaging studies for other problems and have then sometimes
been called ‘incidentalomas’. About 5% of incidentalomas are undiagnosed phaeochromocytoma and this unrelated screening may be
responsible for the greater prevalence of the tumour in the twenty-
first century.
The diagnosis of phaeochromocytoma is dependent on the
presence of increased concentrations of catecholamines or their
metabolites in the circulation. Because the secretion of excess
catecholamines may be episodic, diagnosis can be difficult. The
current recommendation is that fractionated metanephrines
should be measured in the plasma, urine, or both (Lenders et al.
2005). Once the biochemical diagnosis has been made, which
may be difficult, the site of the phaeochromocytoma must be
determined. Magnetic resonance imaging scans are more accurate than computed tomography (CT) scans for identifying
extra-adrenal tumours and scintigraphy with radiolabelled I-
meta-iodobenzylguanidine has high specificity and sensitivity for
detecting phaeochromocytoma.

Conn’s syndrome (primary aldosteronism)
Primary aldosteronism results most commonly from either bilateral hyperplasia of the zona glomerulosa of the adrenal cortex (idiopathic hyperaldosteronism) or a unilateral adenoma. The latter is
usually treated surgically whereas the former is less responsive to
excision of both glands. Hyperaldosteronism presents classically
with severe hypertension and marked hypokalaemia in a young
patient. Hypokalaemia occurs because of the increased urinary loss
of potassium that is a direct effect of increased aldosterone concentrations on the distal renal tubule to enhance sodium and water
reabsorption and potassium excretion. In patients with an adenoma, surgical excision corrects the hypokalaemia in all patients
but may not completely reverse hypertension particularly if it has
been present for many years.
The diagnosis of hyperaldosteronism is undertaken by measuring the plasma aldosterone: renin activity in a morning blood
sample. These assays are not routine and should be undertaken in
specialized centres. A CT scan is helpful but may not be able to distinguish accurately between a small unilateral adenoma and bilateral small diffuse changes. In many patients, adrenal vein sampling
for aldosterone concentrations is necessary to provide an accurate
diagnosis.

Neuroectodermal dysplasias

Cushing’s disease (excess glucocorticoid)

Neurofibromatosis type 1
Paraganglioma syndrome
Sturge–Weber syndrome

Again this is a rare condition, about 600 cases per year in the
United Kingdom, in which there is increased secretion of cortisol from the adrenal cortex (zona fasicularis) but also, in some
patients, increased androgen release (zona reticularis). Most cases
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result from excess ACTH secretion from the pituitary tumour, but
in a small number of patients there is ectopic ACTH secretion
from a source such as a primary carcinoma of the bronchus. About
10–15% of patients are not ACTH dependent and the disease
arises from a secretory adenoma or carcinoma of the adrenal cortex. These are often suitable for surgical excision. The distinction
between adenomas secreting aldosterone or cortisol/androgens is
increasingly blurred as refinements in diagnosis have shown that a
single adenoma may secrete a combination of hormones from all
three divisions of the cortex.
The clinical effects of persistent hypercortisolaemia are well
described and are similar to those found in patients taking high
doses of steroids. They include weight gain with typically truncal obesity, hypertension, osteoporosis, thinning skin, muscle
weakness, easy bruising, impaired wound healing, peptic ulceration, pancreatitis, facial changes, and even psychotic episodes.
Impaired fasting glycaemia and impaired glucose tolerance are
common which may progress to type 2 DM. Hypokalaemia may
be present but is usually associated with ectopic ACTH secretion
syndrome.

Table 8.4 Perioperative steroids supplementation

Perioperative steroid supplementation

Declaration of interest

Prolonged treatment with glucocorticoids results in the inhibition
of the synthesis and secretion of ACTH with consequent failure of
cortisol secretion. The withdrawal of steroids in such patients in
times of physiological stress, such as major surgery, may result in
severe cardiovascular collapse and even death. Early case reports
suggested that patients who were taking, or who had recently
taken, steroids should be given large doses (approximately a fourfold increase) in the perioperative period. Subsequent studies
have clarified the need for perioperative steroid cover (Hatner and
Allolio 2005).
Firstly, it has been shown that adrenocortical insufficiency in
patients treated with steroids is very uncommon. In many patients,
hypotension perioperatively resulted from hypovolaemia and not
low circulating cortisol concentrations, Secondly, many patients
taking steroids were found to have normal or only modestly
impaired adrenal function and were able to respond adequately
to surgical stress. Thirdly, for many routine surgical procedures it
has been shown that an increase in cortisol secretion is unnecessary for a normal perioperative course; basal circulating concentrations are adequate. Fourthly, careful observation of circulating
cortisol values perioperatively showed that the maximal cortisol
secretion for the most severe surgical procedures rarely exceeded
three to four times the basal resting output of 25 mg day−1. Thus,
it is highly unlikely that a patient taking exogenous steroids will
require hydrocortisone at greater than 100 mg (24 h)−1 during and
immediately after surgery. One important exception is that patients
taking high doses of steroids for immunosuppression must have an
equivalent dose of hydrocortisone to prevent an exacerbation of the
autoimmune disease.
Current recommendations for perioperative steroid supplementation are summarized in Table 8.4. Patients with Addison’s
disease should be managed similarly but particular attention must
be given to fluid replacement therapy and the need for a mineralocorticoid (Nicholson et al. 1999). It has been suggested that
Addisonian patients should be given higher doses of steroids than
recommended in Table 8.4, but there is little evidence to support
this contention.

Patients previously taking steroids
Length of time

Treatment

<3 months

Treat as if on steroids

>3 months

No steroids

Patients currently taking steroids
Drug

Treatment

Prednisolone <10 mg

Assume normal response

Prednisolone ≥10 mg

Give supplementation

Minor surgery: hydrocortisone 25 mg at induction
Moderate surgery: hydrocortisone 100 mg day−1 for 24 h
Major surgery: hydrocortisone 100 mg day−1 for 48–72 h
Reproduced with permission from Nicholson G, Burrin JM, Hall GM. Peri-operative
steroid supplementation. Anaesthesia Volume 53, pp. 1091–104, Copyright © 1999 The
Association of Anaesthetists of Great Britain and Ireland.

None declared.
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Pain physiology
in anaesthetic practice
Lesley A. Colvin and Marie T. Fallon
Introduction
Understanding the neurobiology of pain is essential in developing
effective management strategies, both for individual patients and
longer-term drug development. Our knowledge of the underlying
mechanisms has expanded over the last few decades, with research
from basic science, human pain models, and clinical syndromes
contributing to this. Pain perception is a complex phenomenon
integrating sensory, emotional, and cognitive function, expressed
within the context of social and cultural factors. A translational
approach to pain research is essential to fully understand pain, with
new tools such as brain imaging techniques helping to explore pain
mechanisms in the clinical setting in a way that has not previously
been possible.
One of the key features of pain neurobiology is that the system:
◆

is dynamic

◆

changes in response to tissue injury

◆

is altered by our treatments

◆

develops over time.

Genetic factors may underpin some of these responses, but there is
a complicated interplay of factors that leads to how pain syndromes
develop in any one individual.
In the development of any pain syndrome, there are a number of
changes including at an intracellular level; in neurotransmitter production, release, and function; alterations in neuronal networks;
and interaction with the immune system. This chapter will explore
some of these areas including the response to tissue injury.

Somatosensory system
Pain perception is a complex, subjective experience, resulting from
the integration of somatosensory, emotional, and cognitive factors,
and influenced in a unique way by an individual’s social and cultural background. This is well recognized in the practice of modern
pain management, which is based on the biopsychosocial model
(Fig. 9.1) (Gatchel et al. 2007).
The somatosensory system is the part of the nervous system that
allows us to detect changes in our environment, process, and perceive them. Our knowledge of the somatosensory system continues
to develop with the availability of an expanding range of experimental techniques and laboratory and clinical models. In particular, our understanding of which receptors and neurotransmitters

are involved in transduction of sensory information, and how
these may change in pathological pain states, continues to progress rapidly. Brain imaging techniques, such as functional magnetic resonance imaging, are also adding to our knowledge of pain
processing in the clinical setting (Tracey 2008, 2011). In relation to
pain and nociception, it is clear that it is a dynamic system that can
change rapidly, with many potential sites for modulation (Colvin
and Power 2002). Its anatomical organization is important, both
because of the potential for injury and also in deciding on appropriate pharmacological interventions or regional techniques for pain
control.

Anatomical organization of pain
and sensory pathways
Some basic principles of the somatosensory system were described
by Santiago Ramón y Cajal, with the concept of peripheral neuronal
transduction of sensory information leading to the dorsal root ganglia, where the sensory nerve cell bodies are situated, with projections into the spinal cord. He described small and large fibres going
into the spinal cord, with different sites of termination (Cajal 1952/
1995). Our current knowledge follows the same basic principles,
although with much more detailed understanding of the mechanisms at a cellular level. While there is not a simple ‘pain pathway’,
the key features needed for transmission of painful (or nociceptive)
information from the peripheral nervous system will be considered
as follows (also see Fig. 9.2):
1. Primary sensory neurones
2. Nociceptors and peripheral receptors
3. Dorsal root ganglia.

Peripheral processing
Primary sensory neurones
Peripheral nerves may either contain a mixture of sensory and
motor nerves, or may be purely sensory (e.g. the saphenous nerve).
Autonomic fibres are also found in peripheral nerves, with the precise arrangement being dependent on the particular nerve (Willis
2007).
There are a number of ways of classifying neurones, such as
by size and conduction velocity (see Table 9.1). There are three
main groups of sensory neurones that may be important in pain
processing:
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3. Small, unmyelinated C fibres may be subdivided according to
whether or not they express neuropeptides. Peptidergic C fibres
characteristically express the neurokinins, substance P, and calcitonin gene-related peptide (CGRP), whereas non-peptidergic
C fibres can be shown to bind isolectin B4 (IB4) and express
the ATP receptor P2X3 (Basbaum et al. 2009). C fibres may be
polymodal (detecting a range of noxious mechanical, chemical, or thermal stimuli) or they may detect thermal stimuli only.
A small subpopulation of C fibres may respond to innocuous
stimuli (Smith and Lewin 2009).

Social/cultural
Illness (pain behaviour)
Affective (suffering)
Cognition (pain)

Sensory (nociception)

Figure 9.1 The biopsychosocial model of pain forms the basis of modern pain
management.
Data from Gatchel, R.J., Peng, Y.B., Peters, M.L., Fuchs, P.N., & Turk, D.C. 2007. The
biopsychosocial approach to chronic pain: scientific advances and future directions. [Review]
[645 refs]. Psychological Bulletin, 133, 581–624.

1. Large, myelinated Aβ fibres are not normally involved in nociceptive processing, although this may change in certain chronic pain
states. In the periphery they may have specialized non-neuronal
structures, such as hair follicles and Meissner corpuscles, conferring
sensitivity to light touch, stretch, vibration, and hair movement.
2. Smaller diameter, myelinated Aδ fibres lose their myelin sheath
and terminate as free nerve endings in the epidermis. They may be
either low-threshold D-hair mechanoreceptors (detect innocuous
stimuli), high-threshold mechanoreceptors (detect high-intensity,
noxious stimuli), or they may detect some thermal stimuli.

Distribution of peripheral nerves
The primary sensory neurones ascend towards the spinal cord
and enter via the dorsal root. In the peripheral nerves, dorsal
and motor roots usually combine, with each nerve following a
particular course, as determined during development and regulated by neurotrophic growth factors (Stoeckli 1997). This is usually fairly consistent, allowing the use of anatomical landmarks
in regional anaesthesia—although advances in ultrasound have
resulted in even more accurate needle placement. Each spinal
nerve root has a well-defined distribution, termed the dermatome, and the use of a dermatomal body map can be helpful, particularly for neuraxial anaesthesia (Fig. 9.3). It should be noted,
however, that afferent autonomic fibres to the viscera do not follow the same dermatomal pathway, so that a block of cutaneous sensation does not necessarily imply a block of underlying
visceral or motor sensation. The viscera are supplied by primary
afferent neurones, both sympathetic and parasympathetic neurones being involved in visceral pain sensation. The viscera are
less densely innervated, with visceral sensation tending to be
much more diffuse and poorly localized than cutaneous sensation (Janig 1995).

Dorsal nerve root
Dorsal root ganglion (contains nerve cell bodies)
C fibres
A-beta fibres
Mixed peripheral nerve (containing
primary afferent neurones)

Nociceptors–bare nerve
endings in the epidermis
of the skin

Action potentials
generated by
peripheral stimuli

Thermal
Mechanical
Chemical
Noxious stimulus

Figure 9.2 The key features of the peripheral nervous system involved in nociception.
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Table 9.1 Classification of nerve fibres
Fibre type

Conduction velocity
(ms–1)

Diameter
(µm)

Function

Aα

70–120

12–20

Proprioception, motor

Aβ

30–70

5–12

Light touch, pressure

Aγ

15–30

3–6

Motor to muscle spindles

Aδ

12–30

2–5

Pain [‘first’ pain e.g. pin prick (Julius and Basbaum
2001)], cold, touch

B

3–15

<3

Preganglionic autonomic

0.5–2

0.4–1.3

Pain: ‘second’ pain (e.g. slow, burning), temperature,
postganglionic sympathetics

Large, myelinated

Small, myelinated

Unmyelinated
C

Adapted from Erlanger, J. & Gasser, H.S. Electrical Signs of Nervous Activity, Philadelphia, 1937. Reprinted with permission of the
University of Pennsylvania Press.

Nociceptors
The existence of specialized nerves for the detection of noxious
sensory stimuli was not demonstrated until 1967 (Burgess and Perl
1967). Nociceptors are bare nerve endings in the skin, found mainly
in the epidermis. They require a high-intensity stimulus to activate
them and are not normally activated by low-intensity stimuli, such
as light touch, allowing them to discriminate between noxious
and innocuous stimuli. They may respond to noxious mechanical,
thermal, or chemical stimuli, with these being detected by a range
of ion channels and receptors in the cell membrane of free nerve
endings.
When these ion channels or receptors are activated, there is sufficient change in resting membrane potential, and the neurone depolarizes resulting in action potential generation and transduction of
the sensory stimulus. Nociceptors can display considerable plasticity,
both acutely and in chronic pain states, where peripheral sensitization may occur. There may be recruitment of previously ‘silent’ nociceptors, after tissue damage, and there may also be changes in the
activation threshold and/or magnitude of the evoked response. This
can occur though modulation of ion channels and changes in intracellular processes (Julius and Basbaum 2001; Basbaum et al. 2009).
Peripheral receptors involved in nociception
There is a wide range of ion channels and G protein-coupled receptors in the periphery that contribute to pain processing, both under
normal conditions, but also often with an enhanced role in chronic
pain states. A few of these are of particular interest, as a result of
being potential analgesic targets, and are discussed in the following
‘Ion channels’ section.
Ion channels
Voltage-gated sodium channels Voltage-gated sodium (Na+)
channels are essential for action potential generation, required for
the transduction of sensory information. Na+ channel opening is
dependent on membrane potential and occurs when this reaches
lower than approximately −40 to −60 V. This allows rapid movement of Na+ into the neurone. There are a number of different Na+
channel subtypes, and there is clear evidence that variations in, and

dysfunction of, Na+ channel subtypes can occur in different pathological pain states.
The general structure of Na+ channels is shown in Figure 9.4,
illustrating the main α subunit and the auxiliary β subunits. The
α subunit mainly controls the pore opening properties, while the
β subunits’ major role is in anchoring the channel in the cell membrane. In mammals, nine different subtypes have been identified,
each with its own particular structure and function (Table 9.2)
(Catterall et al. 2005). Of importance in pain perception, Nav1.7,
Nav1.8, and Nav1.9 are expressed only in peripheral neurones.
Nav1.7 can accumulate at sensory nerve endings, such that small
subthreshold depolarizations are amplified, with important effects
on neuronal excitability (Dib-Hajj et al. 2013). Nav1.8 and Nav1.9
are expressed preferentially in dorsal root ganglia (Gilchrist and
Bosmans 2012).
The different Na+ channel subtypes display variable expression
dependent on tissue type, and can be classified according to sensitivity (or resistance) to the pufferfish toxin, tetrodotoxin (TTX).
A range of pharmacological agents can act at Na+ channels, with
considerable interest in developing subtype selective agents (Liu M
and Wood 2011; Roberson et al. 2011; Waxman 2011). The importance of different subtypes is that by varying the biophysical properties, peripheral pain thresholds and excitability may be altered
(Waxman 2012).
Transient receptor potential channels There is considerable
interest in the role of the transient receptor potential (TRP) channels in pain, and how this may change in chronic pain states. It
was only relatively recently that they have been found to be key
in the transduction of thermal stimuli, with some of their roles
still to be elucidated (Ferrer-Montiel et al. 2012). Table 9.3 outlines the main TRP receptors of relevance to sensory processing.
The vanilloid receptors have been shown to be important in heat
transduction and pain processing (TRPV1–4). The calcium permeable TRPV1 ion channel responds to noxious heat and may be
modulated by hydrogen ion concentration. TRPV1 also responds
to nociceptor-specific chemicals such as capsaicin or mustard oil.
A related channel, TRPA1 has also been found that responds to
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Figure 9.3 Dermatomal body map.
Reproduced from Colvin, L. Anatomy and Physiology of Pain. In McLeod G, McCartney C and Wildsmith T (eds) Principles and Practice of Regional Anaesthesia, Fourth Edition, 2012, Figure 2.3, with
permission from Oxford University Press. DOI: 10.1093/med/9780199586691.003.0002.

lower temperatures in the range where the cold stimulus is perceived as painful.
A number of other ion channels are of interest including the
cation channels known as hyperpolarization-
activated cyclic
nucleotide-gated (HCN) channels and acid-sensing ion channels
(ASICs) (Deval et al. 2010; Postea and Biel 2011; Wu et al. 2012;
Benarroch 2013).
G protein-coupled receptors
As with ion channels, there are a range of G protein-coupled receptors, linked to intracellular second messenger systems that are
involved in the transduction of noxious stimuli. These include:

1. Purinergic receptors: there are a number of different subtypes of
purinergic receptors, widely distributed throughout the body.
They are activated by substances such as adenosine and adenosine
triphosphate (ATP), with both peripheral and central effects likely
to be important in pain mechanisms. The P2X3 receptor is found
in sensory neurones, with evidence that both the P2Y and P2Y2
receptors may also be important, particularly in chronic pain states
(Liu XJ and Salter 2005; Burnstock 2009; Magni and Ceruti 2013).
2. Cannabinoid receptors: these are found both peripherally and
centrally, with CB1 receptors being widely distributed in the
central nervous system (CNS), although there is recent interest
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Figure 9.4 Primary structures of the α and β subunits of the voltage-gated sodium channel. The α subunit is composed of four homologous domains (DI–DIV), each
with six α-helical transmembrane segments (S1–S6). The S4 segment of each domain contains positive-charged amino acid residues and forms part of the voltage sensor.
The linker that connects S5 and S6 forms the external mouth of the channel pore and the selectivity filter. The cytoplasmic linker between DIII and DIV contains a
critical hydrophobic motif that acts as a ‘hinged lid’ (h) and is responsible for fast inactivation. Slow inactivation depends in part on residues located in the external pore
lining of the channel. The α subunit contains several receptor sites for neurotoxins (not shown). Amino acid residues in the S6 segment of DI, DIII, and DIV in the inner
cavity of the channel pore form the binding site for local anaesthetics and related antiepileptic and antiarrhythmic drugs such as lidocaine, mexiletine, carbamazepine,
and phenytoin. Sodium channel blockade by these drugs is relatively weak at resting potential but strong if the membrane is depolarized (‘use-dependent’ blockade).
A conserved amino acid sequence at the intercellular loop linking DII–DIII binds ankyrin G (Ank) and is critical for targeting the channels to specific domains of the
cell. The large intracellular loop between DI and DIII contains several modulatory phosphorylation sites (P) by protein kinases A and C. The carboxy-terminus domain
associates with the β subunit and other adaptor and cytoskeletal proteins. The auxiliary β subunits are proteins with a single transmembrane domain, a long, heavily
glycosylated extracellular N-terminal domain that has an immunoglobulin-like structure with homology to cell adhesion molecules, and a short intracellular C-terminal
tail. These subunits regulate targeting and kinetics of the channel.
Reproduced with permission from Benarroch, E.E. Sodium channels and pain. Neurology, Volume 68, Issue 3, pp. 233–236, Copyright © 2007 Wolters Kluwer Health; and adapted with permission
from Catterall WA, Goldin AL, Waxman SG. International Union of Pharmacology. XLVII. Nomenclature and structure-function relationships of voltage-gated sodium channels. Pharmacology
Review, Volume 57, pp. 397–409, Copyright © 2005 Aspet.

in peripheral effects that may allow a reduction in psychoactive
side-effects. CB2 receptors were initially thought to be restricted to
peripheral immune cells, but more recent work has demonstrated
a significant degree of cross-over. CB2 receptors may be found at
higher concentrations in the CNS in some pain states, such as neuropathic pain and may have a potential role as analgesics (Guindon
and Beaulieu 2009; Talwar and Potluri 2011; Pertwee 2012).

Dorsal root ganglia
This is where the cell bodies of the primary sensory afferents are
situated and is thus essential for survival of the neurones. If there
is damage to the dorsal root ganglia, then there is both retrograde
and anterograde degeneration of neurones. The neurotransmitters

needed for synaptic transmission are produced here, and there is
also a potential site for interaction with immune cells and cross
talk between neurones (Watkins et al. 2007; Hughes et al. 2012).
The phenotype of the primary sensory neurones is determined by
changes in transcription or translation within the nucleus of the
dorsal root ganglia cell bodies, with characteristic changes in different chronic pain states such as inflammation, neuropathic pain, or
bone pain (Honore et al. 2000; Silos-Santiago 2008).

Central processing
Spinal processing
Sensory neurones synapse with second-order neurones in the
dorsal horn of the spinal cord (the first central synapse), in a

139

140

140

PART 1

applied physiology in anaesthesia

Table 9.2 Na+ channels
Channel type
α-subunit

Localization

Kinetics and TTX sensitivity

Function

Clinical significance

Nav1.1

Cell bodies of CNS neurones,
cardiac myocytes

Low threshold of activation,
fastactivation and inactivation,
slow recovery from inactivation,
TTXsensitive

Initiation of action potential,
repetitive firing

Point mutations and deletions
cause GEFS+ and SMEI

Nav1.2

CNS unmyelinated axons

Low threshold of activation,
fast activation and inactivation,
slow recovery from inactivation,
TTX sensitive

Conduction of action potential

Point mutation causes GEFS+

Nav1.3

Embryonic neurones of CNS
and DRG

Fast activation and fast recovery
from inactivation, TTX sensitive

Persistent depolarization in
response to subthreshold
stimuli, increasing cell
excitability, and repetitive firing

Up-regulated after axotomy and
spinal cord injury, mediating pain
in these conditions

Nav1.4

Skeletal muscle

Low threshold of activation,
fast activation and inactivation,
slow recovery from inactivation,
TTX sensitive

Muscle action potential and
excitation–contraction
coupling

Point mutations cause hyper KPP,
PMC, or PAM

Nav1.5

Heart and embryonic
neurones

Low threshold of activation,
fast activation and inactivation,
slow recovery from inactivation,
TTX resistant

Action potential in heart

Point mutations cause long QT
syndrome

Nav1.6

Nodes of Ranvier in CNS
and PNS

Low threshold of activation,
fast activation and inactivation,
slow recovery from inactivation,
TTX sensitive

Fast (salutatory) conduction of
action potential

Point mutations in mice cause
cerebellar ataxia or motor
endplate disease

Nav1.7

CNS, DRG, and sympathetic
neurones

Low threshold of activation,
fast activation and inactivation,
slow recovery from inactivation,
TTX sensitive

Initial depolarization of action
potential

Mutations cause primary familial
erythromelalgia

Nav1.8

Small DRG neurones

High threshold and slow kinetics
of activation and inactivation,
fast recovery from inactivation,
TTX resistant

Activated after depolarization
initiated by Nav1.7 and sustains
repetitive firing

Up-regulated by inflammatory
mediators, involved in
inflammatory pain and
hyperalgesia

Nav1.9

Small DRG neurones

Very low threshold and slow
kinetics of activation, TTX
resistant

Persistent subthreshold
depolarization

Up-regulated by inflammatory
mediators, involved in
inflammatory pain and
hyperalgesia

DRG, dorsal root ganglion; GEFS+, generalized epilepsy with febrile seizures plus; hyper KPP, hyperkalaemic periodic paralysis; PAM, potassium aggravated myotonia; PMC, paramyotonia
congenital; SMEI, severe myoclonic epilepsy of infancy.
Reproduced with permission from Benarroch, E.E. Sodium channels and pain. Neurology, Volume 68, pp. 233–236, Copyright © 2007 Wolters Kluwer Health; and adapted with permission
from Catterall WA, Goldin AL, Waxman SG. International Union of Pharmacology. XLVII. Nomenclature and structure-function relationships of voltage-gated sodium channels.
Pharmacology Reviews, Volume 57, pp. 397–409, Copyright © 2005 Aspet.

precise somatotopic map of peripheral structures (Swett and
Woolf 1985). Most C fibres and Aδ fibres synapse in laminae I and
II of the superficial dorsal horn (the substantia gelatinosa), while
some Aδ fibres synapse in lamina V (Fig. 9.5) (Rexed 1952). There
may be complex modulation at this first central synapse both via
intrinsic spinal mechanisms and descending systems from the
brain. The second-order projection neurones ascend to the brain
in specific tracts (Willis and Coggeshall 1991). The exact cellular
mechanisms by which nociceptive information is transmitted to
the brain and the nature of the interaction between higher centres
and the spinal cord is not fully understood (Mantyh and Hunt
2004).

Close interaction between projection neurones from the superficial dorsal horn and brainstem descending systems regulates tonic
inhibition and excitation at a spinal level (Suzuki 2002; Coull 2003;
Ikeda 2003).
Many lamina I cells are projection neurones that cross to join the
spinothalamic tract (STT) (Giesler 1994).The spinomesencephalic
tract (SMT), from laminae I, V and VI cells, projects to the mesencephalic tegmentum region including the periaqueductal grey area
(Brown et al. 1981; Menetrey 1982; Morris 2004).
The concept of descending inhibitory pathways, from the
brainstem to the spinal cord, was first introduced by Melzack
and Wall and more recently has been referred to as ‘descending
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Table 9.3 Transient receptor potential (TRP) receptors important
in pain and thermal processing
Receptor

Activated by

Comments (references)

TRPV1

Painful heat, H+ ions;
anandamide, mustard
oil, capsaicin

Agonists in clinical use for neuropathic
pain; problems with side-effects
(including hyperthermia) in clinical
trials of antagonists (Vay et al. 2012)

TRPV2

Painful heat

(Hu et al. 2004)

TRPV3

Warm (~28–40°C)

(Facer et al. 2007; Sherkheli et al. 2009)

TRPV4

Warm (~28–40°C)

Potential role in treatment of
neuropathic and inflammatory pain
(Vincent and Duncton 2011)

TRPM8

Cool (8–28°C)

Some early clinical work of analgesia
for neuropathic pain (Stucky et al.
2009; Knowlton et al. 2010; Knowlton
and McKemy 2011; Storey et al. 2010)

TRPA1

Cold

Tends to link closely with TRPV1
activation (Andrade et al. 2012;
Fernandes et al. 2012)

A, Ankyrin; M, elastatin; V, vanilloid.
Data from various sources, see References.

noxious inhibitory control’ (Wall 1967; Morgan 1994). These
descending pathways originate from several areas in the brainstem, including the medullary nucleus raphe magnus (NRM) and
adjacent structures of the rostral ventromedial medulla (Polgar
2002; Basbaum 1984). The locus coeruleus (LC) exerts two opposing effects on nociceptive transmission. Descending noradrenergic
fibres from the LC to spinal cord play a predominantly inhibitory
role, causing hyperpolarization of lamina II cells, thereby producing an antinociceptive effect (Men 1996; Sonohata 2004).
Neurotransmitters
A wide range of neurotransmitters are found in the dorsal
horn, including amino acids and neuropeptides with their specific inhibitory or excitatory effect being determined by which
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postsynaptic receptors are functional (see Table 9.4). These provide multiple potential sites of action for analgesics, although
the role of each neurotransmitter may change in chronic pain
states.
The predominant inhibitory amino acids are γ-aminobutyric
acid (GABA) and glycine, with the main excitatory amino acid
being glutamate (Wilcox 1991; Todd 1996; Keller 2001).
There are two main types of glutamate receptor that are important in acute and chronic pain processing:
1. Ionotropic receptors: these are ion channels: the α-amino-3-
hydroxyl-5-methyl-4-isoxazole propionic acid (AMPA) and
kainate receptors are thought to be important in fast synaptic
transmission. The N-methyl-D-aspartate (NMDA) receptor is
involved in slower synaptic responses, is blocked by a magnesium ion at resting membrane potentials, and is largely inactive
during acute nociceptive transmission. It can be rapidly activated by prolonged noxious stimuli (such as during surgery) in
the physiological process known as ‘wind-up’ (Davis and Lodge
1987; Larsson and Broman 2011).
2. Metabotropic glutamate receptors (mGluRs): these G protein-
coupled receptors change intracellular enzyme activation and
calcium levels, with group I mGluRs thought to play in various
forms of synaptic plasticity including LTP in the hippocampus,
wind-up, and the development of chronic pain states (Conn
1997; Pin 2002).
A wide range of neuropeptides are produced and released by sensory neurones, and by dorsal horn neurones (see Table 9.4). The
receptors on which they act in the spinal cord include neurokinin
receptors (e.g. substance P acts on NK-1) (Allen 1997; Mantyh
2004). Perhaps one of the most important groups of receptors is the
opioids, found in high concentration in the superficial dorsal horn.
Most of these are μ receptors, although δ and κ receptors are also
found here (Janecka 2004). A summary of the key opioid receptors
is shown in Table 9.5.

Supraspinal and cortical processing
A complex ‘neuromatrix’ is involved in pain perception, with
dynamic integration of many different components, from peripheral
Dorsal root ganglia

Aβ
fibres

C fibres
Grey matter
(laminae I–X)

Dorsal root
(sensory)
II
III
IV
V
VI

...from
peripheral
nerve

VII
X
VIII

IX

White matter

Figure 9.5 Spinal cord with Rexed’s laminae.

Ventral root
(motor)
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Table 9.4 Some of the neurotransmitters important in spinal processing of nociceptive information
Neurotransmitter

Receptor(s)

Glutamate:
ionotropic

AMPA
NMDA
Kainate

Ca2+ permeable
Permeable to calcium + sodium; voltage dependent Mg2+ block
On small diameter primary afferent neurones

Glutamate:
metabotropic

Three groups (I, II, III)

Gp I (mGluR1 and 5): superficial dorsal horn
Gp II (mGlu2 and 3): presynaptic; decrease glutamate release

Substance P

Neurokinin receptors

Mainly excitatory, increased in inflammation, decreased in
neuropathic pain

Galanin

Gal Rs

Found in C fibres, low concentrations, but up-regulated in
neuropathic pain; inhibitory

Cholecystokinin (CCK)

CCKRs1-8

Excitatory; antagonists have been studied in clinical trials

Calcitonin gene-related
peptide (CGRP)

Calcitonin receptor-like receptor
(CALCRL)

Excitatory; slows degradation of substance P

Reproduced from Colvin L. Chronic pain after cardiothoracic surgery. In Alston RP, Myles PS, Ranucci M (eds), Oxford Textbook of Cardiothoracic
Anaesthesia, 2015, Table 39.2, Page 437, with permission from Oxford University Press.

Table 9.5 Opioid receptors
Receptor

Molecular
classification

Endogenous ligand

Sites

Mu (μ)

OP3

β-endorphin, leu-
and met-enkephalin;
endomorphins;

Pre-and postsynaptic neurones in spinal cord; brainstem
(including PAG, NRM); thalamus, cortex; peripheral
(inflammation);

Kappa (κ)

OP1

Dynorphins

Spinal cord, supraspinal, hypothalamus

Delta (δ)

OP2

Encephalins;
β-endorphin

Olfactory centres, motor integration areas in cortex,
limited distribution in nociception areas

Orphan

ORL-1 (opioid-like
receptor)

Nociceptin

Spinal cord, peripheral immune cells

nociceptive input to emotional and cognitive aspects and the continuous interaction between these (Fig. 9.6). While we intuitively
know that personality and expectation influence our pain experience, the advances in neuroimaging techniques are allowing us to
determine the neurobiological basis for this in human subjects.
Hippocrates stated: ‘It is more important to know what sort of person has a disease than to know what sort of disease a person has’,
and this may apply very particularly to pain medicine. The interrelationship between cortical processing of nociceptive input and
the effects of ‘top-down’ regulation from the brain to the spinal cord
is complex and modulated not only by pre-existing genetic factors
but also by expectation and in different pain states (Tracey 2008;
Wanigasekera et al. 2011).
Activity in the anterior cingulate cortex may relate to the subjective unpleasantness of pain, with evidence of functional links with
the descending systems modulating spinal cord activity (Tracey
2007). Cognitive modulation, for example, by using hypnosis, can
be used to reduce the perceived unpleasantness of a defined noxious stimulus, significantly reducing activity in the anterior cingulate cortex (Rainville 1997; Bao 2002). The mechanisms of the
placebo effect, brainstem areas involved in central sensitization,
and the effect of suggestion of pain perception have been studied

using neuroimaging (Lee et al. 2008; Tracey 2010; Bingel et al.
2011).

Changes in response to tissue damage
One of the key challenges when managing pain is the dynamic
nature of the system, with rapid changes in response to tissue
injury that, in some circumstances, may lead to the development of chronic pain syndromes. These changes can occur in the
peripheral and CNS (spinal cord and brain) after tissue damage
such as surgery. These can include activation of the inflammatory
response, nerve injury, or both (Hughes et al. 2012). In inflammatory, neuropathic, and other chronic pain states, central sensitization may occur. This activity-dependent change in central
reactivity is known to occur in the spinal cord and higher centres
and plays a key role in the generation and maintenance of chronic
pain states (Woolf 1983; Davis and Lodge 1987; Lee et al. 2008;
Hughes et al. 2012).

Central sensitization
A number of factors are involved in the processes of initiating
and maintaining central sensitization. Early pre-clinical studies
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Figure 9.6 The pain neuromatrix.

found that there was a clear stimulus–response relationship to
increased sensory activity, with a prolonged facilitation of spinal
activity, manifest by an increase in receptive field size of spinal
neurones, prolonged after-discharges in response to peripheral
stimulation, and reduced activation threshold (Woolf 1995). The
balance between inhibition and excitation is altered such that
there is a general amplification of peripheral sensory input, and
centrally driven activity of the pain neuromatrix (see Fig. 9.7)
(Woolf 2011).
One of the key amino acids involved in central sensitization
is glutamate, acting via the ionotropic NMDA receptor. Under
normal conditions, this receptor is blocked by a magnesium ion.
With repeated high-intensity noxious stimulation the magnesium
block is lifted, the receptor is activated, and a series of downstream events occur, leading to an ongoing central sensitization
at the level of the spinal cord. Activation of protein kinases, phosphorylation of ion channels, changes in intracellular calcium levels, with multiple changes in gene transcription all contribute to
this complex process (Gonda 2012). There are a number of sites
at the NMDA receptor complex, where there may be potential
for pharmacological manipulation. As the NMDA receptor is
widely distributed in the CNS, non-specific antagonists tend to
have a range of unacceptable side-effects. More selective agents,
targeted at the different subtypes or downstream parts of the
receptor, may have a better therapeutic index (see Fig. 9.8). In
addition to glutamate, other neurotransmitters are involved in
this process including neuropeptides such as substance P (Hunt
and Mantyh 2001).

Inflammation
Inflammation classically consists of a number of signs and symptoms, including pain (dolor), redness (rubor), swelling (tumor),
and heat (calor), as a result of nociceptor activation, with increased
blood flow, metabolic activity, and plasma extravasation as a result
of increased capillary permeability (Schaible and Richter 2004).
Acute inflammation is part of the stress response to surgery, but
normally resolves as wound healing progresses. It may also occur in
the critical care setting as part of systemic sepsis. Chronic inflammation may be associated with a variety of conditions including
rheumatoid disease and other connective tissue disorders. The
inflammatory response is complex, with activation of specific
immune system mechanisms and non-immune responses that may
occur both peripherally and centrally.

Peripheral changes
In response to an acute injury, a broad range of pro-inflammatory
mediators are recruited, from a number of different cell types
(Fig. 9.9). These include endothelial cells (blood vessels), lymphocytes, mast cells, polymorphonuclear cells, and macrophages
(all immune cell types). Some of the released mediators will
directly activate nociceptors, although many also act via a range
of intracellular signalling pathways to alter nociceptor sensitivity.
Anti-inflammatory mediators are also released, with the balance
between these contributing to the degree of peripheral sensitization. Cytokines play a key role in sensitization; they are large peptides, and may be pro-or anti-inflammatory. A particular type of
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cytokine—chemokines—attract immune system cells to the area
of tissue damage; these include substances such as interleukin 8
(Koles et al. 2007). In inflammatory states, low-intensity stimulation (non-painful) can result in release of a number of mediators
that act locally, causing small changes in nearby membrane potentials (antidromic conduction), with recruitment of other sensory
neurones and amplification of the original stimulus. The sensory
neurones themselves may release neuropeptides (e.g. substance
P) increasing the local immune response, not only by directly
interacting with immune cells, but also by increasing vascular
permeability.
Other locally acting peptides include kinins; these originate
from the blood, are produced by the action of kallikrein enzymes,
and act via G protein -coupled bradykinin receptors (Maurer
et al. 2011; Marshall et al. 2012). The transient receptor potential
family of ion channels is also altered in inflammation (and other
chronic pain states), with the transient receptor potential vanilloid 1 (TRPV1) receptor being up-regulated during inflammation and acting via a number of intracellular signalling pathways,
including the bradykinin systems (Cortright et al. 2009; Eid and
Cortright 2009).
The G protein-coupled protease-activated receptors (PARs)
are involved in inflammatory processes, and also have a potential
role in visceral pain (Vergnolle 2004, 2010). Further ion channels
include:
1. Purinergic receptors, gated by extracellular ATP, with a number
of receptor subtypes that may play a greater role in inflammatory
pain, such as the P2X3 receptor (Sawynok 2007).
2. ASICs can respond to small decreases in extracellular pH with
action potential triggering on sensory neurones. As tissue acidosis is one of the features of inflammation ASICs are likely to
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be involved in peripheral sensitization during inflammation
(Voilley 2004; Deval et al. 2010).
It is clear that alterations in G protein-coupled receptors, neurotransmitters, and ion channels can all occur in peripheral sensitization (Hughes et al. 2012).
The local mechanisms occur very rapidly, and will certainly occur
in the immediate perioperative period. More chronic changes also
occur relatively rapidly (even within hours) with changes in gene
expression as a result of activation of a variety of signalling cascades. For example, inflammatory mediators can activate a range
of mitogen-activated protein kinases including extracellular signal-
regulated protein kinase and p38. This initiates intracellular changes
with longer-term effects on neuronal plasticity, cell proliferation,
and differentiation. There may be a potential role for pharmacological manipulation of these pathways in providing novel therapies
for inflammatory pain (Ji et al. 2009).
As a result of these processes, a decrease in stimulus threshold
occurs, with increased nociceptor activation and increased responsiveness to peripheral stimuli. Changes in the milieu around the
sensory neurones combined with changes in the neurones themselves can result in development of pain and inflammation.

Central inflammation
The CNS is relatively protected by the blood–brain barrier, which
was thought to prevent peripherally circulating immune cells from
accessing the CNS. In some chronic pain states, however, this may
be disrupted, such as after peripheral nerve injury, with a combination of infiltration of peripheral immune cells into the CNS and
activation of resident immune cells (microglia and astrocytes) in
the CNS (Beggs et al. 2010; Echeverry et al. 2011). For further discussion, see ‘Role of glial cells and the immune system’.

• Sympathetic neurones
• Immune cells
• Blood vessels

Anti-inflammatory
factors

Pro-inflammatory mediators
• NGF

• Prostaglandins
• IL-10

Channel
modulation

• Lipoxins
• NFκB
• Endomorphins

Signalling
pathways

• Histamine
• Cytokines (TNF, IL-1)
• Chemokines
• Prostaglandins
• Bradykinin

• Annexin-1

• H+

• CRH

• Adenosine
• Peptides (SP, CGRP)
• Cell adhesion molecules
Inflammatory
triggers

Figure 9.9 Key changes in peripheral sensitization.
Adapted with permission from Colvin, L. and Fallon, M. ABC of Pain. Copyright © 2012 John Wiley and Sons Ltd/BMJ Books.
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Nerve injury
After peripheral or central nerve injury, a number of changes may
occur in both peripheral and central processing, resulting in the
development of neuropathic pain (von Hehn et al. 2012). The new
International Association for the Study of Pain (IASP) definition of
neuropathic pain is ‘Pain caused by a lesion or disease of the somatosensory nervous system’ (Jensen et al. 2011; IASP Task Force on
Taxonomy 2012). A range of factors may cause neuropathic pain, as
outlined in Figure 9.10.
It is thought the underlying aetiology may not be the main factor
in determining the changes occurring in any individual. Thus, even
with the same aetiology, there may be quite different underlying
mechanisms maintaining the pain (Birbaumer et al. 1997). This has
implications for directing appropriate treatment. For instance, if the
pain is predominantly maintained by peripheral mechanisms, then
a peripherally directed treatment may be most effective, whereas if
central mechanisms predominate, then this is unlikely to be successful (Baron et al. 2010; Attal et al. 2011).

Peripheral changes
There are a number of changes occurring peripherally in neuropathic pain. While peripheral sensitization classically occurs after
an inflammatory stimulus, with a decrease in activation threshold
of peripheral nociceptors, this may also occur after nerve injury,
without a classical inflammatory response. This may, at least in
part, be as a result of changes in particular ion channels involved
in the transduction of sensory information. For example, changes
in sodium, potassium, and TRP ion channels all occur. Thus the
TRPV1 channel, a non-selective cation channel, is upregulated
after nerve injury, with an alteration in expression profile on different primary sensory neurones, such that the large myelinated fibres
may begin to express TRPV1 (Premkumar et al. 2013). Changes in
sodium channels, on sensory neurones, occur after nerve injury,
with resultant changes in function such as generation of spontaneous

Trauma

Infection
e.g. post-herpetic
neuralgia
Drugs
e.g. chemotherapy

The problem of chronic pain after surgery, usually with a neuropathic component, has been increasingly recognized over the last
decade or so (see Table 9.6).

Nerve injury or lesion

Neuroinflammation
e.g. multiple sclerosis
Surgery
e.g. amputation,
thoracotomy

Ischaemia

Compression
e.g. tumour, haematoma

Pain
Figure 9.10 Potential aetiologies of neuropathic pain.

Table 9.6 Incidence of chronic postsurgical pain (CPSP) after different types of surgery
Surgery

Patients with reported CPSP (%)

References

Amputation

50–75

(Richardson et al. 2006; Reuben 2007; Buchheit and Pyati 2012)

Thoracotomy

33–69

(Maguire et al. 2006; Pluijms et al. 2006; Steegers et al. 2008; Guastella
et al. 2011; Kinney et al. 2012; Mongardon et al. 2011; Wang HT et al.
2012)

Video-assisted thoracic
surgery

25–47

(Steegers et al. 2008; Wildgaard et al. 2011)

5–10

(Steegers et al. 2008; Wildgaard et al. 2010)

Lung transplant surgery
Sternotomy

25–31

(Kalso et al. 2001; Meyerson et al. 2001; Ho et al. 2002; Lahtinen et al.
2006)

Mastectomy

30–50

(Katz et al. 2005; Macdonald et al. 2005; Gärtner et al. 2009; Sheridan
et al. 2012)

Hernia repair

10–30

(Bay-Nielsen et al. 2004; Deysine 2005; Franneby et al. 2006; Aasvang
et al. 2010)

Reproduced from Colvin L. Chronic pain after cardiothoracic surgery. In Alston RP, Myles PS, Ranucci M (eds), Oxford Textbook of Cardiothoracic Anaesthesia,
2015, Table 39.1, Page 436, with permission from Oxford University Press. Data from various sources, see References.
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neuronal activity. Those subtypes that are expressed mainly in the
peripheral nervous system (Nav1.8 and Nav1.9) may have potential
as analgesics that will be devoid of central side-effects (Binder and
Baron 2007; Liu M and Wood 2011). Undamaged sensory fibres
may respond to changes in the local environment after nerve injury,
with spontaneous activity arising not only at the nerve injury site,
but also more proximally at the dorsal root ganglia (Roza et al.
2003). Inflammatory mediators such as tumour necrosis factor and
interleukin 1 may be part of the local changes that stimulate this
spontaneous ectopic activity (Wolf et al. 2006; Schafers et al. 2008).
As a result of a nerve injury, primary sensory neurones may be
damaged, with resultant cell death, impacting on transduction of
peripheral input.

Central changes
There are major changes in central processing after nerve injury, with
an amplification of peripheral input, and a reduction in descending
inhibitory control. The end result of this is a shift towards the generalized excitatory state of the somatosensory system that occurs in
neuropathic pain. After nerve injury there is an increase in spinal
excitatory activity, with central sensitization. There is also a reduction in inhibitory neurotransmitters in the spinal cord, such as glycine and GABA, possibly related to excitotoxic damage at the time
of nerve injury, with inhibitory spinal neurones being more susceptible to this (WiesenfeldHallin et al. 1997; Zeilhofer 2005).
Characteristic changes occur in synthesis, release, and activity of neuropeptides from central termination of primary sensory
neurones, with related changes in receptors in the spinal cord. For
example, substance P is downregulated, while its receptor (NK-1)
is upregulated in the spinal cord. It is important to note that these
changes may be quite different from those occurring in inflammatory and bone pain, with obvious implications for developing effective new treatments (see Table 9.7) (Honore et al. 2000).
The balance of the descending systems, from the brainstem to
the spinal cord, is also altered in neuropathic pain. Under normally
conditions, there is a level of tonic inhibitory control that becomes
less active after nerve injury, with recruitment of a facilitatory
system that amplifies input from the periphery (Little et al. 2012;
Marshall et al. 2012).

Role of glial cells and the immune system
There is increasing evidence that the central immune system, in
addition to playing a major role in peripheral pain processing, is
also a major player in chronic pain states. The glial cells (microglia and astrocytes) make up a significant proportion of cells (up
to 70%) in the CNS and are much more than just supporting cells
(Grace et al. 2011; Machelska 2011). After nerve injury, activated
microglia can release cytokines, modulating neuronal excitability
and altering neurotransmitter concentrations at synapses. There
is clinical interest in minocycline, which blocks the microglia
response, for the prevention of some types of neuropathic pain
(chemotherapy-induced peripheral neuropathy) (Cata et al. 2008;
Liu CC et al. 2010). Astrocytes are also implicated in chronic pain
states, with very marked increases in bone pain models and some
neuropathic pain models (Benz et al. 2004; Ren et al. 2012; Zhang
et al. 2012).
The mechanisms by which glial cells alter neurotransmission are not fully elucidated, but reduced activity of glutamate
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Table 9.7 Spinal cord changes in chronic pain states
Neurochemical changes

Inflammation

Nerve injury

Substance P

↑

↓

CGRP

↑

↓

Galanin

↔

↑

Neuropeptide Y

↔

↑

Somatostatin

↔

↔

Dynorphin

↑

↑

GFAP (grey matter)

↔

↑

OX42 (grey matter)

↔

↑

Neuronal

Glial

Adapted from Neuroscience, Volume 98, Issue 3, P. Honore, S.D. Rogers,
M.J. Schwei, J.L. Salak-Johnson, N.M. Luger, M.C. Sabino, D.R. Clohisy,
P.W. Mantyh, Murine models of inflammatory, neuropathic and
cancer pain each generates a unique set of neurochemical changes
in the spinal cord and sensory neurons, pp. 585–598, Copyright ©
2000 IBRO.

transporter systems on glial cells in neuropathic pain may result
in more prolonged exposure of glutamate as postsynaptic sites
(Weng et al. 2005; Wang S et al. 2006). Release of inflammatory mediators, neurotrophins, and other neuromodulators
is increased in chronic pain states, leading towards a further
shift towards an excitatory state in the spinal cord (Milligan
et al. 2009). Interestingly, there is some evidence that opioids
may increase this process via an action on glial cells, which
may explain the phenomenon of opioid induced hyperalgesia
(Wang X et al. 2012; Ellis and Bennett 2013).

Genetics of pain
The role that genetic variation plays in the development of chronic
pain syndromes is not fully understood, but does illustrate the
interaction between environment and genetics. For example, neuropathic pain may arise as a result of nerve injury, but not always.
Even in lower limb amputation, where there is consistent nerve
damage, not all individuals will develop chronic pain. Similarly,
the variation in response to analgesics is likely to be influenced by
genetics, with an increasing amount of evidence that opioids in particular are affected by a number of genetic factors (Branford et al.
2012; Young et al. 2012; Belfer et al. 2013). Perhaps not surprisingly,
given the complex nature of pain perception, a large number of
genes have been implicated in pain processing. Thus, using rodent
models, at least 385 genes have been identified, with hundreds of
genes identified by microarray studies (Young et al. 2012; Lotsch
et al. 2013). Figure 9.11 illustrates a number of potential candidate genes that are likely to contribute to variations in pain and
responses to analgesics (Mogil 2012).

Conclusion
This chapter has covered some of the key areas that are important in
pain processing, although by no means all. While the neurobiology

147

148

148

PART 1

applied physiology in anaesthesia
Key:
COMT
OPRM1
GCH1
HLA (all)
SLC6A4
HTR2A
IL1A, B
IL1RN
TRPV1
TNF
All others

Figure 9.11 Pain genetics.
Reprinted from Trends in Genetics, Volume 28, Issue 6, Mogil JS. Pain genetics: past, present and
future, pp. 258–266 Copyright © 2011, with permission from Elsevier.

of pain is a complex and dynamic field, perhaps the most important message is that there are many potential avenues for new drug
development. Additionally, as we begin to understand more about
pain neurobiology, the challenge remains to prevent the development of chronic pain syndromes. By expanding our knowledge of
pain mechanisms we may be able to direct treatment logically in
individual patients, reducing the suffering and distress associated
with uncontrolled pain.
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CHAPTER 10

Immune system physiology
in anaesthetic practice
Helen F. Galley and Heather M. Wilson
Introduction
The immune system provides protection against invading pathogens, foreign cells including tumour cells, and macromolecules.
It comprises an early, non-specific, innate immune response and
a later, specific, adaptive immune response that helps prevent disease or recurrence of disease. Innate and adaptive immune systems
work together with mutual interactivity distinguishing ‘self ’ from
‘non-self ’ components to provide effective immune responses
and prevent infection. This chapter describes the basic processes
involved in immune responses, illustrates the particular relevance
for some disease processes, and highlights stresses associated with
anaesthesia and surgery that can modulate responses.

Innate immunity
Non-specific, or innate, immunity is the in-built ability of all
multicellular organisms to combat infections (Fig. 10.1). Innate
immunity specifically targets microbes and provides the first line
of defence against invading pathogens. It responds in exactly the
same manner to any pathogenic threat whether bacterial, viral, or
parasitic. Even before infection, defence mechanisms already exist
to provide protection and enable a rapid response to foreign matter. These mechanisms can be divided into physical and chemical
barriers, complement and secreted proteins, and cellular defences.

Physical and chemical barriers
Intact skin prevents penetration of most pathogens. The sebaceous
glands within the dermis produce sebum, made up of lactic acid
and fatty acids, which keeps the pH of the skin slightly acidic to
inhibit bacterial growth. Defensins are small cationic peptides
produced by epithelial cells in skin and mucus membranes and
immune cells. They are directly toxic to microbes and can also activate cells involved in inflammatory responses against microbes.
Mucous membranes (e.g. in the gastrointestinal and respiratory
tracts) are protected by saliva, tears, and mucus, which wash away
organisms and also contain antiviral and antibacterial substances.
In the lower respiratory and gastrointestinal tracts, organisms
trapped in mucus are propelled out of the body by ciliary action.
The adherence of bacteria to mucous membranes is dependent on
the interaction of protrusions on the bacteria and specific glycoproteins on mucous membrane epithelial cells, which explains why
only certain tissues are susceptible to bacterial invasion. Lysozyme,

which is found in mucus, is an enzyme which cleaves the peptidoglycan layer of bacterial cell walls and helps the protection by
mucus. If an organism manages to breach the anatomical barriers,
there are several physiological protection mechanisms including
pH and temperature. In the gastrointestinal tract, commensal flora
compete with pathogenic bacteria for nutrients and can alter the
environment (i.e. pH) to protect against infections. Gastric acidity prevents the growth of many organisms, and newborn infants
are more prone to some diseases as their stomach contents are less
acidic.

Soluble effector molecules
There are several soluble molecules present in blood and extracellular fluids that recognize microbes and promote innate responses.
These include the complement system, collectins, pentraxins,
cytokines, and eicosanoids.

Complement system
The function of the complement system is to attack the surface
of foreign cells resulting in their destruction and facilitating their
clearance (Carroll 2008). Complement refers to a group of serum
proteins which circulate in an inactive state. Activation converts
the inactive pro-enzymes to active enzymes through an enzyme
cascade, which results in membrane-damaging reactions which
destroy pathogenic organisms and help with clearance. The classical
activation pathway involves activation by specific immunoglobulin
molecules, and the alternative pathway is activated by a variety of
microorganisms and immune complexes. In addition lectin binding
pathway can also activate complement. Each results in generation of
a membrane attack complex which displaces phospholipids within
cell membranes, making large holes, disrupting the membrane and
resulting in bacterial cell lysis. However, the complement system is
non-specific and can attack host cells and foreign cells and so there
are regulatory mechanisms which restrict complement reactions
to specific host cell targets by the release of inactivating proteins.
Complement components also amplify reactions between antigens
and antibodies and activate B lymphocytes (see ‘Adaptive immunity’). Pathogens which have activated the complement cascade
become coated with complement components, making them targets
for phagocytosis (see ‘Phagocytosis’). This is called opsonization.
Opsonins are molecules which enhance the phagocytosis process by
coating pathogens, thus marking them for destruction. In addition
to the complement component C3b, antibodies also act as opsonins.
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Figure 10.1 An overview of the basic components of the innate and adaptive immune systems and how they interact.

Collectins
Collectins are so-called because they have a collagen-like region and
a lectin region. Lectins bind sugar molecules, usually on the surface
of bacteria. For example, mannose is found on bacteria but is not
usually found on mammalian cell surfaces. The collagen domain
of the collectin then interacts with effectors of the innate immune
system such as phagocytes and complement. Mannose-binding lectin, ficolins, and the complement component C1q are examples of
collectins in the circulation, whereas surfactant protein A is a collectin found in the alveolar fluid. Interestingly, the concentrations
of mannose-binding lectin in blood are very variable in the normal
population, as a result of genetic variations (polymorphisms) in the
genes which regulate its expression. Those people who have lower
concentrations of mannose-binding lectin have been shown to be at
a higher risk of some infections than people with higher concentrations. Children who have low concentrations of mannose-binding
lectin, for example, have a much higher risk of developing meningococcal meningitis (Sprong et al. 2009).

Pentraxins
Pentraxins, such as C-reactive protein, pentraxin-3, and serum
amyloid A, are acute-phase plasma proteins that recognize and
bind to bacteria and fungi (Agrawal et al. 2009). These function
to activate the classical complement pathway and initiate pathogen
destruction.

Cytokines and eicosanoids
Cytokines and eicosanoids are released from injured and infected
cells. Eicosanoids such as prostaglandins cause blood vessel dilatation to enhance innate immune cell movement from blood to sites
of tissue injury, whereas leukotrienes act as chemoattractants to
attract cells to infected sites and have potent stimulatory effects on
innate immune cells. Cytokines are essential chemical messengers

that initiate many functions in the immune system including cell
growth, differentiation, and function (see ‘Cytokines’).

Cellular events
The cellular innate immune response consists of two main lines
of defence. Firstly, recognition of pathogens results in an inflammatory response which, in a series of events, attracts leucocytes
that can clear foreign material by phagocytosis. Phagocytes internalize and kill microbes and respond to microbes by producing
cytokines that induce inflammation and activate other immune
cells at the sites of infection. Secondly, cytokine-mediated defence
against virus-infected cells and tumour cells occurs via natural
killer (NK) cells.
The ingestion of pathogens by the process of phagocytosis and
their subsequent killing is a key innate defence mechanism (see
‘Phagocytosis’). The so-called professional phagocytes are neutrophils and macrophages (Dale et al. 2008) and non-professional
phagocytes—
which do not move around the body—
include
endothelial and epithelial cells, hepatocytes, and glial cells.

Neutrophils
Neutrophils are short-lived phagocytic cells with a multilobed
nucleus and cytoplasmic granules containing a variety of enzymes
needed for destruction of pathogens, including acidic and alkaline
phosphatases, defensins, and peroxidase. The generation of a so-
called respiratory burst is important for killing. These substances
are, however, also harmful to host cells and tissues if released
inappropriately. Neutrophils are present in high numbers in the
bloodstream and are the first cells to be recruited in response to
pathogens such as bacteria and fungi and have an important role
in destruction of pathogens by cytotoxic components and phagocytosis. Most neutrophils die by apoptosis while they are still in
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the circulation because of their short lifespan and are subsequently
ingested and cleared by macrophages (Mantovani et al. 2011).

Macrophages
Macrophages are large cells with a kidney-shaped nucleus and
numerous lysosomes that aid pathogen destruction. They derive
from circulating blood monocytes that extravasate into tissue and
differentiate into macrophages in response to microenvironmental signals. Macrophages are potent phagocytes and also have a
role in antigen presentation to T cells (see ‘Antigen presentation’).
Macrophages are heterogeneous and can perform both cytotoxic,
pro-inflammatory, and tissue reparative anti-inflammatory functions depending on how they are activated (Mosser and Edwards
2008). They therefore have important roles in all stages of inflammation from microbicidal roles and pathogen clearance to restoration of normal tissue homeostasis.
Macrophages and neutrophils, and indeed other cells of the
innate immune system, express a limited number of receptors
on their cell surface, which recognize molecules on the surface
of invading pathogens. (1) Complement receptors bind the complement component C3b to enhance phagocytosis and activation of the metabolic activity of phagocytes (respiratory burst).
(2) Scavenger receptors bind a variety of polyanions on bacterial
surfaces resulting in their phagocytosis. (3) Fc receptors on the
cells bind to specific fragments of immunoglobulin (Ig)-G antibodies coated onto bacteria, which enhances phagocytosis and the
respiratory burst. (4) Pattern recognition receptors (PRRs) including c-type lectin receptors and the cell surface Toll-like receptors
(TLRs, see ‘Pattern recognition receptors, pathogen-associated
molecular patterns, and damage-associated molecular patterns’),
initiate phagocytosis and inflammatory responses by alerting cells
to potential infection.

Mast cells, eosinophils, and basophils
Mast cells, eosinophils, and basophils also play a role in innate
(and adaptive) immune responses (Moiseeva and Bradding 2011).
Pathogens which are too big to be phagocytosed, such as parasites,
can be destroyed by mast cells or eosinophils which release massive
amounts of enzymes onto the invading pathogen from intracellular granules by a process called degranulation. These cells contain
dense granules in the cytoplasm and are important for acute inflammatory responses. Degranulation and release of enzymes occurs as
a result of binding to complement components or via cross-linking
of IgE (see ‘Complement system’ and ‘Hypersensitivity’) resulting
in the release of histamine and cytokines. Basophils are similar to
mast cells but reside in the bloodstream, whereas mast cells are
present in connective tissue of blood vessels. Histamine from mast
cells, basophils, and platelets binds to receptors on capillaries and
venules, leading to increased vascular permeability and vasodilation. Kinins cause vasodilation and increased capillary permeability and bradykinin also stimulates pain receptors in the skin. The
main role of eosinophils in host defence is the protection against
multicellular organisms, such as helminths, by release of toxic cationic proteins. They are also thought to contribute to allergic diseases such as asthma.

Natural killer cells
NK cells are large granular lymphocytes found mainly in the blood
and peripheral lymphoid organs and represent around 10% of the
lymphocyte population. The role of NK cells is to kill virus infected
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host cells or tumour cells (Vivier et al. 2011). They achieve this via
exocytosis of lytic proteins such as perforin and granzymes which
induce apoptosis, and by production of copious amounts of interferon (IFN)-γ. This interferes with viral replication and prevents
viral infection of healthy host cells, activates macrophages, and
enhances T-cell responses to virally infected cells. In addition, macrophages augment NK cell killing by producing interleukin (IL)-
12. NK cells also express receptors which enable them to recognize
altered host cells (i.e. infected cells) and have both inhibitory and
activating receptors to distinguish healthy cells and prevent host
cell damage.

Pattern recognition receptors, pathogen-associated
molecular patterns, and damage-associated molecular
patterns
PRRs recognize key structures which are present on microbes but
not on host cells. These are called pathogen-associated molecular
patterns (PAMPs) and essentially are repeated sugar molecules or
other non-mammalian substances such as double-stranded RNA.
PAMPs include lipopolysaccharide (LPS) from Gram-negative bacterial cell walls, peptidoglycan and lipotechoic acids from Gram-
positive bacterial cell walls, the sugar mannose, bacterial and
viral unmethylated CpG DNA, bacterial flagellin, the amino acid
N-formylmethionine found in bacterial proteins, double-stranded
and single-stranded RNA from viruses, and glucans from fungal
cell walls. Thus families of pathogens (e.g. viruses) are recognized,
rather than a specific virus such as herpes simplex or human immunodeficiency virus.
Families of PAMPs, however, can be recognized by particular
PRRs. There are several classes of TLRs and each TLR recognizes
a different family of pathogens such as molecules from bacteria,
viruses, and fungi (Kawai and Akira 2011). For example, TLR3
binds onto double-stranded RNA from viruses and TLR4 binds
LPS from bacteria and fungi. TLR2 is crucial for the propagation
of the inflammatory response to components of Gram-positive
and Gram-negative bacteria and mycobacteria, such as LPS, peptidoglycan, lipoteichoic acid, bacterial lipoproteins, lipopeptides,
and lipoarabinomannan. TLR2 is predominantly expressed on
monocytes, macrophages, dendritic cells (DCs), and neutrophils,
and also endothelial cells. TLRs are important for both innate and
adaptive immunity. Various viral proteins are able to either activate TLRs or to block TLR function, demonstrating the interplay
between detection of viruses by the innate immune system, and
evasion of the TLR system for the viruses’ own purposes. Some
viruses may even need cellular activation via TLRs to enable entry
into the cell or to replicate.
LPS (also known as endotoxin) from bacteria or fungi interacts
with LPS-binding protein (LBP) and binds to CD14 receptors,
transducing signals via TLR4 and activating the transcription factor
nuclear factor kappa B (NFκB). NFκB is involved in the regulation
of gene expression of a huge number of inflammatory mediators
involved in the inflammatory response (Vallabhapurapu and Karin
2009). It is maintained in a non-activated state in the cytoplasm
by association with an inhibitor subunit, IκB. Proteolysis of IκB in
response to activation by LPS and cytokines, reveals a previously
hidden nuclear recognition site. This then prompts the NFκB to
move into the nucleus where it binds onto target DNA and results
in mRNA expression. NFκB activation leads to increased gene
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expression of several important mediators involved in the inflammatory response, including chemokines, cytokines, enzymes, and
adhesion molecules. Cytokines are described in detail in a later
section.
Damage-(or danger-) associated molecular patterns (DAMPs),
also known as alarmins, are endogenous molecules which are
released or exposed after trauma or injury, and which also trigger PRRs. They induce the same innate immune responses as
PAMPs, despite the absence of an infectious process. Thus release of
DAMPs explains the similarity, for example, between the immune
responses seen in patients with sepsis and those presenting after
trauma or injury with a systemic inflammatory response syndrome
but no infection. It has been suggested that the immunostimulatory activity of DAMPs is related to exposure of hydrophobic portions of normally inactive molecules as a result of injury (Seong
and Matzinger 2004). In addition, mitochondria, which have their
evolutionary origins in bacteria, provide a potential link between
endogenous and microbial triggers of the innate immune response.
Mitochondrial DNA, which resembles bacterial DNA in that it is
circular and has non-or hypomethylated CpG motifs, acts as a
DAMP by binding to TLR9 (Zhang et al. 2010).

The inflammatory response

Phagocytosis
Phagocytosis is the process by which cells engulf microorganisms
and particles (Fig. 10.2). Firstly, the phagocyte must move towards
the microbe under the influence of signals, such as complement. For
the process to continue, the phagocyte must attach to the microbe
either by recognition of the PAMP on its surface or complement/
antibody bound to the pathogen. After attachment, the phagocyte’s
cell surface invaginates and the microbe becomes internalized into
a phagosome. The resultant phagosome fuses with multiple vesicles known as lysosomes, which contain toxic proteins, to form a
phagolysosome. The microbe is subsequently destroyed. There is an
increase in glucose and oxygen consumption during phagocytosis,
known as the respiratory burst, which is responsible for production
of toxic components that induce oxygen-dependent intracellular
killing.

1

Microbe binds
to phagocyte
receptor

2

The inflammatory response is initiated by a series of interactions
which involve chemical mediators, produced from the invading
organisms, damaged cells, cells of the immune system, and from
plasma enzyme systems, to induce vasodilation, enhance capillary permeability, and accelerate immune cell migration from the
bloodstream into infected tissue. Vasodilation causes erythema and
increased tissue temperature, while increased capillary permeability enables an influx of fluid from the capillaries into the interstitial
space resulting in oedema. Low-molecular-weight fragments of
the complement system, called anaphylatoxins, increase capillary
permeability and help the migration of leucocytes into the tissues,
particularly phagocytes. Movement of cells from the intravascular
space into the tissues involves a complex series of events including margination or adherence of cells to the endothelial cell wall,
extravasation of the cells into the tissue, and chemotaxis, the migration of the cells through the tissue to the site of inflammation in
response to soluble signals. The process of leucocyte margination is
a carefully regulated process involving adhesion molecules, which
are groups of molecules located on the extracellular portion of the
cell membrane of both endothelial cells and leucocytes. Examples
include E-selectin, intercellular adhesion molecule, and vascular
cell adhesion molecule. These molecules cause circulating leucocytes to slow down and then roll along the endothelium so that firm
adherence and transmigration can occur.

Antigen presentation
A specialized and heterogeneous subset of immune cells known
as antigen-presenting cells (APCs) play an important role in linking innate and adaptive immunity by activating T cells. A characteristic feature of APCs is the surface expression of the major
histocompatibility complex (MHC) class II molecules. These cells
mainly include DCs and macrophages although B cells and thymic
epithelial cells can also express MHC class II molecules and function as APCs. The main function of APCs is to internalize antigen
(a molecule that can elicit an immune response), route antigen to
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Figure 10.2 The process of phagocytosis. (1) A microbe binds to a pattern recognition receptor (PRR) on the phagocyte surface (2) The phagocyte membrane
invaginates and closes around the bound microbe to form a phagosome. (3) The phagosome fuses with a lysosome containing lytic enzymes. (4) The microbe is
destroyed within the phagolysosome by enzymes and cytotoxic substances released during the respiratory burst.
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lysosomes for proteolytic degradation into peptides, and load these
onto MHC class II molecules which can then present the antigen
peptides to T cells. MHC class II molecules are upregulated on
APCs as a result of activation by pathogens.

self peptides/MHC complexes and are inactivated or killed (Bryant
et al. 2002).

Dendritic cells

In contrast to innate immunity, acquired or adaptive immunity
(Fig. 10.1) is not present at birth but gained as part of our development (Litman et al. 2010). The adaptive immune system develops over time to efficiently recognize pathogens more specifically.
This improved response is retained after pathogen clearance and if
the same pathogen is encountered again, a faster, stronger attack is
mounted. Specificity, diversity and memory and the ability to discriminate ‘self ’ from ‘non-self ’ are thus key features of the adaptive immune system. It has four distinct phases: the recognition of
antigen, the activation of lymphocytes, the effector phase of antigen
elimination, and the return to homeostasis and antigenic memory.
The main cells of the adaptive immune response are T and B lymphocytes. T cells are involved in cell-mediated immune responses
with cytokine production and activation of other immune cells
while B lymphocytes are involved in antibody production—the
humoral response (Fig. 10.1). Different maturational stages of
lymphocytes can be distinguished by their expression of specific
molecules on the cell membranes, which are called cluster of differentiation (CD) molecules. These CD molecules also have an important role in cell activation (see ‘T-cell activation’).
Mature immunocompetent animals possess large numbers of
antigen-reactive T and B cells and, long before any contact with an
antigen, each T and B lymphocyte already possesses some specificity which is achieved during maturation of lymphocytes in the bone
marrow, when segments from a pool of genes are randomly cut and
pasted in a process known as genetic recombination. When antigen
interacts with, and activates, mature antigenically committed T and
B cells, it brings about the expansion of the particular population of
cells with specificity for that antigen. This is called clonal selection
and expansion. This process explains both specificity and memory
attributes. Specificity is implicit as only those lymphocytes possessing appropriate receptors will be clonally expanded. Memory
occurs because there is a larger number of antigen-reactive lymphocytes present after clonal selection and many of these lymphocytes have a longer lifespan (and hence are termed memory cells).
The initial encounter of antigen-specific lymphocytes with an antigen induces a primary response; subsequent encounters are more
rapid and intense (secondary response). Self/non-self recognition
is achieved by clonal elimination during development of lymphocytes bearing self-reactive receptors, or functional suppression of
these cells in adults.

DCs are known as professional APCs and are thought to be unique
in their capacity to prime naïve T-cell responses (López-Bravo and
Ardavín 2008). They occur in the blood in an immature form but
mature cells reside mainly in parts of the body in contact with the
external environment, such as skin and gastrointestinal and respiratory tracts. DCs are very mobile cells and essentially act as
sentinels, responding to PAMPs as indicators of infection, using
PRRs. Foreign antigens activate the DCs which then migrate to
secondary lymphoid tissues, and undertake antigen processing and
presentation, expression of co-stimulatory molecules and secretion
of cytokines. These activation-associated changes enable DCs to
prime antigen-specific T cells and lead to the initiation of adaptive
immune responses (see ‘Adaptive immunity’).

Major histocompatibility complex
The MHC is a tightly linked cluster of genes located on chromosome 6 and associated with intercellular recognition and self/
non-self discrimination. The MHC encodes immune mediators
and antigens (in humans, known as human leucocyte antigens or
HLAs), which play an important role in antigen recognition by
T cells, and determine the response of an individual to infectious
antigens and hence their susceptibility to disease. The genes for the
MHC molecules differ from person to person because of genetic
polymorphism. This probably evolved to prevent infections spreading through populations but has implications for transplantation.
Thus MHC molecules play major roles in the acceptance of self
(histocompatible) or rejection of non-self (histoincompatible).
The MHC genes are organized into those encoding three classes
of MHC molecule: class I (regions A, B, and C), class II (region
D), and class III (regions C4, C2, and Bf). Class I genes encode
MHC molecules expressed on the surface of most nucleated cells
and present antigens for the activation of specific T cells known as
cytotoxic T cells. Class II genes encode MHC molecules expressed
mainly on APCs, where they present antigen to other defined T-cell
populations known as T helper (Th) cells. Class III genes encode
several different immune products, including complement system
components, enzymes, and tumour necrosis factors (TNFs); they
have no role in antigen presentation.
Foreign protein antigens that have been degraded into small
peptides by APCs then move to the cell surface and complex with
class I or class II MHC molecules and are held on the cell surface
in a peptide binding groove in order to be recognized by a T cell
(Trombetta and Mellman 2005). This is called antigen processing
and antigen display respectively (Loureiro and Ploegh 2006; Vyas
et al. 2008). Peptides from exogenous antigens which have been
endocytosed/phagocytosed and digested by APCs pass into the
Golgi apparatus of the cells and are bound to MHC class II molecules which are synthesized there. In contrast, peptides from
endogenous antigens (e.g. from a virus-infected cell) are cleaved
by proteosomes and directed to MHC class I molecules in the
endoplasmic reticulum by transport associated with antigen processing pumps. Distinguishing between self and foreign peptides
and proteins is regulated by T cells, which should not respond to

Adaptive immunity

T-cell activation
T cells recognize infection by binding intracellular or phagocytosed
peptide antigen bound in the groove of MHC class II molecules as
previously mentioned. The T-cell receptor specifically binds antigen
and the MHC class II molecule and the co-stimulatory molecules
CD80 and CD86 which are proteins expressed on APCs and which
work in tandem to activate T cells by binding to CD28 on the T-cell
surface (Smith-Garvin et al. 2009). The result of this is gene transcription and T-cell proliferation. Self antigens are presented to T
cells without any co-stimulatory molecules, however, which causes
the T cells to eventually commit suicide by apoptosis so there is no
attack on host tissues and tolerance to the antigen occurs.
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There are two main types of T cells, T cytotoxic (Tc) cells and
T effector or Th cells. All T cells express the marker CD3. Tc
cells also express CD8 and Th cells express CD4. Tc cells recognize intracellular infection where the antigenic peptide is bound
to MHC class I molecules because CD8 recognizes MHC class I.
Th cells recognize antigenic peptides which have originated from
the endosomes or phagosomes and are bound to MHC class II
molecules as the CD4 marker recognizes MHC class II. Th cells
secrete cytokines which coordinate the immune response. These
are described further in the following section.

T-cell receptor
The T-cell receptor (TCR) is found on the cell surface of T cells and
recognizes antigens bound to MHC molecules. The TCR consists
of a pair of two different polypeptide chains, either α and β, or γ
and δ. When the TCR interacts with antigen bound to MHC molecules, the T cell becomes activated and a series of transmembrane
signalling events occurs (Krogsgaard and Davis 2005). The signal
from the T-cell complex is enhanced by simultaneous binding of
the MHC molecules by a specific co-receptor (CD3, CD4, or CD8).
The intracellular signalling which results from co-receptor and
TCR binding to antigen is signal 1. T cells also need to interact with
co-stimulatory molecules such as CD80 and CD86 from APCs (signal 2) to drive effective proliferation (Fig. 10.3). Binding of APC-
derived cytokines to receptors on T cells (signal 3) leads to T-cell
polarization. APCs can also use the Notch signalling pathway to
polarize T cells. This signalling cascade involves cell–cell communication via a transmembrane receptor and controls the behaviour
of groups of cells (Lai 2004). The expression of co-stimulatory molecules are significantly increased by PRRs interacting with PAMPs
on the APC. The requirement for signal 1 and signal 2 means
that only highly activated APCs can activate T cells. T cells that
encounter presented antigen in the absence of co-stimulation fail to
respond and die by apoptosis or enter a state of unresponsiveness
known as anergy, as discussed for self antigens. The signalling molecules on T cells are usually spread over the cell surface but when a
cell with antigen bound in the groove of its MHC molecules (i.e. an
APC) is encountered, they are drawn together into an immunological synapse. The cytoplasmic tails of CD3, CD4, and CD8 can transmit signals which activate a cascade of kinase enzymes leading to
increased intracellular calcium, activation of transcription factors,
and activation of immunophilins. Several kinases are involved in
T-cell signalling, each one activating the next via phosphorylation,
resulting in signal amplification. The transcription factor NFκB as
previously described, and also nuclear factor of activated T cells
(NFAT) are examples of transcription factors important in terms
of T cells. One outcome of transcriptional activation is release of
IL-2 which commits the T cells to proliferation. In addition, T-cell
death can result; the outcome depends on the initial stimulus of T
cell activation.
Cytotoxic T lymphocytes are important for defence against virally
infected cells, graft rejection and immune responses to tumours.
These are formed mainly from CD8+ cells. When activated by presented antigen, they lyse target cells by releasing cytotoxic granule
proteins and cytokines such as IFNγ which has antiviral activity.
They also express death inducing molecules on their surface which
can engage appropriate ligands expressed on target (e.g. virally
infected) cells.
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Figure 10.3 T-cell activation. Professional antigen presenting cells (APC,
dendritic cell) present antigen to a T cell, bound to an MHC class II molecule,
which binds to the T-cell receptor to give signal 1. Signal 2 is the co-stimulatory
signal from APCs (CD80/CD86), which binds to CD28 on the T cells. Together
with signal 1 this results in T cell activation. However, when antigen is presented
without co-stimulation, then activation does not occur and anergy results. Signal
3 is mediated by factors such as cytokines (e.g. IL-12) that results in functional
polarization of T cells to Th1, Th2, or Th17. The nature of signal 3 depends on
the activation of particular pattern recognition receptors (PRR) by pathogen
associated molecular patterns (PAMPs).

When a naïve CD4+ Th cell (Th0) becomes activated by APC
signals it can differentiate into one of three main subsets known
as Th1, Th2, and Th17 (Annunziato and Romagnani 2009; Sallusto
and Lanzavecchia 2009). These subsets are classified according to
the cytokines they produce, their signature transcription factors,
the immune responses they elicit, and their role in host defence
and autoimmunity (Fig. 10.4). Polarization of Th0 cells toward a
Th1, Th2, or Th17 response can significantly influence host immunity to pathogens. Th1 cells secrete a characteristic set of cytokines
which push the system towards cellular immunity (cellular cytotoxicity). Th2 cells provide help to B cells associated with humoral
or antibody-mediated immunity, especially against helminths,
and activate eosinophils, mast cells, and basophils, while Th17 has
evolved to deal with extracellular bacteria and fungi and promote
inflammation. Typically IFNγ, IL-4, and IL-17 are the signature
cytokines of Th1, Th2, and Th17 cells, respectively. The cytokines
released from APCs (signal 3) and from the activating environment will direct the polarization of activated T cells into a particular subset. IL-4 (secreted in response to helminths and allergens) is
the principal cytokine driving Th0 cells to Th2 differentiation. The
key cytokines promoting Th1 differentiation are IFNγ and IL-12
(occurring in response to microbes that activate DCs, macrophages,
and NK cells). Th17 requires IL-1, IL-6, transforming growth factor
(TGF)-β, and IL-23 which can be secreted by APCs in response to
various bacteria and fungi. Commitment to a particular Th phenotype also suppresses the development of other subsets, for example,
IFNγ inhibits Th2 and Th17 differentiation from Th0 cells, and IL-4
inhibits Th1 and Th17, thus promoting polarization of the immune
response in one direction. There is plasticity between Th cells,
however, especially with Th17 (Zhu et al. 2010). Dysregulation of
Th1, Th2, or Th17 can give rise to distinct pathologies as shown in
Figure 10.4.
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Figure 10.4 T-helper (Th) cell subsets, the cytokines they produce, their functions, dysregulation, and the immune processes they drive. When a naïve CD4+ Th cell
(Th0) is activated it can differentiate into Th1, Th2 or Th17 cells depending on the polarizing signals. Typically IFNγ, IL-4, and IL-17 are the signature cytokines of Th1, Th2,
and Th17 cells respectively. Commitment to a particular Th cell type also suppresses other subsets; IFNγ inhibits Th2 and Th17 cells and IL-4 inhibits Th1 and Th17.

Around 5% of T cells do not express the conventional TCR characterized by α and β polypeptide chains, but instead express the γ
and δ polypeptides. The γδ T-cell population can expand between
2-and 10-fold (8–60% of all circulating T cells) during many
microbial infections, releasing IFNγ and TNFα and upregulating
IL-6. Human γδ T cells can recognize antigen independently of
the MHC without the need for antigen processing or presentation
(Scotet et al. 2008). The γδ T-cell arm of the adaptive immune system therefore behaves more like the innate immune system. Most
of the γδ T cells in humans are a subtype which can also recognize
small non-peptide organic compounds or phosphoantigens which
are produced by some bacteria. γδ T cells influence the recruitment
and function of other key immune cells. Specifically, γδ T cells
induce the upregulation of MHC class II molecules on DCs, mediated via TNFα, and γδ T cells activated by a phosphoantigen induce
IL-12 expression in a mechanism requiring IFNγ.

Tolerance and regulatory T cells
For the body to be tolerant to itself, the immune system must
be able to distinguish between self and non-self antigens. It
must target immune responses only against invading pathogens
and remain unresponsive to host cells, otherwise autoimmunity will result. The most important mechanism for this is known
as central tolerance. This occurs during lymphocyte maturation in the central lymphoid organs (bone marrow and thymus)
where lymphocytes that have receptors for self antigen are negatively selected out of the lymphocyte repertoire by apoptosis.
Lymphocytes that are deficient in functional T-cell receptors

or have receptors which cannot interact effectively with MHC
class II-p eptide complexes are also removed in the same way.
If the maturing immune system contacts self antigen and these
lymphocytes escape negative selection and access peripheral tissue, they can be brought under control by peripheral tolerance
(Nurieva et al. 2011). There are several mechanisms for this.
Firstly, lymphocytes which weakly bind self antigen (because of
lack of co-stimulation) undergo apoptosis and are eliminated.
This is also the case for lymphocytes that recognize self antigen in the absence of surrounding tissue inflammation where
co-stimulatory molecules are not upregulated. Secondly, those
lymphocytes which are stimulated repeatedly, become anergic
and functionally unresponsive to antigen. Thirdly, activation of
lymphocyte can be controlled by T regulatory T cells (Tregs) that
secrete immunosuppressive cytokines, dampening responses to
both self and foreign antigens.
Tregs are T cells which suppress the immune responses of other
cells—previously called T suppressor cells (Sakaguchi et al. 2010;
Rudensky 2011). Treg cells express the αβ TCR chains and are activated only when the TCR binds to a specific class II MHC molecule
and receives co-stimulation from an APC. Once activated, Treg
cells secrete IL-9, IL-10, and TGFβ, which inhibit Th1, Th2, and
Th17 cell functions. There are several subsets of Treg cells. Some
develop in the thymus (natural Treg) while others differentiate in
the periphery (inducible Treg). The main role of Treg cells is preventing other T cells from attacking host cells and therefore they
have a role in reducing autoimmunity (Palmer and Weaver 2010;
Wing and Sakaguchi 2010).

159

160

160

PART 1

applied physiology in anaesthesia

Autoimmunity
Autoimmunity results when the immune system fails to distinguish
between self and non-self and attacks itself, resulting in tissue injury.
Autoimmune diseases can be organ specific and attack particular
cells within an organ such as in diabetes mellitus type 1 where the
pancreatic islet cells are attacked, and Graves’ disease where the
thyroid cells are attacked. Non-organ-specific autoimmune disease
includes rheumatoid arthritis where the main autoantigen targeted
is IgG. Autoimmune diseases have a genetic component with certain individuals genetically more susceptible, for example, certain
MHC class II allotypes are more strongly correlated with disease.
Autoimmune diseases may be triggered by infection or in some
cases by environmental factors including chemicals and drugs. An
exogenous antigen may share structural similarities with certain
host antigens; thus, any antibody produced against this antigen
(which mimics the self-antigens) can also, in theory, bind to the
host antigens, and amplify the immune response.

B cells and antibody
The humoral component of the adaptive immune response involves
interaction of B lymphocytes with antigen and their proliferation
and differentiation into antibody-secreting plasma cells (Vaughan
et al. 2011). Antibody is the effector of the humoral response via
binding to the antigen, neutralizing it and facilitating its removal.
This process also activates the complement system. In addition,
B cells can present antigen to T cells and induce their activation.
B cells are produced in the bone marrow, and through negative
selection, only those which are self-tolerant enter the circulation.
They produce receptor though genetic recombination but some of
the receptor, unlike T cells, is actively secreted into intracellular
spaces. The free B-cell receptor is called antibody or immunoglobulin. Antibody molecules consist of two identical light chains and
two identical heavy chains joined by disulphide bonds. Each heavy
and light chain has a variable amino acid sequence region and a
constant region. The unique heavy chain constant region sequences
determine the five classes or isotypes of antibody—IgM, IgG, IgD,
IgA, and IgE (Goodnow et al. 2010).
These isotypes vary in their function, serum concentration, and
half-life and each has a specific role. IgM is only found in blood
and intercellular fluid and binds onto the surface of pathogens and
stimulates the innate immune system though phagocytosis and
complement activation. IgG and IgA are only found in mammals.
IgG is the most common isotype, found in most body compartments and the only immunoglobulin to cross the placenta. IgA is
actively secreted across mucosal surfaces and so is the predominant isotype in breast milk and mucus. Neonates are very prone to
infection as a result of their immature immune systems and both
IgG and IgA play an important protective role, as IgG is pumped
across the placenta and IgA is secreted into breast milk. This protection for newborns is probably one reason why mammals need
to have fewer offspring.
IgD and IgE are the least abundant isotypes. IgE mediates mast
cell degranulation and has evolved to protect against helminth
infections. It binds to the surface of mast cells and upon recognition of the parasite antigen, mast cell degranulation occurs which
causes release of mucus from the gut and stimulates gut contraction
leading to worm expulsion. IgE is also involved in hypersensitivity
reactions (see ‘Hypersensitivity’).

B cells initially produce IgM but switch to production of other
immunoglobulin classes after interaction with T cells. After class
switching, B cells undergo somatic hypermutation—in other
words, individual cells only produce the desired isotype to ensure
production of high-affinity antibody. Binding of pathogens to antibodies on the cell surface of B cells leads to preferential selection
of antibody producing cells. This is termed priming, and subsequent responses are faster and amplified, and provide the basis of
vaccination.

Cytokines
Regulation of both innate and adaptive immune responses depends
on communication between cells by soluble molecules called
cytokines, including chemokines (chemoattractant cytokines).
These are low-molecular-weight secreted proteins with transient
and tightly regulated actions, which regulate both the amplitude
and duration of immune responses (Wilson and Barker 2009).
Cytokines are active at low concentrations, combining with high-
affinity cell surface receptors to produce changes in mRNA and
protein synthesis. This results in a multitude of effects on growth
and differentiation of many cell types. Interactions occur between
cytokines including effects on other cytokines, modulation of
receptors, or synergism or antagonism of two cytokines acting on
the same cell. Their specific actions depend on the stimulus, the
cell type, and the presence of other mediators and receptors and
so should not be labelled as being general growth stimulators or
inhibitors and having pro-or anti-inflammatory actions.
IFNs (α, β, γ) are antiviral agents which modulate the activity
of other cells, particularly in terms of IL-8 and platelet-activating
factor (PAF) production, antibody production by B cells, and activation of macrophages. Growth factors regulate the differentiation,
proliferation, activity, and function of specific cell types and include
colony stimulating factors which cause colony formation by haematogenic progenitor cells (e.g. granulocyte-macrophage colony-
stimulation factor). Other examples include factors which regulate
the growth of nerve cells, fibroblasts, epidermis, and hepatocytes.
In addition to the protein mediators, there are also lipid mediators
of inflammation which include PAF and arachidonic acid metabolites. PAF is an alkyl phospholipid produced from several cell types
in the presence of antigen and from leucocytes in response to
immune complexes (i.e. an antigen–antibody complex). In addition
to its actions on platelets, PAF also primes macrophages to other
inflammatory mediators and mediates alterations in microvascular permeability. Arachidonic acid metabolites include eicosanoids
(i.e. prostaglandins and leukotrienes) which have inflammatory
and vascular actions, and are also able to regulate and be regulated
by, other cytokines.
The biological activities of cytokines are controlled by specific
cellular receptors. Often these receptors comprise multiple subunits providing phased stages of activation and biological action.
The IL-2 receptor complex (IL-2R), for example, consists of three
subunits, IL-2Rα, IL-2Rβ, and IL-2γ. Although the IL-2Rα/β combination can bind IL-2, IL-2Rγ is also required for maximal effect.
Other cellular receptors are present in more than one type which
act alone but have different binding affinities for different forms of
the cytokine (e.g. IL-1 receptor type I binds IL-1α better than IL-
1β, while IL-1 receptor type II has more affinity for IL-1β). Binding
of a cytokine to one type of receptor may result in interactions
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with another receptor. The two receptors for TNF, for example, use
ligand passing, in which TNF binds transiently to receptor type I,
with full signal transduction, but may then move onto the type II
receptor with activation of another signal for apoptosis.
Soluble receptors for some cytokines compete with membrane-
bound receptors with regulating effects. Exceptions to this are soluble receptors for IL-6 and ciliary neurotrophic factor which act as
agonists rather than antagonists. Soluble receptors may form from
membrane-bound receptors which have been shed into the circulation either intact or as truncated forms [e.g. soluble TNF receptor
(sTNF-R)] or may be formed from related precursor molecules after
enzymatic cleavage (e.g. soluble IL-1 receptor II). Soluble receptors
may be released in response to stimuli as an independent regulatory process to limit mediator actions (e.g. sTNF-R), although some
soluble receptors do not have any binding activity and are likely
to simply be unimportant losses of cell surface receptors (e.g. the
soluble form of the IL-2Rα). Soluble cytokine receptors may also
control desensitization to ligands by reduced availability, decreased
signalling, and by stimulating cellular mechanisms which result in
lack of activity.
Cytokine activity can also be regulated by receptor antagonists.
The receptor antagonist for IL-1 (IL-1ra) competes with soluble
IL-1 receptors but does not induce signalling and is independently
regulated by other cytokines as part of the inflammatory process.

Immune mechanisms of disease
The immune system is essential for protection against pathogens
and disease but overactivity or underactivity results in diseases
such as hypersensitivities, autoimmunity (see ‘Autoimmunity’), and
cancer.

Hypersensitivity
Excessive inflammation caused by immune reactions is called
hypersensitivity and is an important concept in the pathology of
many diseases. Substances which are normally harmless, such as
food proteins or metal ions, can cause hypersensitivity in some
people. In others, harmless self-antigens which are components of
normal tissues can trigger hypersensitivity through autoimmunity
and is the basis of many manifestations of autoimmune diseases.
Type I (immediate) hypersensitivity reactions are mediated by
IgE antibodies, which bind to mast cells or basophils leading to
degranulation and release of mediators, and resulting in smooth
muscle contraction and vasodilation as seen in asthma, hay fever,
eczema, and serious life-threatening systemic anaphylaxis (Gould
and Sutton 2008). Type I reactions occur within 8 h of secondary
allergen exposure. Allergy is defined as having specific IgE antibodies to certain antigens—termed allergens—causing the clinical
symptoms of allergy caused by type I hypersensitivity. Atopy is the
state of being at high risk of allergy.
Type II hypersensitivity reactions occur when antibody reacts
with antigenic markers on cell surfaces, resulting in complement-
mediated lysis or antibody-dependent cytotoxicity and cell death.
Classic type II reactions include blood group reactions, for example, ABO or haemolytic (Rhesus) disease of the newborn.
Type III reactions are mediated by antigen–antibody or immune-
complex deposition and complement activation. Deposition of
immune complexes can initiate release of lytic enzymes from neutrophils and result in localized tissue damage. Type III reactions
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contribute to the pathogenesis of a number of conditions, including
allergies to penicillin.
Type IV or delayed hypersensitivity (DTH) responses requires a
prior sensitization period when T cells are activated and clonally
expanded. A further antigen contact causes immediate responses of
the expanded clonal Th cell population with release of a variety of
cytokines leading to recruitment and activation of macrophages and
other non-specific inflammatory cells. A DTH response becomes
apparent about 24 h after secondary antigen contact, peaking at
48–72 h. Examples of DTH are contact dermatitis against, for
example, nickel. Nickel is not antigenic by itself; it is a small molecule which becomes antigenic when it combines with host proteins
in the skin—this is called a hapten—and triggers Th1 recruitment.
The next time nickel is encountered, memory T cells migrate to the
exposure site and secrete cytokines resulting in an inflammatory
response lasting several days.
Mixed hypersensitivity responses can also occur—asthma is
a prime example, where exposure to an antigen such as dog hair
in a sensitized individual will produce an immediate type I reaction. However, persistent exposure will result in eosinophil recruitment with the features of a type IV reaction and Th1 cytokine
involvement.

Cancer
The immune system also has a role in elimination of tumours. The
likelihood of tumour metastases depends on the balance between
the metastatic potential of the tumour and antimetastatic host
defences. Some tumours are much more common in patients with
defective immune systems and include lymphoma, carcinoma of
the cervix, and Kaposi’s sarcoma. Tumours which develop in immunodeficient patients are often linked to viral infections; for example,
Epstein–Barr virus (lymphoma), human herpes virus 8 (Kaposi’s
sarcoma), and papilloma virus (cervical carcinoma). Hence it is not
clear if the immune system is responding to the tumour itself or to
oncogenic viruses.
Macrophages are able to initiate tumour destruction by lytic
enzymes and production of TNFα. NK cells recognize tumour
cells by an unknown mechanism and either bind to antibody-
coated tumour cells—called antibody-dependent, cell-mediated
cytotoxicity—or secrete a cytotoxic factor which is apparently only
cytotoxic for tumour cells. Tumour cell antigens often result in production of specific serum antibodies, which activate the complement system. Ironically, antibodies to tumour cells may also mask
tumour antigens and prevent recognition by NK cells. Boosting the
immune system to recognize tumours has been used as a therapeutic strategy; for example, using drugs that bind to TLRs to create ‘danger’ signals and by using antibodies to B cells to promote
phagocytosis of lymphomas. Antibodies can also be conjugated
to toxins such as ricin or radioactive yttrium with a much greater
therapeutic success rate.

Immune consequences of anaesthesia
and surgery
The combination of anaesthesia and surgery and the ensuing neuroendocrine responses have implications for perioperative immune
responses in patients undergoing surgery (Hogan et al. 2011).
Surgical incisions, tissue dissection, organ manipulation, and vascular compromise stimulate the initial inflammatory response with
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upregulation of cytokines such as IL-1, IL-6, and TNFα which then
can stimulate the hypothalamic–pituitary–adrenal axis (HPA)
resulting in the release of adrenal glucocorticoids which negatively
feedback on the immune system to suppress the further synthesis and release of inflammatory cytokines. Activation of the autonomic nervous system and the HPA induces release of hormones
such as catecholamines (noradrenaline and adrenaline), adrenocorticotropic hormone (ACTH), and cortisol, via the autonomic
nervous system and the HPA. These responses can have inhibitory
effects on certain aspects of immune function as key cells such as
macrophages and T cells have both β2-adrenoreceptors and glucocorticoid receptors. Activation of these receptors promote cellular signals which inhibit cytokine responses including IL-12 and
IFNγ, while promoting IL-4 and IL-10 release, thus favouring Th2
responses. In addition, perioperative management of blood pressure, transfusion, hyperglycaemia, hypothermia, and pain can also
affect immune responses. Hypothermia, as a result of anaesthesia-
mediated impairment of thermoregulation, impairs the cytotoxic
function of neutrophils by triggering thermoregulatory vasoconstriction under the control of the autonomic nervous system, and
hyperglycaemia favours glycosylation of circulating immunoglobulin and impairs phagocytic responses. Pain control has beneficial
effects on postoperative immune function, with reduced suppression of lymphocyte proliferation and attenuated responses in terms
of pro-inflammatory cytokines. Drugs used routinely during the
perioperative period can inhibit or increase cytokine release, affect
cytokine receptor expression, or the response of cells to cytokines
(Webster and Galley 2009). They may affect phagocytic or cytotoxic
actions of cells, or regulate transcription or translation of protein
mediators. Some drugs are used because they are immunomodulatory (e.g. glucocorticoids); some are given for another reason but
happen to have effects upon the immune system, such as statins
(Dinarello 2010). Some are given to treat specific conditions but
can have unwanted effects on the immune system, for example, proton pump inhibitors. Other treatments affecting immune
function in the perioperative patient include antibiotics (e.g. fluoroquinolones), and analgesia (e.g. opioids and non-steroidal anti-
inflammatory agents).
Laparoscopy, rather than open surgical procedures, minimizes
surgical stress and blunts the inflammatory response after surgery.
Meta-analyses suggest considerable benefits of laparoscopic appendectomy compared with open surgery with a shorter length of hospital stay, less postoperative pain, earlier postoperative recovery,
and a lower complication rate, which may be related to a reduced
inflammatory response (Li et al. 2010). However, the carbon dioxide pneumoperitoneum used to inflate the abdomen during laparoscopic surgery may also affect immune responses, with increased
noradrenaline release thought to be the result of localized activation of sympathetic nerves, and which may affect metastatic potential (Schmeding et al. 2003; Ng et al. 2005).
Anaesthetics themselves have been shown to have effects on
immune function in vitro, but it is unclear how these relate to what
happens in vivo (Galley et al. 2000). Regional rather than general
anaesthesia produces less immunosuppression as it reduces the
neuroendocrine stress response to surgery by blocking afferent
neural transmission from reaching the central nervous system, and
by blocking descending efferent activation of the sympathetic nervous system. For example, a large retrospective analysis of medical
notes of women undergoing Caesarean section revealed a much

greater risk of postoperative infection when general anaesthesia
was used compared with neuraxial block (Tsai et al. 2011). In addition, a reduced risk of metastasis has been suggested when regional
or epidural anaesthesia is used in patients undergoing cancer surgery, compared with general anaesthesia (Ng et al. 2005).
Although immune compromise in the perioperative period has
the capacity to result in significant postoperative morbidity, including infection, poor wound healing, sepsis, organ failure and even
death, for the majority of patients, postoperative immune suppression has little impact. However, immune dysfunction may be more
important in vulnerable patient populations including the elderly,
paediatric patients, the critically ill, those with cancer, or those who
are already immunocompromised. In cancer patients, immunosuppression by anaesthetics and associated surgical stresses, resulting
in dysfunction of NK cells and lymphocytes, may accelerate growth
and metastases of residual malignant cells, thereby worsening prognosis. A depressed immune system during the perioperative period
could provoke defective wound healing and infections that lead
to sepsis. However, volatile anaesthetic agents such as isoflurane,
sevoflurane, and desflurane, and also the inhalation agent xenon,
and opioids, can activate protective mechanisms (Landoni et al.
2008; Lango and Mrozinski 2010). This ‘anaesthetic preconditioning’ results in decreased inflammatory responses after an ischaemic
insult such as cardiac surgery, where reduced mortality associated
with volatile anaesthetic use has been reported (Bignami et al.
2009). Protection of other organs has also been described (Wang
et al. 2008). In addition, anaesthetic agents have been shown to
reduce inflammation in response to endotoxin in both animal and
cell models (Li et al. 2009a, 2009b). Thus the anti-inflammatory
effects of anaesthetics may be beneficial in certain situations.
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CHAPTER 11

The physiology of blood
in anaesthetic practice
Hanane El Kenz and Philippe Van der Linden
Blood volume and components
Blood accounts for approximately 8% of body weight and its average volume in healthy adult males is 5–6 litres and 4–5 litres in
healthy adult females. Blood is more viscous and dense than water
because of its cellular composition. Plasma represents 55% of total
blood volume, red cells 45% [a percentage known as the haematocrit (HCT)], and leucocytes and platelets less than 1%.
Blood temperature is 37°C and normal blood is slightly alkaline
with a stable pH of 7.35–7.45 maintained by buffers systems. The
most important buffer system is the bicarbonate/carbon dioxide
(CO2) system in which the bicarbonate concentration is controlled
by the kidneys and the Pco2 by the lungs.
Blood has three main functions: distribution, protection, and
regulation.
◆

Distribution functions include:
• transport of oxygen (O2) and CO2 between the lungs and the
different tissues of the body
• delivering of nutrients from the digestive tract to all body cells
• transport of hormones from the endocrine organs to their target cells
• transport of metabolic waste products which are detoxified or
removed by the liver or the kidneys

◆

Regulation functions include:
• maintenance of the normal pH
• maintenance of adequate water balance between the tissues
and the circulatory system
• regulation of body temperature by transporting heat throughout the circulation to the skin

◆

Protection functions include:
• the prevention of blood loss by the formation of a blood clot
• the defence against foreign invaders (e.g. microorganisms,
cancer cells) organized by white blood cells, complement proteins and antibodies.

Plasma
Plasma is a straw-coloured liquid made up of approximately 92%
water plus different solutes such as proteins, enzymes, nutrients,
metabolic waste products, gases, and hormones.

Proteins are the most abundant solutes in plasma by weight and
play a variety of roles including contributing to the blood oncotic
pressure and volume by regulating exchange water between blood
vessels and extracellular space; transporting small molecules binding to a specific plasma protein or compounds insoluble in water;
and participating in blood clotting and protection against foreign
microorganisms. Fibrinogen, albumin, and globulin are the three
most abundant proteins in the plasma. Albumin, which is the main
contributor to oncotic pressure, represents 60% of plasma proteins
and is exclusively produced by hepatocytes. Globulins are the other
main component of plasma proteins, representing 36% of them,
and are subdivided into three classes: the α-, β-, and γ-globulins.
The α-and β-globulins are produced by the liver and are transport proteins for metal ions, lipids, hormones, and fat-soluble
vitamins. The γ-globulins involve the different classes of immunoglobulins (IgG, IgA, IgM, IgD, and IgE), known as antibodies, which
are released by plasma cells in the immune response. Fibrinogen,
which represents 4% of plasma proteins, is synthesized in the liver
and is converted to fibrin in the clotting process.
Plasma contains several other components such as glucose,
amino acids, fats, cholesterol, phospholipids, minerals, and vitamins which are absorbed from the digestive tract and dissolved in
the blood plasma.
Nitrogenous products of the cellular metabolism are carried by
the plasma to excretory organs. The salts present in plasma include
sodium, potassium, calcium, magnesium, chloride, phosphate, sulphate, and bicarbonate, which participate in the regulation of normal blood pH and osmotic pressure.
Principal gases present in the plasma are O2 and CO2, which are
transported bound to haemoglobin (Hb) in erythrocytes.
Plasma transports several hormones from glands to body tissues
and enzymes in small amounts, which contribute to the control of
chemical reactions.

Red blood cells
Structure and metabolic pathways of red cells
Red blood cells (RBCs) are flexible biconcave discs of about 7 µm
diameter that can quickly penetrate the microcirculation for gaseous exchange. The red cell membrane is constituted by a lipid
bilayer, integral membrane proteins, and a membrane skeleton,
which is important in maintaining the biconcave shape.
However, the maintenance of this biconcave shape, and the flexibility and the volume of the red cell, are dependent mainly on the
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Figure 11.1 Embden–Meyerhof and accessory metabolic pathways in red blood cells. (a) Hexose monophosphate shunt (or pentose phosphate pathway).
(b) Methaemoglobin reductase pathway. (c) Luerbering–Rapaport pathway.

generation of energy by the Embden–Meyerhof pathway. This pathway produces two molecules of ATP for one of glucose transported
in the red cell (Turgeon 1999b) (Fig. 11.1). The Na+-K+ ATPase
pump in the red cell membrane contributes to the maintenance
of the RBC volume by exchanging three sodium ions against two
potassium ions while consuming one molecule of ATP.
The glycolytic pathway also produces through the Luebering–
Rapaport shunt 2,3-diphosphoglycerate (2,3-DPG), which exerts an
important functional effect on Hb’s affinity for oxygen (Hoffbrand
et al. 2006a). It also generates the reduced form of nicotinamide
adenine dinucleotide (NADH), an essential cofactor for methaemoglobin reductase, which provides one of the pathways by which
methaemoglobin is reduced to functionally active Hb.
About 10% of the glucose utilized by the red cells is catabolized
via the hexose monophosphate shunt (also called the pentose phosphate pathway) providing them with a critical protection against
oxidative damage from toxic peroxide radicals. Through this pathway glucose-6-phosphate dehydrogenase (G6PD) oxidizes glucose-
6-phosphate to 6-phosphogluconate while NADP+, a cofactor in
this reaction, is reduced to NADPH. NADPH is a cofactor for the
glutathione reductase, which reduces oxidized glutathione (GSH)
to its reduced form (GSSG). GSSG is as a cofactor for the glutathione peroxidase, which reduces various peroxides into water.
RBC production begins in the yolk sac in the first few weeks of
gestation and continues during childhood and adult life in the bone
marrow. Erythropoiesis is stimulated by erythropoietin, a glycoprotein synthesized in the kidneys in response to tissue hypoxia.

Increased production of erythropoietin results from hypoxic conditions, such as living at high altitudes, smoking, and chronic heart
and lung disease, and produces secondary polycythaemia. Tumour-
secreting erythropoietin may also cause secondary polycythaemia.
There are also non-erythropoietin mechanisms responsible for an
increase in the number of RBCs. Primary polycythaemia (or polycythaemia vera) and relative polycythaemia are induced by a proliferative disease of the bone marrow and a loss of vascular fluid,
respectively.
Cytoplasmic enzymes are progressively catabolized during RBC
life, leading to a decreased enzyme activity, particularly glycolysis.
As a result, membrane flexibility decreases and RBCs are finally
phagocytized by the macrophages of the mononuclear phagocyte
system. Normal lifespan of the red cells is approximately 120 days.

Function of red cells
The main function of red cells is to transport O2 to the tissues from
pulmonary to peripheral capillaries and to return CO2 from the tissues to the lungs. This specific gaseous exchange is assumed by a
specialized protein, the Hb. Normal Hb is a complex tetramer of
four haem groups and four polypeptide chains containing a total
of 547 amino acids. The haem group consists of a molecule of protoporphyrin combined with one iron atom (Fe2+). In healthy individuals, there are four types of polypeptide chains α, β, γ, and δ
(Table 11.1).
Normal adult blood contains 96–98% of haemoglobin A (HbA)
and small amounts of HbA2 and fetal haemoglobin (HbF)
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Table 11.1 Normal haemoglobins
HbA

HbA2

HbF

Structure

α2β2

α2δ2

α2γ2

Normal (%)

96–98

1.5–3.2

0.5–0.8

(Table 11.1). HbF is synthetized at approximately the 5th week of
gestation and is the dominant Hb in the fetus and the newborn
until 3 months of age.
Glycosylated haemoglobin (HbA1), which is a fraction of HbA,
has the same structure as HbA except for the presence of a carbohydrate on the valine terminal of the β-chain. HbA1 concentration
is increased in diabetic patients.
Hb is already synthesized in the early precursors of RBCs. The
haem is essentially produced in the bone marrow and the liver. Its
synthesis begins in the mitochondria with the condensation of succinyl coenzyme A and glycine, which requires the intervention of
the δ-aminolevulinic acid synthase (δ-ALA synthase) and a coenzyme, the pyridoxal phosphate (vitamin B6). The conversion of δ-
ALA to protoporphyrin, through a series of biochemical reactions,
occurs mainly in the cytoplasm. Iron in the ferrous state (Fe2+), is
delivered by the transferrin to the membrane cell. It is incorporated in the protoporphyrin to form the haem in the mitochondria (Hoffbrand et al. 2006a). The four polypeptide chains of globin
are synthesized in the ribosomes. Each of them had its own haem
group in the Hb.
This specific structure of Hb allows for conformational changes,
with the globin chains moving in relation to each other, which
occur when Hb binds with O2 (known as oxyhaemoglobin) or
when Hb releases O2 (known as deoxyhaemoglobin) (Fig. 11.2).
The O2 affinity of the Hb is essentially regulated by the concentration of 2,3-DPG in the red cell. The β-chains are pulled apart
when the haem groups of Hb unload O2; this binding permits the
entrance of 2,3-DPG and induced a decreased affinity of Hb for O2.
In tissue hypoxia, deoxyhaemoglobin increases in the red cell
with the unloading of O2 and the affinity of Hb for O2 decreases
with the binding of 2,3-DPG.
The oxyhaemoglobin dissociation curve describes the relation
between the O2 saturation and the partial pressure of O2 (Po2)
(Fig. 11.3). The ‘S’ or sigmoid shape is due to the fact that successive

α1

β1

β2

α2

bindings of O2 increased the O2 affinity of Hb when O2 levels are
between 20 and 40 mm Hg. When Po2 exceeds 70 mm Hg the O2
affinity of Hb increased significantly less and O2 saturation of Hb
does not change significantly with large increases in Po2.
The P50 value is defined as the partial pressure of O2 at which the
Hb is half saturated. In a healthy person, the P50 value is 26.6 mm
Hg. A lower P50 indicates an increased affinity of Hb for O2 while a
higher P50 indicates a decreased affinity for O2. The curve is shifted
to the right by a decrease in pH and shifted to the left by an increase
of pH, this effect is called the ‘Bohr effect’. CO2 can be carried to the
lungs by different mechanisms and affects the dissociation curve.
The most important mechanism is the transformation in the erythrocyte of CO2 into protons and bicarbonate ions, influencing the
pH and, indirectly, the dissociation curve. Another mechanism of
CO2 transport is the binding to deoxyhaemoglobin which stabilizes
this form of Hb with the formation of carbamino Hb and decreases
the affinity of Hb for O2 (Turgeon 1999b).
Higher concentrations of 2,3-DPG make O2 more available for
tissues and shift the curve to the right.
Fetal haemoglobin (HbF) is unable to bind 2,3-DPG and therefore
presents an increased affinity for O2 (P50: 18 mm Hg) (Hoffbrand
et al. 2006a). This phenomenon allows for an increased placental
O2 transfer in conditions of low local Po2.
Amino acid substitutions in the Hb molecule affect the dissociation curve and therefore modify the O2 transport to the tissues.
In methaemoglobinaemia, Hb presents an iron in the oxidized
state (Fe3+) instead of in the reduced state (Fe2+). This condition
occurs with the lack of protective cellular mechanisms either
directly as in hereditary deficiency of NADH methaemoglobin
reductase (diaphorase I) or indirectly in pyruvate kinase or glucose-
6-posphate dehydrogenase deficiency by impaired production of
NADH and NADPH. It can also occur in case of abnormal Hb presenting an amino acid substitution (HbM). Finally, pharmaceutical
agents or toxic substance can also induce methaemoglobinaemia
through the oxidization of Hb.
Temperature can also interfere with the dissociation curve but
only slightly, hyperthermia results in a shift to the right of the dissociation curve and hypothermia induces a shift to the left.

Red blood cell laboratory measurements
The laboratory investigation of RBC disorders requires initially
quantitative measurements of red cells and a peripheral blood
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Figure 11.2 Oxyhaemoglobin (left panel) and deoxyhaemoglobin (right panel) of normal adult haemoglobin A.
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smear (Table 11.2). These quantitative measurements include the
following:

ALKALOSIS
LOW 2,3 DPG
HYPOTHERMIA

90
Saturation of haemoglobin (%)

168

80

◆

RBC count: the number of RBCs per volume of blood

70

◆

Hb: the amount of Hb in the blood in grams per decilitre

ACIDOSIS
HIGH 2,3 DPG
HYPERTHERMIA

60
50

◆

◆

40
30

RBC indices are calculated parameters of Hb content and size of
RBCs:
• Mean corpuscular volume (MCV): the mean volume of RBCs

20

• Mean corpuscular haemoglobin (MCH): the mean amount of
Hb included in the RBC

P50 = 26.6 mm Hg

10
0
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Figure 11.3 Oxyhaemoglobin dissociation curve.
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Red blood cell distribution (RDW) is a measure of the variation
in the size of RBCs.

Anaemia
Box 11.1 Morphological classification of anaemias
A. Normocytic, normochromic anaemia (normal MCV and
MCHC):
-	Anaemia of chronic disease (in some cases)
-	Anaemia of acute haemorrhage
-	Haemolytic anaemias
-	Aplastic anaemias
-	Anaemia of renal diseases
B. Microcytic, hypochromic anaemia (decreased MCV and
MCHC):
-	Chronic iron deficiency
-	Thalassemia
-	Anaemia of chronic disease (in some cases)
-	Lead poisoning (not always)
-	Sideroblastic anaemia (not always)

Anaemia is defined as a reduction in the Hb concentration of the
RBCs below the lower limit of the reference interval for the individual’s age and sex (Turgeon 1999b; Hoffbrand et al. 2006a).
The symptoms, not always present in mild anaemia, are a consequence of the decreased delivery of O2 to the tissues. In chronic
anaemia, symptoms can be discrete because of the compensatory
mechanisms elicited by the body. The patient’s age, the underlying
cause of anaemia, the underlying health problems, and the rate of
reduction of Hb influence the symptoms of anaemia. Usual symptoms are easy fatigability, dyspnoea on exertion, headache, and
heart palpitations.
Different ways to classify anaemia have been proposed, the two
most used classifications are those taking into account the red cell
morphology and the aetiological mechanisms. In the morphological classification, anaemias are classified on the basis of the red cell
indices (MCV, MCHC) (Hoffbrand et al. 2006a) (Box 11.1). In
the aetiological classification, anaemia is classified according to
the mechanism involved: blood loss, impaired erythrocyte production, and increased erythrocytes destruction (Turgeon 1999a)
(Box 11.2).

C. Macrocytic anaemia (increased MCV):
-	Folate or vitamin B12 deficiency

Table 11.2 Normal red cell values in adults

-	Chronic liver disease
-	Alcoholism
-	Cytotoxic chemotherapy
-	Reticulocytosis
-	Myelodysplastic syndromes
-	Normal newborn.
Data from Hoffbrand, A.V., Moss, P.A.H., and Pettit, J.E. (2006a).
Erythropoiesis and general aspects of anaemia. In Essential Haematology,
A.V. Hoffbrand, P.A.H. Moss, and J.E. Pettit, eds. (Oxford, Blackwell
Publishing), pp. 12–27.

Female

Male

Red blood cells, RBCs (µl−1)

3.8–5 × 106

4.4–5.9 × 106

Haemoglobin, Hb (g dl−1)

12–16

13–18

Haematocrit, HCT (%)

35–47

40–53

Mean corpuscular volume,
MCV (fl)

80–100

80–100

Mean corpuscular haemoglobin,
MCH (pg)

26–34

31–35

Mean corpuscular haemoglobin
concentration , MCHC (g dl−1)

31–35

31–35
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Box 11.2 Aetiological classification of anaemias
A. Blood loss:
-	Acute: trauma or surgery, gastrointestinal bleeding, postpartum haemorrhage
-	Chronic: heavy menstrual bleeding, gastrointestinal tract
lesions, gastric ulcers, colic and stomach cancer, parasitic
infestations
B. Impaired erythrocyte production:
-	Aplastic:
• Direct toxicity (radiation, chemotherapy, benzene)
• Immune-mediated causes
-	Iron deficiency:
• Decreased iron intake
• Increased iron utilization
• Incomplete iron absorption
• Pathological iron loss (bleeding, intravascular haemolysis,
malignancy)
• Physiological iron loss (menstruation, pregnancy)
-	Sideroblastic anaemias:
• Drugs (alcohol, chloramphenicol, isoniazid, cytotoxic
drugs)
• Haematological, neoplastic and inflammatory diseases
• Miscellaneous disorders
• Hereditary and idiopathic causes
-	Anaemia of chronic disease:
• Chronic or subacute infections

the physiology of blood in anaesthetic practice
• Erythrocytic enzyme defects (glucose-6-phosphate dehydrogenase (G6PD), hexokinase, gluthatione reductase and
pyruvate kinase deficiency)
• Haemoglobinopathies due to abnormal Hb (Hb SS (sickle
cell anaemia), Hb SA (sickle cell trait), Hb C disease, or
sickle-C disease
• Haemoglobinopathies due to reduced rate of synthesis of
normal globin chains (α-and β-thalassaemias)
• Haemoglobinopathies due to combination of Hb S with
other Hb defects
-	Acquired:
• Warm autoimmune haemolytic anaemia
• Cold autoimmune haemolytic anaemia
• Drug-induced immune haemolytic anaemia
• Alloimmune haemolytic anaemia (incompatible red cell
transfusion and haemolytic disease of the newborn)
• Paroxysmal nocturnal haemoglobinuria
• Chemical agents
• Physical agents
• Infections
• Cardiac haemolysis (artificial heart valves or arterial grafts)
• Arteriovenous malformations
• Microangiopathic haemolytic anaemia (e.g. haemolytic-
uraemic syndrome, DIC)
• March anaemia.
Data from Turgeon, M.L. (1999a). Classification and laboratory
assessments of anemias. In Clinical Hematology, M.L. Turgeon, ed.
(Philadelphia, Lippincott Williams & Wilkins), pp. 95–98.

• Neoplasms
• Systemic lupus erythematous
• Chronic liver disease
• Rheumatoid arthritis
• Uraemia
-	Megaloblastic anaemias:
• Vitamin B12 deficiency
• Folic acid deficiency
C. Haemolytic destruction
-	Hereditary:
• Disorders affecting the red cells mechanical properties
(hereditary spherocytosis, hereditary elliptocytosis, acanthocytosis and poikilocytosis)
• Disorders affecting the passive flux of monovalent cations
across the membrane (stomatocytosis)
• Rhnull disease

The treatment of anaemia will depend on the type, aetiology, and
severity of the conditions and will begin by the rapid treatment of
the underlying cause. Treatments of anaemia include, among others, dietary supplements (such as iron, vitamin B12, acid folic, and
vitamin C), medicines (e.g. antibiotics, corticoids, chelation therapy, erythropoietin, and hormones), and transfusion.

Red cell antigens and immunological aspects
The International Society of Blood Transfusion has accepted 30
blood group systems which involve 320 recognized blood group
antigens (Storry et al. 2011). These antigens are located on integral
red cell proteins and glycoproteins. Some of the structures bearing
the blood group antigens have different functions including transport channel functions through the red cell membrane, complement regulatory functions, and receptor, enzymatic, and structural
functions.
Red cell antigen systems involve two types of blood group antigens, those characterized by sugars attached to proteins or lipids
such as ABH, Lewis, P, and Ii antigens, and those characterized by
amino acids of proteins (McCullough 1998a).
The most important red cell antigen system in transfusion (also
important in organ transplantation) is the ABO system, which was
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discovered by Landsteiner in 1901. This system is not only found
in RBCs, but also in most tissues (heart, kidney, bowel, pancreas,
lung, and endothelium). In addition, soluble ABO antigens are present in body fluids and secretions. ABO group is determined by the
presence or not on red cell proteins and lipids of sugars binding to
an L-fucose called H antigen (always present on red cells except in
Bombay phenotype). The four blood groups—A, B, AB, and O—are
defined by the addition or not on the H antigen of sugars of an
N-acetyl-galactosamine to form A antigen, a galactose to form B
antigen, both sugars to form AB antigens, and no additional sugar
for the O blood group.
The ABO blood group frequency depends on ethnic origin
(Garratty et al. 2004). In European countries, type O blood is often
in short supply and this situation is aggravated by the fact that ethnic minorities have a higher frequency of O group. This induces an
imbalance between ABO group donors and ABO group receivers.
The ABO system is characterized by the natural development
during the first months of life of antibodies against the missing A,
B, or both antigens (Table 11.3).
These natural antibodies which are usually IgM and IgG seem
to develop in response to a gut immunization source and environmental bacteria (Cooling 2008). They are clinically very dangerous because of the presence of IgM antibodies, which are highly
effective in fixing the complement and inducing intravascular
haemolysis.
Immunization against A and B antigens can lead in some patients
to the presence of IgG antibodies which are active at 37°C, have a
higher titre and avidity, and cause haemolysis.
These antibodies are developed in response to the transfusion of
incompatible RBCs, the administration of vaccines or plasma containing soluble A or B antigens during pregnancy with an ABO-
incompatible fetus (McCullough 1998a). Anti-A and anti-B IgG
antibodies can cross the placenta and cause haemolytic disease of
the newborn (HDN).
The second most important blood group system in transfusion
medicine is the rhesus (Rh) system which involves over 50 different
antigens. Five of these antigens are known to induce the majority of
clinically significant antibodies (Westhoff 2008). These antigens are
the D antigen, and the antithetical C and c, and E and e. The Rh D
antigen is present in approximately 85% of Caucasians, which are
Rh positive (Rh+). People who lack Rh D antigen are Rh negative
(Rh−). Because of the greater immunogenicity of the RhD antigen
than the other Rh system antigens, the most frequent antibody of
this system is the anti-D which is almost always an IgG. This anti-D
antibody does usually activate the complement. The anti-D antibodies are developed by immunization either against RhD+ fetal

Table 11.3 ABO blood groups
Phenotype

Antigens

Antibodies

Prevalence in European
ethnicity (%)

O

H

Anti-A and
Anti-B

45

A

A

Anti-B

43

B

B

Anti-A

9

AB

AB

None

3

red cells during pregnancy in an RhD− mother or after transfusion
of RhD+ red cells to an RhD− receiver.
They cause haemolytic disease of the fetus and the newborn
(HDFN) and severe transfusion reactions. HDFN is due to the placental passage of maternal anti-D antibodies, inducing immune
haemolysis of fetal or neonatal red cells. HDFN due to maternal
anti-D has been reduced with the introduction of postnatal immunoprophylaxis. After RhD antigen, the most immunogenic antigens
of the RH system are the c and E antigens. They induce anti-c and
anti-E antibodies which can also cause HDFN and transfusion
reactions.
The other most important blood group systems in transfusion
medicine are the Kell, Duffy, Kidd, Lewis, Lutheran, P, and the MNS
systems. Antibodies against the antigens of these systems are developed through transfusion or pregnancy and are often IgG (except
for MN, P1, and Lua antibodies which are usually IgM). These IgG
antibodies can cause most commonly extravascular haemolysis by
opsonization of RBCs and in some cases complement-mediated
intravascular destruction (Zimring et al. 2011). The clearance of
the incompatible transfused RBCs induces different effects such as
multiple organ failure, coagulopathy, electrolyte perturbations, and
can lead in some cases to death. Antibodies against these RBC antigens are also responsible for HDFN and cause difficulties in finding compatible red cells units in polytransfused patients who have
developed numerous antibodies.
Because of all its deleterious effects, transfusion should be
reserved for cases of severe anaemia. In any case, the risk/benefit
ratio must be taking into account.
Long-term treatment with red cell transfusion is usually used in
patients with chronic congenital and acquired refractory anaemia,
including sickle cell disease, thalassemia major, Diamond–Blackfan
anaemia, myelodysplastic syndromes, myelofibrosis, aplastic anaemia, and other disorders.
In addition to all the side effects associated with blood components transfusion (see ‘Adverse effects of blood transfusion’),
patients who receive repeated transfusions over years will be inexorably exposed to iron overload (Brittenham 2011).
Furthermore, polytransfused patients from a different ethnic
population to the blood donors are at higher risk of alloimmunization against foreign blood antigens. Indeed, the frequency of blood
group antigens depends on the ethnic background and this difference has an effect on long-term transfusion support. For example,
black patients with sickle cell disease (SCD) develop red cell antibodies against antigens present in the Caucasian population, which
constitute the majority of blood donors in European countries.
Alloimmunization to blood group antigens is an important complication of transfusion therapy in SCD patients, which can reduce
the availability of compatible blood. The mean alloimmunization
rate in SCD patients is approximately 25%, with some estimates as
high as 47% (Zimring et al. 2011). If the antibody is directed against
a high-frequency antigen in the Caucasian population, only blood
from the same ethnic population will be compatible. The selection
of matched red cell units for C, c, D, E, e, and K antigens is an effective strategy for reducing the incidence of allo-and autoimmunization in SCD patients and the exposure to more units by using red
cell exchange in these patients does not appear to increase the rate
of allo-and autoimmunization (Venkateswaran et al. 2011).
Some studies suggest that matching for more red cell antigens (C, E, D, Kell, Kidd, and Fya) reduces the extent and rate of
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alloimmunization in SCD patients (Lasalle-Williams et al. 2011).
As these patients are frequently polytransfused, it is difficult to
determine their serological red cell phenotype. Therefore, transfusion services are more often using molecular techniques for
typing multiple RBC antigens of both donors and patients (Lasalle-
Williams et al. 2011).
Blood transfusion is also often required in patients with autoimmune haemolytic anaemia (AIHA) undergoing an episode of
acute haemolysis. AIHA is characterized by the presence of anti-
RBC autoantibodies resulting in an increased destruction of RBCs.
AIHA are classified into four major types including warm AIHA,
cold agglutinin syndrome, mixed-type AIHA, and paroxysmal cold
haemoglobinuria (Barros et al. 2010). In AIHA, pre-transfusion
tests are made difficult by the presence of the autoantibodies in
the patient’s serum, which react with all normal RBCs. The most
important for the transfusion service is to exclude the presence of
an alloantibody, which can cause an immuno-haemolytic accident.
Communication between the clinician and the transfusion service and definition of the urgency of the transfusion are essential
to reduce this risk. Transfusion services also are more often using
molecular immunohaematology to determine the red cell antigens
in AIHA patients.

White cells
Structure and function
In the circulating blood, white cells are morphologically subdivided
into polymorphonuclear leucocytes (or granulocytes) and mononuclear cells (lymphocytes and monocytes). Functionally, white
cells can be subdivided into cells of innate immunity [granulocytes,
phagocytes, and natural killer (NK) cells] and adaptive immunity
(B and T lymphocytes).
Cells of innate immunity
Three categories of granulocytes can be recognized (neutrophils,
basophils, and eosinophils) according to the nature of their cytoplasmic granules. They are profoundly implicated in the inflammatory and the antimicrobial responses of the body. Their production
is controlled by numerous cytokines able to promote myeloid
differentiation.
Neutrophils are the most common type of leucocyte: they play
a major role in the destruction of microorganisms. The pool of
mature neutrophils resides essentially in the bone marrow from
which they can be recruited into the circulation and if necessary into inflammation sites. Their functions include chemotaxis,
phagocytosis, and killing (Mehta and Hoffbrand 2004a). Indeed,
they migrate towards inflammatory foci in response to chemotactic
factors thanks to the presence of surface adhesion molecules, which
interact with the vascular endothelium. The neutrophil antimicrobial systems are active against a broad spectrum of bacteria, fungi,
and protozoa. Most of the neutrophil functions are due to phagocytosis and release of their granule contents inducing the destruction of microorganisms that have been phagocytosed (Faurschou
and Borregaard 2003). They also produce peroxide and superoxide
radicals that are toxic to many microorganisms.
In contrast to neutrophils, eosinophils are essentially localized
in the tissues with a small fraction found in the peripheral blood.
The presence of eosinophilia in parasitic infections and allergic
responses is characteristic but the true physiological necessity of
eosinophils in these conditions has yet to be demonstrated (Powell
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and Baum 2005).The release of the content of their granules may be
damaging to pathogens and host tissues.
Basophils, which are the least numerous of blood leucocytes, are
the key actors of immediate hypersensitivity reactions. Their granules release, among others, histamine when IgE molecules bind to
their surface receptors. In a patient sensitized to an allergen, specific IgE against this allergen are linked on the surface of basophils.
When two of these IgE molecules bind one allergen, they activate
intracellular pathways which result in the release of the contents of
basophil granules, leading to the symptoms of immediate allergy
(Mehta and Hoffbrand 2004a).
The macrophages are phagocytic cells derived from blood monocytes. The latter are found for 1–2 days in the peripheral blood
before they move from the bloodstream and undergo differentiation into a variety of phagocytic cells according to the localization,
including Kupffer cells in the liver, alveolar macrophages in the
lung, microglial cells in the brain, mesangial cells in the kidney,
and macrophages accumulating in the bone marrow, spleen, lymph
nodes, skin, and serosal surfaces (Mehta and Hoffbrand 2004b). All
these cells may survive several weeks and constitute the reticuloendothelial system whose functions include phagocytosis, processing
and presentation of antigens to lymphoid cells, and production of
cytokines which interfere with haemopoiesis, inflammation, and
cellular responses (Mehta and Hoffbrand 2004b).
Dendritic cells reside for a long time in an immature state in most
tissues. Belonging to the phagocyte family, they represent the professional antigen-presenting cells (APCs), which are able to activate
naïve specific T cells. They represent the bridge between innate and
adaptive immunity.
Abnormal cells, for example, virus-infected or cancer cells, are
recognized by cytotoxic cells named NK cells. These cells do not
recognize a specific antigen but they are able to kill cells with a
reduced major histocompatibility complex (MHC) class I expression by the release of toxic molecules leading to cell lysis.
Cells of adaptive immunity
Lymphocytes are derived from the differentiation of haemopoietic
stem cells and undergo maturation in the thymus for T cells and in
lymph nodes, spleen, or other lymphoid tissues for B cells (Powell
and Baum 2005).
In the thymus, T cells become tolerant to the self human leucocyte antigen (HLA) and become able to recognize foreign antigens.
Populations of T, B, and NK cells are characterized by different
antigens on their surface, which can be identified and classified by
monoclonal antibody reagents with the cluster of differentiation
(CD) nomenclature system. This system is routinely used in the
diagnosis and monitoring of malignant haemopathies and immune
diseases. A variety of T cells are recognized on the basis of the surface molecules and cytokines they produce: CD4+ TH1, CD4+ TH2,
CD4 TH17, regulatory T cells (Treg), and CD8+ cytotoxic T cells.
The immune response is the result of the intervention of the lymphocytes (T and B cells) and the APCs. B lymphocytes are responsible for the production of antibodies while T lymphocytes are
responsible for the cellular immunity.
Foreign antigens are presented associated with the MHC
class I or II by either the reticuloendothelial system cells or the
APCs (i.e. dendritic cells, macrophages). CD4+ T cells which react
only with foreign antigens recognize the antigenic peptides associated with the MHC II on APCs or B cells. This interaction induces
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the release by these cells of cytokines such as interleukin (IL)-2,
IL-4, and interferon-γ which leads to the activation and differentiation of lymphoid cells (Clayberger and Krensky 2005). The MHC
class I molecules present antigenic peptides mainly to CD8+ T cells
which recognize the foreign antigen through their specific receptor, the CD8 TCR. These T cells, called cytotoxic T lymphocytes
(CTLs), have been activated by cytokines released by CD4+ helper
cells and then become able to kill the cells bearing the complex
MHC I/peptide.
Mature B lymphocytes recognize antigens through a specific
receptor on their surface, the B-cell antigen receptor (BCR). After
endocytosis of the BCR/antigen complex, protein antigens are processed and re-presented as peptides associated to the MHC class II
on the B cell surface (Monroe and Turka 2005). This complex is
recognized by antigen-specific T helper cells, which deliver activation and differentiation signals to the B lymphocyte. Three phenomena will develop: the proliferation of a clone of B lymphocytes
with identical BCRs, the switch from the integration of the BCR to
the B-cell membrane to the synthesis of a soluble receptor (which
is in fact the specific antibody), and the differentiation of B cells to
plasma cells that release the specific antibodies.

White cell antigens and immunological aspects
The HLA system is the human version of the MHC initially identified in mice (Wang et al. 2005). The HLA genes are localized on
the short arm of chromosome 6. On this chromosome, 47 genes
are officially recognized by the World Health Organization (WHO)
nomenclature committee and include classic HLA class I and
class II genes which are associated with presentation of antigens to
immune cells ((Wang et al. 2005). These classical HLA genes produce class I HLA antigens (HLA-A, HLA-B, and HLA-C) and HLA
class II antigens (HLA-DR, HLA-DQ, and HLA-DP). The HLA
system is not limited to leucocytes but is located on the surface of
almost all cells. Therefore, they are of high importance in the selection of donor–recipient pairs for transplantation.
In contrast with red cell antigens, which are inherited as products
of two alleles, several different alleles can be inherited at each of the
six HLA loci (HLA-A, HLA-B, HLA-C, HLA-DR, HLA-DQ, and
HLA-DP). These numerous polymorphisms explain why it is more
difficult to find compatible donors than to find compatible red cells
units for transfusion.
A third (HLA class III) region which is localized between the
class I and class II encodes for components of the complement system, heat shock proteins, and tumour necrosis factor (Wang et al.
2005).
Antibodies against HLA antigens developed by blood transfusion or during pregnancy can be responsible for transfusion
reactions and platelet transfusion refractoriness. HLA antibodies can be present either in the receiver or the blood component.
They induce transfusion reactions such as febrile non-haemolytic
transfusion reactions (FNHTR) and transfusion-related acute lung
injury (TRALI) (see ‘Adverse effects of blood transfusion’). They are
also responsible for platelet transfusion refractoriness (discussed in
‘Platelet antigens and immunological aspects’).
Neutrophils express on their surface specific antigens that are
part of the human neutrophil antigen (HNA) system. The HNA system involves five antigen systems (HNA-1, HNA-2, HNA-3, HNA-
4, and HNA-5) composed from seven antigens (HNA-1a, HNA-1b,
HNA-1c, HNA-2a, HNA-3a, HNA-4a, and HNA-5a) (Wang et al.

2005). Alloantibodies against the neutrophil antigens of these systems are most often directed against antigens in the HNA-1 and
HNA-2 systems.
The HNA system is characterized by the development of allo-
and autoantibodies which are implicated in a variety of clinical
conditions including transfusion reactions, alloimmune neonatal
neutropenia, refractoriness to granulocyte transfusion, immune
neutropenia after bone marrow transplantation, and autoimmune
neutropenia.
FNHTR reactions and TRALI can be induced not only by HLA
alloantibodies but also by HNA alloantibodies, present in the blood
component or in the patient. Alloimmune neonatal neutropenia is
caused by the passage through the placenta of maternal IgG directed
against neonate neutrophil antigens inherited from the father. Most
newborns are usually asymptomatic and will develop an infection
within the first week of life with a selective neutropenia seen on a
whole blood count. HNA alloimmunization can be a serious complication of bone marrow transplantation which can be induced by
either auto-or alloantibodies (Bux 2008). Autoimmune neutropenia is a rare condition most often described in children between 1
and 36 months of age. These children develop febrile episodes and
infections and present a low neutrophil count which recovers spontaneously by the age of 5 years (Wang et al. 2005).
Granulocyte transfusions (GTs) in the treatment of severe infections in granulocytopenic patients were introduced in therapeutics
in the 1960s and declined from 1985 to 1995 with the improvements in antibiotics and general supportive care (Ang and Linn
2011). However, GTs may be beneficial for the treatment of patients
with persistent severe neutropenic sepsis (Ang and Linn 2011).
HNA-(or HLA-) alloimmunization in patient receiving GT leading
to refractoriness to granulocyte transfusion is not a common event.

Platelets
Structure and function
Platelets are discoid cells with a diameter of 2–4 µm and a mean
volume of 7–11 fl (1 fentolitre = 10−15 litres). The normal platelet
count is 150–450 × 109 litre−1 and the lifespan of mature platelet
is 8–10 days. Platelets are formed as a result of the fragmentation
of the largest bone marrow cells, the megakaryocytes, which can
reached a size of up to 160 µm. Platelet production is regulated by
thrombopoietin, a cytokine produced essentially by the liver which
acts on the c-Mpl receptor present on bone marrow megakaryocytes, but also on circulating platelets (Turgeon 1999c; Hoffbrand
et al. 2006b).
The discoid shape of platelets is maintained by the cytoskeleton which is composed of microtubules and filaments. Different
enzymes involved in the metabolic pathways are stored into the
cytoplasm. They provide energy to the platelet and contractile
proteins.
The glycoproteins located at the platelet surface form the glycocalyx. It plays a major role in the platelet adhesion and aggregation. Glycoprotein Ia-IIa (GPIa-IIa) complex and glycoprotein VI
(GPVI) are involved in the adhesion to collagen, glycoprotein Ib-
IX-V (GPIb-IX-V) complex binds the von Willebrand plasmatic
factor (vWF) and glycoprotein IIb-IIIa (GPIIb-IIIa) complex binds
fibrinogen. Under high shear stress, GP IIb-IIIa can also bind vWF.
An open canalicular also called the ‘surface-connecting system’ is
formed by the invagination of the platelet cytoplasmic membrane
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Glycogen
Specific α-granule: fibrinogen,
factor V, vWF, fibronectin,
β-thromboglobulin, heparin
antagonist (PF4),
thrombospondin
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Figure 11.4 Platelet structure.

just under the glycocalyx and constitutes a specific reactive surface
for clotting factors (Fig. 11.4). Platelets contain cytoplasmic storage
granules, which release their content through the open canalicular
system when platelets are activated.
Platelets contain three different kinds of storage granules. The
most abundant are the α granules, which contain platelet-derived
growth factor (PDGF), β-thromboglobulin, heparin-neutralizing
platelet factor (PF4), fibrinogen, vWF, and other coagulation proteins. The δ granules are less represented; they contain serotonin,
calcium, ADP, and ATP. The last storage granules are the lysosomes,
which contain hydrolytic enzymes.
All these components are essential for the normal function of
platelets during the haemostatic reaction to vessel injury.

Platelets and haemostasis
Primary haemostasis
Platelets are an essential component of the primary haemostasis
process (Turgeon 1999c). Other components include the vessel wall
(endothelium, collagen), fibrinogen, and vWF.
The first step of the primary haemostasis process is the vasoconstriction of the vessel in order to reduce bleeding. The endothelium, which is non-reactive when the vessel integrity is respected,
contains and synthesizes different substances (collagen, elastin)
and procoagulant and anticoagulant factors (such as plasminogen
activator and inhibitor, thrombomodulin, and prostacyclin). In
response to vascular damage, platelets first adhere to the subendothelial components, mainly to collagen via GPIa-IIa and GPVI.
Platelets also interact with vWF multimers coated on the exposed
subendothelium via the GP-XI-V complex. The platelet adhesion to

collagen occurs under low shear stress conditions. After adhesion
to the collagen, through GPVI binding, the platelet is activated. The
activation process induces changes in the platelet shape, with pseudopods spreading, secretion of the granules content, and activation
of the GPIIb/IIIa receptor. Platelet activation further results in the
scramblase-mediated transport of negatively charged phospholipids to the platelet surface (Heemskerk et al. 2002). These phospholipids provide a catalytic surface for the tenase and prothrombinase
coagulation complexes. Following their activation, platelets clump
to each other, which lead to their aggregation. Cross-linking of
platelets through activated GPIIb/IIIa receptors with fibrinogen
bridges characterizes platelet aggregation (Turgeon 1999c).
Platelets are further recruited in this aggregate and activated by
different agonists leading to the release of their storage granules.
The platelet clump is stabilized by polymerized fibrin, after completion of the coagulation process.
Blood coagulation
Blood coagulation (or secondary haemostasis) is a succession of
several chemical reactions involving plasma proteins, calcium, and
phospholipids, which ultimately generate thrombin. These reactions occur at the phospholipidic surface of the activated platelet
and are initiated in vivo by the factor VIIa-tissue factor complex
(FVIIa-TF).
The blood coagulation proteins (Table 11.4) are generally designated by roman numerals and are followed by a suffix -a if they are
in their activated form.
Other proteins implicated in blood coagulation include prekallikrein, high-molecular-weight kininogen (HMWK), and vWF.
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Table 11.4 Blood coagulation proteins
Coagulation factor number

Name

I

Fibrinogen

II

Prothrombin

V

Proaccelerin

VII

Proconvertin

VIII

Antihaemophilic factor or
antihaemophilic factor A

IX

Christmas factor or antihaemophilic
factor B

X

Stuart factor

XI

Plasma thromboplastin antecedent

XII

Hageman factor

XIII

Fibrin stabilizing factor

The classic coagulation process has been described as a phenomenon beginning with the initiation of clotting by either the extrinsic or the intrinsic pathways leading to a final common pathway.
This ‘classical’ approach has been reviewed more recently by different experts (Roberts et al. 2006; Hoffman and Monroe, 2007).
In this revised theory, thrombin is formed during two sequential
phases: the initiation phase and the propagation phase (Colman
et al. 2006) (see Fig. 11.5).
During the initiation phase, the contact of small amounts of
circulating FVIIa with membrane TF induces the formation of a
complex FVIIa-TF, which activates factors IX and X. Those factors induce the formation of very small amount of thrombin. The
FVIIa-TF complex is than inactivated by the tissue factor pathway
inhibitor (TFPI), complexed to FXa. The small amount of thrombin that has been generated by this mechanism activates the two
cofactors, FV and FVIII, allowing the formation of two coagulation
complexes: tenase (FIXa/FVIIIa/PL/Ca) and prothrombinase (FXa/
FVa/PL/Ca) at the phospholipidic surface of the activated platelets.
The amplification phase is characterized by a burst in thrombin
formation thanks to the tenase and prothrombinase complexes.
Later, fibrinogen is fragmented by thrombin in fibrinopeptides
A and B and the two fibrin monomers form spontaneously hydrogen bonds. Thrombin also activates factor XIII into XIIIa, which
induces covalent bonds cross-linked in polymerized fibrin. The stabilization of the polymerized fibrin is followed by a retraction of the
clot which stabilizes and becomes denser.
However, this physiological response to a vessel injury can induce
thrombosis by mechanical obstruction of the vessels by the newly
formed thrombus. This deleterious effect is limited by the action
of different coagulation factor inhibitors. One of the most important natural anticoagulants is the protein C anticoagulation system
which involves two vitamin K-dependent plasma proteins, protein
C and its cofactor protein S. Thrombin limits its own formation by
forming a complex with thrombomodulin, which is expressed on
the endothelial surface. Protein C binds to its endothelial receptor
(EPCR) and is activated by the thrombin-thrombomodulin complex. The complex formed by the activated protein C (APC) and
its cofactor degrades FVa and FVIIIa, which dramatically decreases
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Figure 11.5 Cell-based model of coagulation.

the conversion of prothrombin to thrombin. The activation of protein C results also in an increase in fibrinolysis by the inactivation
of the tissue plasminogen activator inhibitor (tPAI) which acts by
preventing the conversion of plasminogen into plasmin (Hoffbrand
et al. 2006b).
Another important physiological anticoagulant factor is
antithrombin (AT) which binds to glycosaminoglycans present on
the endothelial surface to inhibit the serine proteases of the coagulation cascade, in particular thrombin but also FIX, X, XI, and XII
(Hoffbrand et al. 2006b).
The heparin cofactor II and the tissue factor pathway inhibitor
(TFPI) are also natural anticoagulants. Heparin cofactor II inhibits
thrombin and TFPI forms an inactivated complex with FVIIa, FXa,
and TF (Hoffbrand et al. 2006b).
Finally, the flow of blood also acts to limit the blood coagulation
by diluting the activated factors at the site of injury.
Fibrinolysis
Fibrinolysis represents a normal physiological response to vascular
injury, which results in the removal of the clot by the hydrolysis of
fibrin into small fragments through the action of plasmin. Plasmin
is produced by the activation of plasminogen by two different
pathways.
The most important is the extrinsic pathway. The tissue plasminogen activator (tPA) synthesized by the endothelium is a serine
protease, which is active at the site of the fibrin clot by binding to
fibrin. The intrinsic pathway involves activation of plasminogen
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by urokinase, a urinary serine protease. Streptokinase is an exogenous plasminogen activator derived from β-haemolytic streptococci. Streptokinase and tPA are widely used as fibrinolytic agents
in therapeutics. Free plasmin is not found in the plasma because of
the presence of numerous inhibitors such as α2-antiplasmin and
α2-macroglobulin. The generation of plasmin is decreased by the
inactivation of tPA and urokinase by the tissue plasminogen activator inhibitor (tPAI) (Turgeon 1999c).

Platelet antigens and immunological aspects
Antigens present on the platelet surface are of two types: intrinsic
to the plasma membrane or adsorbed from the plasma (McFarland
2008).
Platelets express RBC antigens such as ABH, Lea, Leb, I, i, P,
Pk, HLA antigens and platelet-specific antigens (Ogasawara et al.
1993). ABH antigens which can be of both types have a variable
individual expression from 5% to 10% (McFarland 2008).
The HLA antigens, which are intrinsic to the platelet membrane
are only HLA class I antigens. They represent the main source of
HLA class I antigens in whole blood (McFarland 2008).
Platelet-specific antigens are glycoproteins present in the platelet membrane: they are polymorphic and present epitopes and are
called human platelet antigen (HPA). The HPA-related antibodies
can be alloantibodies or autoantibodies. Alloantibodies are generated by immunization against transfused platelets or against fetal
platelets during pregnancy. Autoantibodies are encountered in two
main clinical situations, primary immune thrombocytopenia (ITP)
and drug-induced thrombocytopenia (DIT) (McFarland 2008).
ITP is characterized by a peripheral blood platelet count less than
100 × 109 litre−1 in the absence of any initiating and/or underlying cause of thrombocytopenia (Provan et al. 2010). This acquired
immune disorder characterized by an increased platelet destruction mediated by autoantibodies, seems to be also due to impaired
platelet production and T-cell-mediated effects (Provan et al. 2010).
Platelet autoantibodies could be directed against glycoproteins
(GPIV and GPV) or glycoprotein complexes (GPIIb/IIIa, Ia/IIa, Ib/
IX/V).
DIT can be mediated by immune or non-immune mechanisms.
Different molecules such as antineoplastics, antivirals, ethanol, tolbutamide, and thiazide diuretics induce a non-immune-mediated
DIT after several weeks by bone marrow suppression (Priziola et al.
2010). Immune-mediated DIT has been shown to be caused by six
different mechanisms (Priziola et al. 2010) (Table 11.5).
The clinical situations in which alloantibodies are encountered are neonatal alloimmune thrombocytopenia (NAIT), post-
transfusion purpura (PTP), and platelet transfusion refractoriness.
The mechanism in NAIT is similar to the one in HDFN and newborn. IgG antibody directed against fetal platelet-specific antigen
inherited from the father is developed during pregnancy in the
mother who lacks the HPA antigen. This IgG crosses the placenta
resulting in fetal and neonatal thrombocytopenia. NAIT may occur
during the first pregnancy and further fetuses are at higher risk of
NAIT. It is most often induced by the HPA-1a antigen but other
platelet antigens have been described (McFarland 2008).
Because of the high risk of intracranial haemorrhage, fetal platelet count is realized in utero if maternal platelet antibodies are found
during pregnancy. If the fetal platelet count is severely decreased,
the mother will be treated with intravenous immunoglobulins with
or without steroids. Intrauterine platelet transfusions are generally
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Table 11.5 Drug-induced thrombocytopenias: mechanisms and
implicated molecules
Mechanism

Molecules

Immune complex formation

Unfractionated heparin; low-molecular-
weight heparin

Antiplatelet autoantibody

Gold salts, procainamide

Drug-specific antibody

Abciximab

Ligand-induced binding site

Eptifibatide, tirofiban, lotrafiban

Drug-glycoprotein complex

Quinine, quinidine, non-steroidal anti-
inflammatory drugs, sulphonamides

Hapten-dependent mechanism

Penicillin, cephalosporins

not given but platelets lacking the antigen, which can be obtained
from the mother, are often transfused after delivery in severely
thrombocytopenic infants.
PTP (discussed in ‘Immunological risks of blood transfusion’)
occurs 5–10 days after transfusion in patients previously sensitized
against a platelet antigen by transfusion or pregnancy. Platelet antibodies are most often directed against HPA-1a antigen or less frequently against epitopes of GPIIb/IIIa.
Platelet transfusion refractoriness is defined as a 1 h corrected
count increment (CCI, described in ‘Transfusion of platelets’) of
less than 5 × 109 litre−1 on two sequential occasions, using ABO-
identical fresh platelets stored for less than 72 h (Hod and Schwartz
2008).
Immune and non-immune causes have been identified to induce
platelet refractoriness. Non-immune causes involve fever, sepsis,
splenomegaly, medications, active bleeding, disseminated intravascular coagulation (DIC), veno-occlusive disease and graft-vs-host
disease. Immune causes involve HLA alloimmunization and/or
HPA alloimmunization.
Platelet alloimmunization is more often induced by HLA system
and less frequently by HPA system. However, patients with HLA
antibodies develop more easily HPA antibodies.
Because of the expression of ABH antigens on platelets, it is
important to ensure transfusion of ABO-identical fresh platelets in
patients with decreased post-transfusion CCI before investigating
HLA and HPA antibodies. Indeed the variable titre of ABO isoagglutinins and the variable expression of ABH antigens are responsible
for the diminution of platelet survival in some patients; the higher
the ABO isoagglutinin titres and the ABH antigens expression,
the greater is the reduction in the recovery of ABO-incompatible
transfused platelets (McCullough 1998b). If non-immune causes
are excluded and transfusion of fresh ABO-identical platelets does
not improve the platelet recovery, HLA antibodies (and HPA antibodies as a second step) must be suspected.
The supply of compatible platelets for HLA alloimmunized
patients can be realized by transfusion of HLA-matched platelets,
platelets obtained by crossmatching the patient’s serum with the
potential donor’s cells and by transfusion of platelets lacking the
HLA antigen with witch the patient antibodies react (Stainsby et al.
2006b).
Platelet-specific alloimmunization is rare. It should be evoked
when the platelet transfusion refractoriness persists after the different aetiologies previously described have been eliminated. If
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anti-HPA research is positive, platelets lacking the identified HPA
are selected. In contrast with NAIT and PTP, anti-HPA-1a is not
usually responsible for platelet transfusion refractoriness and HPA-
5b and HPA-1b are more frequently encountered.

Transfusion of blood components
Adverse effects of blood transfusion
Although blood transfusion has never been so safe, it retains infectious and non-infectious hazards. Over the past two decades, the
incidence of infectious transfusion-transmitted diseases has been
extremely reduced and today the leading causes of allogeneic
blood transfusion-related deaths are due to immunological effects
or transfusion-associated sepsis (Luban 2005; Vamvakas and
Blajchman 2009; Vamvakas 2011).

Infectious risks of blood transfusion
Transfusion-transmitted viruses
Strategies to prevent transfusion infectious diseases were based
until a few years on donor selection and serological screening for
transfusion-transmitted pathogens. The introduction of molecular biology with nucleic acid amplification testing (NAT) assays
has reduced the classical ‘window period’ in which viral markers
are detectable in blood to what is now called the ‘eclipse phase’ in
which detectable concentrations of viral nucleic acids are present
in the plasma. These NAT assays are generally applied to classical
transfusion-transmitted viruses such as HIV and hepatitis B and C
viruses.
For others viruses like Cytomegalovirus (CMV) and human T-
lymphotropic virus (HTLV) found in the donor leucocytes, the
prevention of transfusion transmission includes serological testing, leucocyte reduction of blood components, or both. Leucocyte
reduction of blood components represents an effective alternative to the use of sero-negative blood products for prevention of
transfusion-associated CMV infection (Bowden et al. 1995).
Other transfusion-transmitted viruses seems to present a low
transmission rate or a lack of disease association, this group include
hepatitis A virus (HAV), hepatitis E virus (HEV), GB viruses, parvovirus B19, SEN virus, Torque Teno virus (TTV), Dengue virus,
lymphocytic choriomeningitis virus (LCMV), Simian foamy or
spumavirus (SFV), West Nile virus (WNV) and the virus responsible for severe acute respiratory syndrome (SARS) (Fiebig and
Busch 2008).
Despite the improvements in donor selection and in laboratory
diagnostics, the risk of transmission of untested and emerging
transmission-transmitted viruses remains (Aubuchon 2011).
The great challenge for the reduction of transfusion transmitted
viruses in the future is the development and the implementation of
pathogen-reduction treatment (Rock 2011). These new technologies are active on known viruses, bacteria, protozoa and contaminating leucocytes but also on unknown transfusion-transmissible
agents which will continue to appear in the future. However, they
are not active on prions.
The current methods for pathogen inactivation include solvent-
detergent (SD), methylene blue, amotosalen, and riboflavin technologies. They all require the use of visible or ultraviolet (UV) light
except the SD method. The common approach of the technologies
using UV or white light is to interfere with the pathogen nucleic

acid replication. In the SD method, the target are not the nucleic
acid but the lipid membrane of the pathogen which is irreversibly
disrupt and result in the inability of the pathogen to penetrate host
cells, thereby preventing the infection (Heger et al. 2006). The four
methods are used for the pathogen inactivation of plasma; they are
all effective against lipid-enveloped viruses. Although they have
some effect on the concentration of the plasmatic coagulant proteins, these remain within accepted ranges (Rock 2011).
The second blood component being pathogen inactivated are the
platelet components which are treated with the amotosalen and the
riboflavin methods. The therapeutic efficacy and safety of platelets
treated with amotosalen have been demonstrated to be similar to
conventional platelets (McCullough et al. 2004; Lozano et al. 2011;
Schlenke et al. 2011). In vitro, riboflavin present in platelet concentrates showed a minimal influence on clot formation and enhanced
metabolism and platelet activation; the clinical relevance for platelet function in vivo has not yet been investigated in a clinical trial
(Ostrowski et al. 2010a, 2010b).
The treatment of RBC components has been more challenging
(Wagner 2011) and only the in vivo viability of RBCs derived from
the riboflavin plus UV light-treated whole blood has been investigated. The results seems promising (Cancelas et al. 2011). Two
other methods using FRALE (S-303) or INACTINE (PEN110) have
been investigated and abandoned because of the formation of antibodies against neoepitopes on RBCs (Wagner 2011).
Bacterial contamination
Transfusion-associated sepsis represents 17–22% of all reported
fatalities and is the most frequent cause of death from infectious
agents (Wagner 2004). The severity of this adverse effect depends
on the immunological status of the patient, the bacterial load of the
inoculum, and the species and the proliferation rate of the bacteria.
The most frequent components to cause severe reactions are
platelet concentrates because of the room temperature storage
which enhances bacterial proliferation. Bacterial contamination of
platelet components occurs most often at the time of phlebotomy
from skin and, less frequently, from the blood donor or from the
disposables and the environment during the process of the platelet
units (Palavecino et al. 2010).
The diversion of the first 10–40 ml of donor blood and the use
of appropriate skin-disinfection methods have contributed to prevent platelet bacterial contamination with skin commensal organisms (Satake et al. 2009; Bueno 2010; Benjamin et al. 2011). Several
methods with variable efficacy to detect bacterial contamination
are based on culture, microscopy, and metabolic markers and are
now widely used (Wagner and Robinette 1996; Larsen et al. 2005; te
Boekhorst et al. 2005).
However, transfusion-associated sepsis remains and the implementation of a sensitive bacterial detection method is necessary
to improve transfusion safety. Therefore, different technologies
such as real-time PCR and flow cytometry are under development
(Dreier et al. 2004, 2009).
The introduction of pathogen reduction of blood components
can abrogate the risk of transfusion-transmitted bacterial infection
and this effect appears much more important for platelet concentrates which are the most frequently contaminated blood component. With these technologies, platelets concentrates can be stored
up to 7 days (Lozano et al. 2011).
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Vector-borne bacteria and parasites
These organisms are transmitted by arthropod vectors such as
mosquitoes and ticks and their prevalence rates among blood
donors depend on the local vector activity (Fiebig and Busch 2008).
Transfusion-transmitted tick-borne diseases are due to bacterial
zoonoses transmitted to humans (such as Lyme disease, ehrlichioses, and rickettsioses) or to parasitic infections (such as babesiosis). However, transfusion transmission of these vector-borne
agents seems to be very rare (Leiby and Gill 2004) except for the
transmission of Babesia microti which increasingly poses a blood
safety risk (Tonnetti et al. 2009).
Mosquito-borne diseases normally encountered in tropical
and subtropical countries are increasing in non-endemic regions
because of international travel and immigrations from these
countries. The most relevant parasites are the malarial parasites
(Plasmodium falciparum, P. vivax, P. malariae, and P. ovale) and the
Chagas disease agent, Trypanosoma cruzi (Kitchen and Chiodini
2006; Leiby et al. 2008), which are essentially transmitted with RBC
components and platelet concentrates. Bloodstream parasites can
be detected in donors even decades after immigration (Leiby et al.
2008). Therefore, countries with immigrant populations coming
from parasitic endemic regions adapt their donor questionnaire,
implement specific detection methods, and are interested in pathogen reduction. The efficacy of different pathogen reduction systems
to inactivate these parasites in plasma and platelet concentrates
has been evaluated and has shown a positive impact on parasite
reduction (Cardo et al. 2007; Castro et al. 2007; Grellier et al. 2008).
Several pathogen reduction systems have been shown to be efficacious to inactivate parasites in packed red blood cells (PRBCs).
However, clinical studies, in particular in toxicology, are required
before these systems can be used in clinical practice (Wagner 2011).
Prions
Prion diseases are fatal, infectious neurodegenerative disorders
affecting both humans and animals. Creutzfeldt–Jakob disease
(CJD) is the commonest human form which is sporadic and is
transmitted from human to human through infected material and
human tissues. In the mid 1990s, the consumption of infected cattle with bovine spongiform encephalopathy (BSE) in the United
Kingdom induced the appearance of a variant form of CJD (vCJD)
in which the prion was found in the reticuloendothelial system of
infected patients.
The presence of vCJD in the reticuloendothelial system increased
the possibility for this infectious agent to be present within the
blood circulation, allowing transmission through blood component transfusion (Lumley 2008). Four cases of blood component
transmission of vCJD have been reported and two of these cases
came from the same donor. Three of the transfused patients developed clinical vCJD. The fourth patient received a transfusion from
a donor who later developed vCJD and died of unrelated causes
(Lumley 2008).
Despite the deferral of donors travelling in the United Kingdom
and BSE-affected European countries, the risk of vCJD prion infection from transfusion of blood components continues and this
emphasizes the need to develop sensitive methods for detection
of vCJD prion infection in whole blood. Different studies provide
highly sensitive methods for the detection of the infection and are
compatible with blood screening (Tattum et al. 2010; Edgeworth
et al. 2011).
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While most of the cellular prion protein (PrPc) resides in platelets and white blood cells, recent studies have demonstrated that
human RBCs express low but significant amount of PrPc per cell
(Panigaj et al. 2011). This correlates with the fact that leucocyte
depletion shows reduction in blood infectivity between 58% and
72% (Edgeworth et al. 2011) but doesn’t constitute a definite solution for removal of prions from blood components.
Without the implementation of a screening test identifying preclinical infection, removal of the infectious agents by filtration of
the blood component with an effective prion decontamination
device is the only means by which blood infectivity can be reduced
(Hornsey et al. 2010; Lawrie et al. 2010; Sowemimo-Coker et al.
2010).

Immunological risks of blood transfusion
Febrile non-haemolytic transfusion reactions
FNHTRs are the most common acute adverse reactions to blood
transfusion and are defined by an increase in temperature of at least
1°C during or within 3 h of a transfusion episode, without any other
explanation. The fever may be accompanied by others symptoms
including chills, rigors, and discomfort. Data from the literature
showed a substantial variability in reactions rates after platelet and
RBC transfusions with a median reported rates of 4.6% for platelets
and 0.33% for RBC (Geiger and Howard 2007).
The pathophysiology of FNHTR is not completely understood, however the release in the transfused blood component of
leucocyte-derived cytokines during storage induces most of these
reactions. Platelet concentrates, which contain more leucocytes
than red cells components, accumulate the largest amounts of
cytokines.
FNHTR can also be induced by the presence in the recipient
or in the donor of white cell alloantibodies (or less often, platelet alloantibodies) reacting with antigens present in the blood
component or in the patient respectively. These leucocytes can
themselves liberate in vivo cytokines or biological response
modifiers which are responsible for FNHTR symptoms. Another
mechanism inducing FNHTR is the liberation of cytokines
consecutively to the destruction by the complement or cellular
immune system of leucocytes engaged in the complex leucocyte
antigen-leucoagglutinin.
Therefore, universal leucodepletion of blood components has
been implemented in many Blood Services, particularly in Europe,
and several studies showed that pre-storage white blood cell reduction significantly reduce FNHTRs (Pruss et al. 2004; Yazer et al.
2004).
FNHTRs are uncomfortable but not life-threatening and the
diagnosis can be made after exclusion of other causes of fever.
Allergic and anaphylactic reactions
Most allergic reactions after blood components transfusion are
characterized by a type 1 hypersensitivity response occurring in the
presence of soluble antigens in the donor unit to which the patient
has been earlier sensitized.
In the recipient, a primary exposure stimulates the production of
specific IgE, which binds to the Fc receptor of masts cells inducing
sensitization. The ulterior presentation of the same antigen induces
cross-linking of surface IgE and degranulation of mast cells.
Cutaneous allergic reactions including urticaria, erythema, and
pruritus are estimated to be 1–3% of plasma-containing blood
components transfusions and donor plasmatic soluble antigens
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implicated are rarely identified. The treatment is symptomatic and
generally includes the administration of an antihistaminic and
occasionally hydrocortisone.
Anaphylactic reactions are much less common and appear during
or immediately after blood components transfusion. The symptoms
can be cutaneous, respiratory, gastrointestinal, and cardiovascular
and often include severe hypotension or shock.
While it is commonly accepted that anaphylactic transfusion
reactions are due to the transfusion of donor antigen to which the
recipient has been previously sensitized, it is now described that
high-molecular-weight IgEs in donor plasma can cause anaphylactic reaction via the activation and degranulation of mast cells, or
probably basophils, or both, in recipients (Abe et al. 2011). As for
the less severe allergic reactions, the responsible antigen is rarely
identified.
Indeed, the allergens implicated in these reactions are generally
not defined and only the reactions against IgA, haptoglobin, and
C4 for which the patient presents a deficiency or a variant molecule
are described.
IgA anaphylactic reactions are very rare adverse effects of transfusions defined by the presence of anti-IgA antibodies probably
IgE in the patient’s serum (Hammarström and Smith, 2007). The
patients develop the same symptoms than in other form of anaphylaxis. Analysis of samples from patients with suspected IgA anaphylactic reactions show anti-IgA antibody only in 17.5% of these
samples suggesting that the majority of these severe reactions are
due to other causes (Sandler et al. 1995).
While the presence of anti-IgA in blood donors with IgA deficiency was estimated to approximately 1 of 1200 donors tested,
haemovigilance data do not show this frequency of anaphylactic
reactions (Sandler et al. 1995). This probably indicates that the
presence of anti-IgA is not correlated with the potential risk of an
anaphylactic reaction.
Although IgEs are known to be the main responsible for these
immediate reactions, IgG antibodies can also mediate reactions by
the fixation to the complement and the release of anaphylatoxins
C3a and C5a.
As the detection of these antibodies remains difficult, markers of
systemic activation and degranulation of patient mast cells such as
the concentration of tryptase are currently used to objectify anaphylactic transfusion reaction.
Hypotensive transfusion reactions with or without urticaria or
erythema can also be mediated by bradykinin (BK), which induces
vasodilatation by activation of receptors on vascular endothelium
leading to the liberation of nitric oxide (NO), prostacyclin (PGI2),
and endothelium-derived hyperpolarizing factor (EDHF).
The different enzymes implicated in the BK metabolism are
angiotensin-converting enzyme (ACE), aminopeptidase P, and
the group of carboxypeptidases which are implicated in the BK
metabolism for 76%, 21%, and 3% respectively (Cyr et al. 1999).
The active metabolite, the des-Arg9-BK, is in its turn metabolized
by ACE and aminopeptidase P.
Hypotensive reactions were first described in patients taking
ACE inhibitors and undergoing plasmapheresis or blood component transfusion through negatively charged filters that have the
property to activate the contact phase (Shiba et al. 1997; Iwama
2001). Indeed, the activation of factor XII and the prekallikrein-
kinin cascade by negatively charged surfaces induces production
of BK.

Furthermore, the administration of ACE inhibitors, the deficit
in an enzyme of the BK metabolism, the presence of BK in plasma-
containing components, or all of these will enhance the accumulation of BK leading to hypotensive reactions (Cyr et al. 2001;
Perseghin et al. 2001).
Haemolytic transfusion reactions
The transfusion of incompatible RBCs to a recipient with pre-
existing alloantibodies may lead to the immune destruction of
transfused red cells causing a haemolytic transfusion reaction
(HTR). These antibodies can be natural (almost always antibodies
against the ABO system) or due to the alloimmunization.
Alloimmunization against foreign RBC antigens induces the
production of antigen specific alloantibodies by transfusion or
pregnancy.
Anti-A and anti-B antibodies occur naturally, consecutively to
commensal intestinal bacteria exposure in the first months after
birth. They are highly reactive and predominantly IgM but also IgG.
Severe acute HTRs (AHTRs) are characterized by non-specific
symptoms such as fever, chills, hypotension, tachycardia, pain at
the infusion site, anxiety, chest pain, nausea, vomiting, and more
specific signs such as haemoglobinaemia and haemoglobinuria in
intravascular haemolysis. These symptoms occur rapidly after the
beginning of transfusion. Changes in vital parameters and haemoglobinuria are generally the only signs in unconscious patients or
in surgery.
The most frequent AHTR are mediated by anti-A and anti-B
IgM antibodies (or in rare cases by complement IgG alloantibodies) and are life-threatening. ABO AHTR is the consequence of the
activation of the full complement cascade by ABO IgM antibodies
leading to the liberation of C3a and C5a anaphylatoxins which are
responsible for several signs of immune intravascular haemolysis
such as hypotension, shock, DIC, and renal failure. They are related
to the transfusion of ABO-incompatible RBC due generally to
human errors at different critical points in the transfusion chain.
Data reported to the Serious Hazards of Transfusion scheme
(SHOT) in the United Kingdom between 1996 and 2003 show 226
ABO incompatible transfusions for 23 million blood components.
Among the 2087 adverse events reported by the report, 67% were
associated with an incorrect transfused blood component (Stainsby
et al. 2005).
In 2008, the Food and Drug Administration (FDA) in the United
States reported that 7% of transfusion related-deaths were attributed to ABO-associated haemolytic reactions (Alter and Klein
2008) and another study observed that an error-related ABO-
incompatible transfusion occurs every 38 000 RBC units transfused
in New York state (Linden et al. 2000).
Today in the majority of developed countries, the risk of ABO-
incompatible transfusion exceeds the risk of viral transfusion
transmission. AHTR following the transfusion of plasma containing anti-A and anti-B antibodies are uncommon and could only
occur in ABO-incompatible massive transfusion because both RBC
and platelet components are more often plasma reduced and contains only small amounts of plasma. AHTR can also be due to IgG
alloantibodies against foreign antigens (essentially RH, KEL, FY,
JK, and MNS systems) developed after transfusion or pregnancy
which can activate or not the complement.
IgG alloantibodies which do not activate complement induce
generally less severe reactions due to extravascular haemolysis and
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those which activate the complement cascade induce rapid intravascular haemolysis.
Delayed HTR (DHTR) occurs 3–10 days after transfusion of
RBC components delivered by the blood bank as compatible in a
recipient previously immunized by pregnancy or transfusion. IgG
alloantibodies induce extravascular haemolysis in which jaundice
is characteristic but sometimes, more severe symptoms such as DIC
and renal failure may occur.
In DHTR, alloantibodies are present at low levels behind the limit
of detection of antibody screening tests and are liberated consecutively to anamnestic or secondary responses. The direct antiglobulin test (DAT), the elution of antibodies from patient red cells, and
antibody screening are useful to identify the responsible antibody
and to select additional RBC components if necessary. However,
these tests are not always helpful and must be repeated at different times. In these cases, the extended RBC matching for relevant
antigens blood systems is a good strategy to find compatible RBCs.
The frequency of RBC alloimmunization causing DHTR was
estimated in a prospective study of 11 218 RBC transfusions in a
total of 2490 patients to be 2.6% for patients with no detectable
antibody in the pre-transfusion screening test and to be 8.9% in
patients with detectable alloantibodies before transfusion (Heddle
et al. 1995). Alloantibodies found were essentially anti-Jka, anti-E,
and anti-K. Despite serological evidence that DHTR was found in
most of the patients, only one patient developed clinical symptoms.
HTR biological tests generally reveal increased lactic dehydrogenase, elevated serum urea and creatinine levels, hyperbilirubinaemia, haemoglobinaemia, and decreased haptoglobin.
Post-transfusion purpura
PTP is a rare adverse effect of transfusion occurring typically 5–
10 days after transfusion of platelets units but also with RBC component or fresh frozen plasma (FFP) containing small amounts of
platelets (Hendrickson and Hillyer 2009). Patients have a history
of transfusion or pregnancy and are immunized against a specific platelet antigen. Therefore, multiparous women are more at
risk than men and the antigen the most frequently implicated is
anti-HPA-1a.
For unknown reasons, this alloantibody not only destroys platelets bearing the corresponding antigen, but also the patient’s own
platelets not bearing the antigen (Hendrickson and Hillyer 2009).
PTP occurs within 5–10 days following transfusion of a blood
component and patients develop a severe thrombocytopenia,
which commonly results in epistaxis, gastrointestinal haemorrhage,
and in the most severe cases, intracranial haemorrhage.
PTP treatment consists of infusions of intravenous immunoglobulin and plasma exchange therapy until normalization of the
patient’s platelet count.
Transfusion-related acute lung injury
TRALI is a life-threatening adverse event of transfusion and is characterized by an acute respiratory insufficiency occurring within
6 h of transfusion (Kenz and Van der Linden 2014). The clinical
presentation includes respiratory distress, hypoxia, pulmonary
oedema, and bilateral fluffy infiltrates without signs of circulatory
overload (Vlaar and Juffermans 2013). Fever, tachypnoea, most
often hypotension, tachycardia, cyanosis, and pulmonary secretions are observed. All patients require supplemental oxygenation
and for the majority of them, intubation with ventilatory support is
required (Triulzi 2006).
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The pathogenesis of TRALI was first presented as a consequence
of the binding of anti-leucocyte antibodies to the correspondent
antigen. However, the hypothesis of a two-event model is now most
often accepted. In this pathophysiological model, the first insult
results from the activation of the pulmonary endothelium resulting from the patient’s clinical condition (severe infection, trauma,
surgery, or massive transfusion) and responsible for the release
of cytokines and the expression of adhesion molecules. This phenomenon induces the priming of polymorphonuclear cells (PMNs)
and their sequestration to the activated pulmonary endothelium
(Silliman 2006; Triulzi 2006).
The second event is the interaction of PMNs with leucocyte antibodies, biological response modifiers, or both, contained in the
blood components resulting in the release of oxidases and proteases
which induce capillary leak and acute lung injury (Silliman 2006;
Triulzi 2006).
Leucocyte antibodies, directed against the HLA (class I and
II) and/or the HNA systems, have been found in 65–90% of the
blood donors and most of these donors are multiparous women
alloimmunized during pregnancy (Triulzi 2006). Despite HLA
class I antibodies being found in parous female blood donors,
their implication in TRALI is limited comparing to HNA and
HLA class II antibodies which are responsible for the majority of
antibody-mediated TRALI cases (Reil et al. 2008). Therefore, several assays for the identification of HNA alloantibodies have been
developed (Hirayama 2010). In rare cases, the presence of recipient
leucocyte antibodies directed against transfused white blood cells
has been described (Bux et al. 1996; Sachs and Bux 2003).
In approximately 15% of cases of TRALI, there is no identification
of a leucocyte antibody and a non-immune mechanism is evoked.
This mechanism involves biological response modifiers (lipid priming molecules, cytokines, CD40 ligand, or endotoxin) in place of
leucocytes antibodies in the second event (Silliman and Kelher
2005; Silliman et al. 2011). However, despite intense experimental and clinical research during the last few years, the mechanism
behind this form of TRALI remains unclear. From a clinical point
of view, three studies reported an association between the incidence
of TRALI and duration of either RBC (Vlaar et al. 2011) or platelet
storage (Bux and Sachs 2007; Middelburg et al. 2012).
TRALI prevention includes donor selection for plasma donation,
haemovigilance system effectiveness, and a restrictive transfusion
strategy. Data from the SHOT scheme shows a significant decrease
of the risk of TRALI in the United Kingdom with the preferential
use of FFP and plasma for platelet pools from male donors in the
National Blood Service (Chapman et al. 2009).
A prospective study realized on a cohort of cardiac surgery
patients suggests that the incidence of TRALI is high in this group
of patients and that they may benefit from exclusion of blood components containing HLA/HNA antibodies (Vlaar et al. 2011).
Transfusion-associated graft-vs-host disease
Transfusion-associated graft-vs-host disease (TA-GVHD) is a rare
and often lethal complication of transfusion in which the blood
component contains viable T lymphocytes recognizing the host
HLA antigens as foreign.
Immunocompromised patients, who are not able to eliminate
immunocompetent donor T-lymphocytes, are at higher risk of TA-
GVHD than the other transfused patients. However, TA-GVHD
can also occur in immunocompetent patients.
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This characteristic immune response appears to be at a higher
risk when donor and patient share an HLA haplotype. This occurs
within families or in populations with restricted haplotypes (BCSH
Blood Transfusion Task Force 1996). Despite the risk of TA-GVHD
as the product of the prevalence of HLA homozygosis in the
population and the likelihood of a recipient who is heterozygous
and shares the donor haplotype ranges from about 0.2% to 0.4%
(McMilin and Johnson 1993), TA-GVHD is not observed with this
frequency and the reasons why it remain a rare complication are
not yet understood (McMilin and Johnson 1993).
When transfused, donor lymphocytes proliferate and attack host
tissues including haematopoietic cells, skin, spleen, liver, and gastrointestinal tract.
Despite current filtration technology to assure physical removal
of lymphocyte, this technique is insufficient to prevent TA-GVHD
because of residual lymphocytes, which are able to proliferate.
Therefore, γ-irradiation of blood components, which prevent lymphocyte proliferative capacity, is applied at a dose of 25 Gy.
The γ-irradiation of blood components is commonly applied in
intrauterine transfusion (IUT), exchange transfusions in infant who
had previous IUT, congenital immunodeficiencies in infants and
children, intensive chemotherapy, Hodgkin’s disease, allogeneic
bone marrow transplantation, directed donor or HLA-matched
blood component, and patients treated with purine analogue
drugs (fludarabine, cladribine, deoxycoformycin) (BCSH Blood
Transfusion Task Force 1996; Hendrickson and Hillyer 2009).
Paradoxically, TA-GVHD does not occur in patients with AIDS
and this observation suggests that CD4+ cells may be involved in
the pathogenesis by interacting with immune competent donor
cells (Brand 2002). Therefore, irradiation of blood components is
not recommended for patients with AIDS.
Transfusion-related immunomodulation
The first demonstration of transfusion-related immunomodulation
(TRIM) was made over 40 years ago by Opelz et al., who observed
that previously transfused patients had a beneficial immunosuppressive effect on renal transplantation (Opelz et al. 1973). This immune
suppression after allogeneic blood transfusion (ABT) mediated
among others by allogeneic leucocytes is referred to as TRIM.
However, not only beneficial effects have been suggested, TRIM
is also suspected to be responsible for detrimental effects such as
cancer recurrence, perioperative infections, and mortality.
TRIM effects may be mediated by soluble and cellular mediators in leucocyte-containing blood components. Indeed allogeneic
mononuclear cells bearing HLA class II antigens are appearing to
be responsible for the immunomodulatory effects and the HLA
compatibility between donor and recipient induces microchimerism leading to down-regulation of the patient’s immune response
(Vamvakas and Blajchman 2007).
Another hypothesis for the TRIM effect is based on the presence of biological response modifiers released from leucocytes and
accumulated during storage of blood components. These biological
response modifiers include cytokines, chemokines, and glycoproteins and the mechanism by which they are implicated in transfusion reactions is not completely understood (Vamvakas and
Blajchman 2007; Bilgin and Brand 2008; Tanaka et al. 2010).
It has also been suggested that soluble HLA molecules are potential mediators of TRIM effects and different possible mechanisms
have been discussed (Vamvakas and Blajchman 2007).

Platelets and vascular endothelial cells, when activated by inflammatory signals, could also play a role in TRIM effects by releasing
bioactive mediators (Sparrow 2010).
While universal WBC reduction has clearly demonstrated its
efficacy in the prevention of FNHTR, HLA alloimmunization, and
refractoriness to platelet transfusions, its ability to totally prevent
TRIM remains uncertain (Vamvakas and Blajchman 2007; Sparrow
2010).
The removal of biological response modifiers from platelet units
by absorbent beads seems to be effective and further in vivo studies
are necessary to evaluate their efficacy in reducing transfusion reactions (Tanaka et al. 2010).
Reviews have evaluated many studies concerning the deleterious clinical effects of TRIM and concluded that these effects must
be confirmed by sufficiently powered randomized controlled trials
(Vamvakas and Blajchman 2007; Bilgin and Brand 2008).
Cardiac surgery appears to be the only field where TRIM effects
have been well demonstrated (Bilgin et al. 2011). Cardiac surgery
exposes blood to several conditions such as extracorporeal circuits,
hypothermia, and ischaemia inducing a systemic inflammatory
response syndrome with leucocytosis, capillary leakage, and organ
dysfunction (Bilgin and Brand 2008).
As patients undergoing cardiac surgery do often need ABT
because of bleeding due to thrombocytopenia consecutive to
haemodilution, consumption, and dysfunction of platelets, the
existing inflammatory state is aggravated by biological response
modifiers present in the blood component.
The alteration in haemostasis and blood coagulation induces
additional transfusion of FFP and platelet units during or after surgical intervention.
While the amount of RBC units transfused seems not to be associated with postoperative mortality, the hypothesis that platelet
transfusions in patients receiving RBC transfusions are associated
with mortality has been suggested (Fransen et al. 1999; Bilgin et al.
2011). The use of leucocytes reduced of all blood components in
cardiac surgery is therefore highly recommended.

Non-infectious and non-immunological risks of blood
transfusion
Mistransfusion
The UK SHOT scheme has defined mistransfusion as the situation in which the patient is transfused with a blood component or
product which did not meet the appropriate requirement or was
intended for another patient (Stainsby et al. 2006a). Mistransfusion
represents the most common complication of transfusion and
UK SHOT data estimated it to be 69.7% of all reported adverse
transfusion-related events (Stainsby et al. 2006a). Failures at the
time of checking the identification of the patient at the bedside and
specimen mislabelling are the most common errors.
The most feared consequence is intravascular haemolysis due
to ABO incompatibility which is estimated as the second leading
cause of transfusion-related deaths in the United States (Ansari and
Szallasi 2011).
Prevention of mistransfusion is a part of the missions of hospital blood transfusion committees, which must provide transfusion
good practices. Continuing staff education and implementation of
a bedside patient identification checklist validated by two witnesses
or barcode based pre-transfusion check improves transfusion safety
and is commonly established.
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Blood bank transfusion good practices recommend the rejection
of all mislabelled specimens and for new patients, the determination of a second ABO group collected during a separate phlebotomy before transfusion is highly recommended.
Transfusion-associated circulatory overload
Transfusion-associated circulatory overload (TACO), which could
be confused with TRALI, is a non-antibody-mediated complication
of blood transfusion defined as an acute hydrostatic pulmonary
oedema occurring generally during the 6 h after transfusion. TACO
occurs more often in critically ill patients and early diagnosis and
differentiation of TACO from TRALI should improve better outcome, as therapeutic strategies are completely different.
Despite clinical and laboratory advances, this differential diagnosis remains difficult and laboratory investigations such as brain
natriuretic peptide (BNP) and N-terminal proBNP (NT-proBNP)
do not permit to distinguish TRALI from TACO (Li et al. 2009).
Transfusion-related fatalities from 2005 to 2009 published by the
FDA show an increase of TACO-reported fatalities which represents the third greatest cause of transfusion-related death (Food
and Drug Administration 2010).
The blood component transfusion rate and the transfusion volume have been shown to be important risk factors for development
of TACO. Some authors have proposed that patients deemed at risk
should be treated preventively with a slower blood product infusion
rate or prophylactic diuretic therapy (Murphy et al. 2013) although
this latter approach has not been not found to be protective by
other authors (Li et al. 2011).
Coagulopathy complications from massive transfusion
Coagulopathy in trauma patients requiring multiple transfusions
is due to numerous factors including, mainly, hypothermia, metabolic acidosis, haemodilution, and hypocalcaemia. Body temperature can decrease as a result of trauma itself, but also from perfusion
of fluid resuscitation and transfusion of large volumes of cold blood
components.
Hypothermia decreases platelet activation and adhesion and
reduces metabolic rate of coagulation factor enzymes and the function of all coagulation factors.
Metabolic acidosis seen in trauma patients aggravates coagulopathy by inhibiting the thrombin generation rate and by inhibiting
the activity of VIIa, VIIa/TF complex, and Xa/Va complex. Indeed,
pH reduction has been shown to reduce the activity of the enzyme
complexes on lipid surfaces.
Haemodilution contributes to coagulopathy by direct loss of clotting factors during haemorrhage and by dilution of coagulation factors with the perfusion of fluids.
Hypocalcaemia represents an aggravating factor as calcium plays
an important role as co-factor for many coagulation factors.
Coagulopathy occurs first of all as a consequence of the patient’s
clinical condition, but also consecutively to the administration of
crystalloid solutions and transfusion of PRBC units. Management of
the massively bleeding patient requires rapid administration of the
adequate haemostatic component based on real-time assessment of
coagulation changes (Dries 2010). In this context, standard laboratory tests correlate poorly with acute resuscitation efforts. Indeed,
when laboratory tests become available they usually do not reflect
the progressive coagulation status of the patient. Therefore, point-
of-care tests using whole blood providing immediate information
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on global coagulation like the thromboelastogram technology are
more and more often used in massively bleeding patients.
Implementation of algorithms based on this type of monitoring
has been shown on the one hand to be more effective in treating
massive coagulopathy, and on the other hand to reduce the transfusion of blood components (Kozek-Langenecker 2007; Kashuk et al.
2010; Gorlinger et al. 2011; Weber et al. 2012; Kozek-Langenecker
et al. 2013).

Transfusion of packed red blood cells
Description of component
PRBCs can be obtained by either centrifugation of whole blood
and removal of plasma (and buffy-coat) or by red cell apheresis of
a single donor with automated cell separation equipment. The different primary citrated anticoagulant commonly used (e.g. CPD,
CP2D, or CPDA-1) provide red cells with a limited shelf life of up
to 21 days which is extend to 42–49 days by the use of additive
solutions. Most of these additive solutions contain sodium chloride, adenine, and glucose, others may also contain citrate, mannitol, phosphate, and guanosine (Council of Europe 2007).
PRBCs have a volume depending on the method of preparation, a
required HCT of 0.50–0.70, a required Hb of minimum 40 g unit−1
and a haemolysis at the end of storage of less than 0.8% of red cell
mass (Council of Europe 2007). If PRBCs are leucocyte-depleted,
the leucocyte count must be less than 1 × 106 unit−1.
The conservation of PRBCs at +2–6°C must be assured in refrigerators designed exclusively for blood storage equipped with a
temperature monitoring system and a visual and an acoustic alarm
system. PRBC should be delivered just before transfusion and
should not be stored in patient care units, which do not dispose of
such storage equipment. The storage period depends on the anticoagulant/preservative solution used.
The transport systems of PRBCs between the blood transfusion
centre and the blood bank should be validated and at the end of
a maximum transit time of 24 h the temperature should not have
exceeded +10°C (Council of Europe 2007). The transport systems
of PRBCs between the blood bank and the patient care units require
the utilization of cooled and insulated container.
The administration of PRBCs must be realized through a 170–
200 µm filter as part of the blood transfusion set.
Irradiation of PRBC for the prevention of TA-GVHD by inactivating residual lymphocytes can be performed either with γ-rays
or X-rays at a minimum dose of 25 Gy with no part receiving more
than 50 Gy (Treleaven et al. 2011).
The British Committee for Standards in Haematology Blood
Transfusion Task Force has published guidelines on the use of irradiated blood components in which the indications for red cell irradiation were reviewed as follow (Treleaven et al. 2011):
◆

Should be irradiated:
• All blood from first-or second-degree relatives even if the
patient is immunocompetent
• All blood for intrauterine transfusion (IUT)
• Blood for neonatal exchange transfusion (ET) if there has been
previous IUT or if the donation comes from a first-or second-
degree relative (for other neonatal ET cases, irradiation is recommended provided this does not unduly delay transfusion)
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• Blood for premature or term infants which have a previous
IUT (irradiation is recommended until 6 months after the
expected delivery date) or if the donation has come from a
first-or second-degree relative
• Blood for patients with severe T-lymphocyte immunodeficiency syndromes
• Blood for all recipients of allogeneic haemopoietic stem cell
transplantation from the time of initiation of conditioning
chemoradiotherapy (irradiation is recommended while the
patient continues to receive graft-versus-host disease prophylaxis, usually for 6 months post-transplant, or until the lymphocyte count is >1 × 109 litre−1)
• Allogeneic blood transfused to bone marrow and peripheral
blood stem cell donors 7 days prior to or during the harvest
• Blood for patients undergoing bone marrow or peripheral
blood stem cell ‘harvesting’ for future autologous re-infusion
during and for 7 days before the bone marrow/stem cell harvest
• Blood for patients undergoing autologous bone marrow
transplant or peripheral blood stem cell transplant from initiation of conditioning chemo/radiotherapy until 3 months
post-transplant
• Blood for adults and children with Hodgkin lymphoma at any
stage of the disease and for life
• Blood for patients treated with purine analogue drugs (fludarabine, cladribine, and deoxycoformicin)
• Blood for aplastic anaemia patients treated with immunosuppressive therapy with ATG (and/or alemtuzumab).
◆

Should not be irradiated:
• Red cells for infants or children who are suffering from a common viral infection, who are HIV antibody positive, or who
have AIDS
• Red cells for adults who are HIV antibody positive or who have
AIDS
• Red cells for infants undergoing cardiac surgery unless clinical or laboratory features suggest a coexisting T-lymphocyte
immunodeficiency syndrome
• Red cells for adults or children with acute leukaemia
• Red cells for patients undergoing routine surgery, those with
solid tumours, HIV infection, autoimmune diseases or after
solid organ transplantation (unless alemtuzumab has been
used).1

If blood is irradiated for IUT and ET, the blood component should
be transfused within 24 h of irradiation and, in any case, by 5 days
or less from collection.

Indications for the use of PRBCs
PRBC are indicated for replacement in acute blood loss or for the
therapy of chronic anaemia. The decision of PBRC transfusion
1

Reproduced with permission from Treleaven J. et al. Guidelines on the use of
irradiated blood components prepared by the British Committee for Standards
in Haematology blood transfusion task force. British Journal of Haematology,
Volume 152, Issue 1, pp. 35–51, Copyright © 2011 John Wiley and Sons Ltd.

should not be based only on the Hb level and should take into
account the clinical condition of the patient.

Pre-transfusion compatibility testing
The compatibility between the red cells component and the
recipient must be verified by pre-transfusion testing. These pre-
transfusion tests generally used are the ‘major crossmatch’ and the
‘type and screen’ techniques.
In the major crossmatch, the patient’s ABO and Rh blood types
are determined and the serum patient is reacted with the ABO-
compatible donor’s red cells. If the major crossmatch is negative,
PRBCs are reserved to the patient and labelled with the patient and
red cells unit information. If the major crossmatch is positive, red
cell antibody identification must be done and other PRBCs negative for the antigen corresponding to the identified antibody are
selected and crossmatched.
The type and screen technique includes the determination of the
patient’s ABO and Rh blood types and the antibody detection. If no
antibody is detected, PRBCs which are ABO compatible with the
patient can be prepared and labelled at the moment of the blood
order.
If an antibody is detected, the antibody must be identified and
antigen-negative PRBCs must be crossmatched. This information
is transmitted to the physician who takes it into account for their
blood order. This technique avoids over-ordering blood and avoids
the reservation of PRBCs to patients, which become unavailable
for other patients. Blood wastage is then minimized and the blood
bank does not store excessive amounts of blood.
However, in some rare cases, patients can have antibodies
directed against blood group antigens of low frequency, which cannot be detected by the type and screen technique.
To decrease the risk of transfusion of ABO-incompatible PRBCs,
the patient’s ABO group must be determined on two different blood
samples collected at different times.

Transfusion of fresh frozen plasma
Description of component
FFP can be prepared from whole blood or from plasma collected
by apheresis and contains normal plasma levels of stable coagulation factors, albumin, and immunoglobulins. FFP must contain at
least 70 IU factor VIIIc 100 ml−1 and at least similar amounts of the
other labile coagulation factors and naturally occurring inhibitors
(Council of Europe 2007).
SD, methylene blue, amotosalen, and riboflavin technologies are
used for pathogen reduction in plasma; they are all effective against
lipid-enveloped viruses and have some effect on the concentration
of the coagulant proteins which remains within the regulated limits
(Rock 2011).
The optimal storage temperature of FFP is at –30°C or lower and
this storage temperature should be maintained during transport if
the FFP is not immediately used.
FFP can be thawed at 37°C using a recirculating water bath but
this practice induce a risk of bacterial contamination and a controlled sterility protocol must be instituted. Therefore, dry heating
systems, which decrease the risk of bacterial contamination and do
not denature the plasma proteins are more and more used.
The administration of FFP is realized through a 170–200 µm filter as part of the blood transfusion set.
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Indications for the use of FFP
Transfusion of FFP can lead to adverse reactions, which could
sometimes be fatal. Therefore, FFP should be reserved for severe
bleeding with multifactor deficiencies, severe consumption coagulopathy with multiple coagulation factor deficiencies, inherited
clotting factor deficiencies when no fractionated products are available, and thrombotic thrombocytopenic purpura (TTP).
FFP is not indicated to correct hypovolaemia or to prevent bleeding in a patient with normal clotting factors.
Massive transfusion
In bleeding patients massively transfused with PRBCs and crystalloid, FFP is used to correct clotting factor dilution, to treat
hypothermia-induced coagulopathy, and to compensate factor
consumption at the haemorrhagic site (Gajic et al. 2006; Borgman
et al. 2007).
Massive bleeding is defined as the loss of one blood volume
within 24 h or the loss of 0.5 blood volumes within 3 h (Kozek-
Langenecker et al. 2013; Spahn et al. 2013). Massive bleeding
related to surgery or trauma present distinct characteristics (Hardy
et al. 2006).
The use of FFP should be guided by prothrombin time (PT),
activated partial thromboplastin time (APTT), and fibrinogen
laboratory tests or thromboelastography. Thromboelastography is
increasingly used for real-time assessment of coagulation and adequate treatment substitution. FFP can be administered when APTT
and PT are prolonged to 1.5 times the mean normal value because
of the increasing risk of bleeding. If fibrinogen levels remain critically low (<1.5−2.0 g litre−1), the use of cryoprecipitate of fibrinogen
concentrate should be considered (Kozek-Langenecker et al. 2013;
Spahn et al. 2013). Management of massively bleeding patients is
significantly improved by the implementation of multidisciplinary-
based protocols (Faraoni et al. 2013).
Disseminated intravascular coagulation
DIC may occur in case of septicaemia, severe vessel injury following a trauma, or toxins (e.g. snake venom, amniotic fluid, and
pancreatic enzymes). It is characterized by the systemic activation
of the haemostatic system resulting in a depletion of all coagulation factors, particularly, fibrinogen and FV, FVIII and FXIII
(O’Shaughnessy et al. 2004).
The cornerstone of the treatment of DIC is to correct the underlying condition. Because plasma infusion can stimulate the ongoing activation of coagulation, FFP should be administered only
to patients with severe bleeding (Stanworth et al. 2004; Levi et al.
2009).
Single and multiple coagulation factor deficiencies
FFP is used to correct isolated coagulation factor deficiencies for
which no concentrated preparation is available (e.g. FV, or FXI)
(Spreafico and Peyvandi 2008; Seligsohn 2009).
The post-transfusion target level is used to calculate the amount
of FFP to be transfused taking into account the pre-transfusion
level and the factor’s half-life. FFP is administrated in case of multiple clotting factor deficiencies associated with severe bleeding.
Liver disease
Patients with liver failure present decreased levels of coagulation
factors due to the reduced capacity of the liver to produce them.
Portal hypertension is recognized as the main cause of bleeding in
patients with cirrhosis and the role of coagulation abnormalities in
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the occurrence of bleeding is still unclear (Tripodi et al. 2005). It
has been shown recently that severe impairment of liver function
can lead to a hypercoagulable state as well (Tripodi and Mannucci
2011). Recent data demonstrate that the haemostatic capacity of
patients undergoing liver transplantation is not as poor as traditionally believed based on conventional coagulation tests like PT
and APTT. This advocates a restrictive use of FFP during liver
transplantation (Lisman et al. 2010). Indeed, the measurement
of thrombin generation in the presence of thrombomodulin in
patients with cirrhosis generated as much thrombin as controls,
which is in favour of a hyper-rather than a hypocoagulability state
(Tripodi et al. 2005; Caldwell et al. 2006; Lisman et al. 2010).
Thrombotic thrombocytopenic purpura
Daily plasma exchanges are used in the treatment of acute TTP.
They are ideally started within 24 h of presentation and should be
continued for a minimum of 2 days after remission (O’Shaughnessy
et al. 2004).
FFP should not be used (O’Shaughnessy et al. 2004):
◆

◆

to reverse warfarin anticoagulation when there is no evidence of
severe bleeding.
as simple volume replacement in adults or children.

Pre-transfusion compatibility testing
The pre-transfusion test for plasma ordering includes only the
patient’s ABO blood type. FFP must be ABO identical or compatible with the patient’s red cells. FFP from group AB donors are preferred for neonates.

Transfusion of platelets
Description of component
Platelet concentrates (PCs) can be prepared by apheresis from single donors or by separation and pooling of units of platelets from
whole blood (recovered platelets) of multiple donors.
In recovered platelets, the platelet count per single unit equivalent vary from 45 to 85 × 109 in 50–60 ml of suspension medium
with a leucocyte content of 0.05–1 × 109 per single unit equivalent
before leucocyte depletion and less than 0.2 × 106 after leucocyte
depletion (Council of Europe 2007).
In apheresis platelets, the platelet count ranges from 200 to
400 × 109 unit−1 and the residual leucocytes after leucocyte depletion is less than 1.0 × 106 unit−1 (Council of Europe 2007).
Because of the risk of bacterial contamination, both preparations
are stored for a maximum 5 days after collection at 20–24°C using
continuous gentle horizontal agitation.
To guarantee platelet quality, PCs are stored in specific preservative solutions in specific storage bags permitting O2 and CO2
exchange so that the pH during storage stays continuously between
6.4 and 7.4.
Different studies have shown that there is no difference in haemostatic effect, platelet survival, and post-transfusion increment
for both preparations (Schiffer et al. 2001). However, pooled blood
products are associated with higher risk of transmission of emerging transfusion-transmitted infections (TTIs) and known TTIs
(Vamvakas and Blajchman 2010).
The leucoreduction of PCs at the time of either blood collection
or component preparation decreased the incidence of alloantibody
mediated refractoriness to platelet transfusion, CMV transmission,
FNHTRs, and probably immunomodulatory effects (Slichter 2007).
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Since the introduction of pathogen-reduction technologies, it
has been shown that the maximal storage time could be extended to
7 days with an equivalent safety and clinical efficacy (Lozano et al.
2011; Schlenke et al. 2011).
Because of the PCs contamination by red cells with amounts
depending on the method of preparation, platelets from RhD+
donors should not be administrated to RhD− female patients of
childbearing age or younger. Prevention of RhD immunization by
the use of RhD immune globulin should be considered if platelets
from RhD+ donors are used in these circumstances (Council of
Europe 2007).
Responses to platelet transfusions are determined by calculating
either a CCI or a post-transfusion platelet recovery between 10 and
60 min after transfusion (McFarland 2008). Platelet refractoriness
may be defined in a clinically stable patient when two sequential
platelet transfusions lead to 1 h post-transfusion CCIs of less than
5000 platelets m−2 µL−1 (McFarland 2008).

• PC for adults and children with Hodgkin lymphoma at any
stage of the disease and for life
• PC for patients treated with purine analogue drugs (fludarabine, cladribine, and deoxycoformicin)
• PC for aplastic anaemia patients treated with immunosuppressive therapy with ATG (and/or alemtuzumab)
◆

• PC for pre-term or term infants, unless they have been donated
by first-or second-degree relatives
• PC for infants or children who are suffering from a common
viral infection, who are HIV antibody positive, or who have
AIDS
• PC for adults who are HIV antibody positive or who have
AIDS
• PC for infants undergoing cardiac surgery unless clinical or
laboratory features suggest a coexisting T-lymphocyte immunodeficiency syndrome

Calculation of corrected count increment
CCI =

( )

Body Surface Area m 2 × Platelet Count Increment ( plts/µll ) × 1011

◆

• PC for adults or children with acute leukaemia

Number of Platelets Transfused

Irradiation of PCs for the prevention of TA-GVHD by inactivating
residual lymphocytes can be performed either with γ-rays or X-rays
at a minimum dose of 25 Gy with no part receiving more than 50
Gy (Treleaven et al. 2011). If PCs are treated with pathogen reduction systems, irradiation is not necessary because of the action of
those systems on donor’s white cells.
The British Committee for Standards in Haematology blood
transfusion task force had recently published guidelines on the
use of irradiated blood components in which the indications of PC
irradiation were reviewed as follows (Treleaven et al. 2011):
Should be irradiated:
• All PCs from first-or second-degree relatives even if the
patient is immunocompetent
• All HLA-
s elected platelets, even if the patient is
immunocompetent
• PCs for transfusion in utero to treat alloimmune thrombocytopenia and any subsequent PC transfusion until 6 months after
the expected date of delivery
• PC for patients with severe T-lymphocyte immunodeficiency
syndromes
• PC for all recipients of allogeneic haemopoietic stem cell transplantation from the time of initiation of conditioning chemoradiotherapy (irradiation is recommended while the patient
continues to receive graft-versus-host disease prophylaxis,
usually for 6 months post-transplant, or until the lymphocyte
count is >1 × 109 litre−1)
• PC for patients undergoing bone marrow or peripheral blood
stem cell ‘harvesting’ for future autologous re-infusion during
and for 7 days before the bone marrow/stem cell harvest
• PC patients undergoing autologous bone marrow transplant or peripheral blood stem cell transplant from initiation of conditioning chemo/radiotherapy until 3 months
post-transplant

Should not be irradiated:

• PC for patients undergoing routine surgery, those with
solid tumours, HIV infection, autoimmune diseases or after
solid organ transplantation (unless alemtuzumab has been
used).2

Indications for the use of platelets
Platelet transfusions can be subdivided into therapeutic and prophylactic transfusions.
Therapeutic transfusions are used in the presence of severe
thrombocytopenia with clinically significant haemorrhage or
before an invasive intervention. Prophylactic transfusions are given
to reduce the risk of bleeding in thrombocytopenic patients in the
absence of clinical haemorrhage.
Indeed, the risk for bleeding is increased in patients with severe
thrombocytopenia particularly in those with a hypoproliferative marrow function such as patients undergoing chemotherapy
(Blajchman et al. 2008). However, the overall benefit of a strategy
of prophylactic transfusions vs therapeutic transfusions remains
uncertain (Blajchman et al. 2008).
Platelet transfusions are usually not indicated in patients with
thrombocytopenia induced by increased platelet destruction (i.e.
immune thrombocytopenia, TTP, or heparin-induced thrombocytopenia) because of their inefficacy and/or association with a significant risk of exacerbation of the underlying disease (Blajchman
et al. 2008).

Pre-transfusion compatibility testing
Platelets express antigens from the ABO system on their surfaces,
class I HLA antigens (common to platelets and white cells) and
HPA antigens which are platelet-specific antigens. Although platelets can be transfused without regard to ABO antigens, a sample for
ABO typing is required for PC order.
2

Reproduced with permission from Treleaven J. et al. Guidelines on the use of
irradiated blood components prepared by the British Committee for Standards
in Haematology blood transfusion task force. British Journal of Haematology,
Volume 152, Issue 1, pp. 35–51, Copyright © 2011 John Wiley and Sons Ltd.
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ABO incompatibility between donor and recipient can result in
some patients in reduced post-transfusion increments. However,
even with transfusion of ABO-compatible platelets from random
donors some patients develop refractoriness to platelet transfusion.
The diagnosis of refractoriness to platelet transfusion should
be made when at least two ABO-compatible transfusions, stored
less than 72 h, result in poor increments (Schiffer et al. 2001).
Immunological refractoriness is generally due to alloimmunization
against class I HLA antigens and sometimes to HPA alloantibodies. In these cases, laboratory investigations to identify HLA and/
or HPA alloantibody are necessary for the selection of compatible
single-donor platelets.
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CHAPTER 12

Drug distribution
and elimination
in anaesthetic practice
Eveline L. A. van Dorp, Douglas Eleveld,
Erik Olofsen, and Jaap Vuyk
Introduction
Knowledge of pharmacokinetics lies at the base of anaesthetic
practice. It is vital to understand how the body handles anaesthetic
drugs to allow tailor-made anaesthesia. For example, to predict the
time a patient will take to wake up after a single shot of propofol, it
is necessary to understand the speed of distribution, uptake into the
brain, and re-distribution and elimination of the drug from the systemic circulation. The mathematical description of these processes
is known as pharmacokinetic modelling.

Drug distribution
Upon administration, a drug will be distributed throughout the
body including the site where it exerts its effect but also to one or
more ‘reservoir’ sites. In anaesthesia, this usually refers to the distribution of an intravenously administered compound (hypnotic
agent, opioid, or neuromuscular blocking agent), which enters the
systemic circulation, finds its way into the brain or skeletal muscle
(the effect site), but also diffuses into other compartments, such
as the muscle tissue and body fat. Between these sites, drug flows
back and forth eventually reaching an equilibration, the so-called
steady state.

Routes of administration
The route of drug administration, in relation to the site of drug
effect, plays an important role in drug distribution. Besides the i.v.
route, other routes of administration of importance to anaesthesia include inhalation (inhalation anaesthetics), sublingual (opioid
rescue medication), or topical (transdermal patches).
The distribution process depends furthermore on several characteristics of the drug, that is, the ionization grade and polarity
of the drug, its lipid solubility, and the degree of protein binding.
Other factors, such as the characteristics of the biological membranes the drug has to pass through, the rate of delivery of drug
to the tissues dependent on systemic blood flow, and concomitant
medication, are also of importance (Buxton 2005). All these factors

influence the amount of drug that eventually becomes available at
the effect site.

Volume of distribution
Volume of distribution, or Vd, is a theoretical pharmacological
parameter which is unique for each drug and each individual. It
can be calculated from the following equation:
C = A / Vd

(12.1)

Once a drug is administered, it is distributed through the body.
A certain amount A is present in the body. Depending on its physicochemical characteristics, the drug stays in the vascular system
(as is the case with highly hydrophilic agents such as indocyanine
green), or reaches more or less peripheral tissues, resulting in a
blood concentration C. Following from equation (12.1), the Vd is
the volume needed to reach this concentration. Drugs that mainly
stay in the vascular compartment, as is the case with highly protein-
bound drugs such as ibuprofen, have a low Vd. The opposite is true
for very lipophilic drugs, which diffuse widely into the fatty tissues,
and therefore have a high Vd (Shafer 2006; Shafer et al. 2010). In
compartmental pharmacokinetic modelling, one also distinguishes
central and peripheral volumes of distribution. These will be
explained in more detail later in this chapter.

Transport across membranes
In order to be distributed through the body and to reach the effect
site, compounds need to pass through cell membranes. Cell surface
membranes consist of a fluid bilayer of amphipathic phospholipids
with integrated proteins such as drug receptors and carrier proteins.
The blood–brain barrier is one of the most important barriers
in anaesthetic pharmacology as it separates the systemic circulation from the central nervous system (the ‘effect site’ for most
anaesthetic drugs). The blood–brain barrier is a special form of
cell surface membrane—it strictly separates the blood in the brain
capillaries from the central spinal fluid present in the brain. This is
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achieved by extremely tight junctions between the endothelial cells
in the capillaries.
There are several ways for drugs to cross cell membranes, either
via passive or active transport. Passive transport via diffusion is
concentration driven: drugs move from a place with a high concentration to a place with a lower concentration. Because of the unique
characteristics of the cell membrane (i.e. its lipophilicity), free diffusion of drugs into and through cells (paracellular pathway) is
limited to small drug molecules with a low polarity (and therefore
lipophilic constitution). In most capillaries in the body, a net flow
of water around the endothelial cells also exists, and via this route,
small hydrophilic drugs may move around the cells (paracellular
pathway) (Buxton 2005; Liu et al. 2011).
Larger drugs find their way through the biological membranes
via facilitated diffusion, that is, moving through the membrane via
specific carrier proteins. When this happens down a concentration
gradient, no energy is needed, but carrier-facilitated transport can
also move a drug against a concentration gradient. In this form of
transport, compounds are transported across a membrane via a
carrier protein. This process costs energy in the form of ATP (active
transport) (Upton 2007).
Active transport can be relevant to a drug’s pharmacokinetic profile, as this form of transport may move the drug into, but also out of
the effect site. An example of a carrier protein is the P-glycoprotein
(P-gp) transporter, present in the gut, hepatocytes, the blood–brain
barrier, and several other locations. Loperamide, a μ-opioid receptor agonist that only works outside of the central nervous system, is
a substrate for the P-gp transporter in the blood–brain barrier. All
of the loperamide that enters the brain is actively transported back
into the systemic circulation by P-gp. As a result, loperamide is not
able to exert any central effects (Upton 2007).

Drug lipophilicity, ionization, and polarity
As previously stated, one of the most important determinants of
drug transport across the cell membrane is its electrical charge,
or polarity. All drugs have a natural polarity, which is inherent to
the molecule. Morphine, for example, is a rather hydrophilic molecule, which impedes its transport across the blood–brain barrier.
However, more important than the natural lipophilicity is the degree
of ionization a drug has in solution, which determines its charge.
Under normal circumstances, a drug in solution exhibits an equilibrium between its ionized and non-ionized subforms (most drugs
are either weak bases or weak acids), described by the following
equations:
AH ↔ A − ( + H ) ( weak acid ) and
BH + ↔ B + H + ( weak base )
+

(12.2)

with A− and BH+ being the ionized, and AH and B the non-ionized
subform of the drug for acids and bases, respectively. The equilibrium constant of this equation is Ka, more commonly known in
its logarithmic form, pKa. The pKa is the pH at which 50% of the
drug is in its ionized (and unionized) form, and, depending on the
environmental pH, defines the degree of ionization of the agent.
The pH and pKa are related in the following way, as described by the
Henderson–Hasselbalch equation:
log

pK a
[protonated form]
=
[non-protonated form] pH

(12.3)

Hence, a drug’s polarity depends on the pH of the surrounding
medium: weak acids will ionize in a medium with a higher pH,
while weak bases will ionize in a medium with a lower pH.

Protein binding and ‘free fraction’
Drugs circulate through the body as free molecules, or reversibly
bound to plasma proteins, such as albumin, α1-acid glycoprotein, and lipoproteins. Albumin is a very common plasma protein, which constitutes about 60% of all human serum protein.
It is the main transporter protein in the human body and binds
a vast array of different substances (Greenblatt et al. 1982; Fanali
et al. 2012). A complete account of all its substrates lies beyond
the scope of this chapter, but it is important to note that in drug
transport, albumin mainly binds acidic drugs such as diazepam,
barbiturates, propofol, and salicylates. Alpha1-acid glycoprotein, on the other hand, is an acute-phase protein, also known
as orosomucoid. It carries basic and neutral drugs, such as fentanyl, lidocaine, and propranolol (Fanali et al. 2012). Several other
plasma proteins are known as drug molecule carriers, but they are
of lesser importance.
Only the free molecules of the drug, unbound to plasma proteins, are able to penetrate biomembranes into peripheral tissues,
exert their pharmacological effect, and undergo hepatic metabolism. The drug molecules bound to plasma proteins can be seen
as a reservoir for the free drug molecules. Protein binding is
reversible, and therefore this process can be seen as a dynamic
equilibrium:
K a × [Cfree drug ] × [Cunbound protein binding sites ] = [Cdrug bound to protein ] (12.4)
During most of the time, this equilibrium is in steady state. If,
however, the concentration of free drug in the central circulation
decreases, because of drug diffusion into tissues or drug clearance,
the equilibrium moves towards a new steady state, and bound drug
will become available as free molecules. The amount of free drug
available can be defined as the free fraction of the drug, or Ff :
Ff =

[free drug]
[bound drug]+ [free drug]

(12.5)

The association constant of equation (12.4), Ka, can be used to
determine the concentration at which 50% of a particular drug will
be protein bound ([protein]50). If the plasma protein concentration
is much lower than this, drugs will most likely not bind to protein,
and a higher free fraction will ensue. A much higher plasma protein
concentration will lead to the opposite, a low free fraction, and as
such, less drug available at the effect site. These two parameters,
Ka and [protein]50, define a drug’s affinity for protein, and are, as
such, pharmacological characteristics that will not change in the
presence of disease (Greenblatt et al. 1982; Shafer et al. 2010; Smith
and Kerns 2010).
Plasma protein concentration, however, may change during disease or physiological changes of the body, resulting, for example,
from ageing or pregnancy. Many diseases may cause a decrease
in serum albumin concentration including chronic liver and kidney disease, acute myocardial infarction, rheumatoid arthritis,
and other chronic inflammatory states. Serum albumin is also
decreased in malnutrition and pregnancy. Alpha1-acid glycoprotein concentrations are elevated, being an acute-phase protein, in
cancer, acute and chronic infection, burns, and trauma (including
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surgery). Alpha1-acid glycoprotein concentration is reduced in
pregnancy (Fanali et al. 2012).
Age also affects plasma protein concentrations. In the elderly
population (>70 years of age), serum albumin concentrations are
about 10–20% lower than in a younger age group (<40 years of age).
It is difficult to ascribe this to age alone, as the incidence of the diseases previously mentioned also increases with ageing. Alpha1-acid
glycoprotein plasma concentrations, on the other hand, do not
change with age per se, but do change in the diseases associated with
age. In general, it can be said that elderly patients have a different
plasma protein composition (Greenblatt 1979).
These differences in plasma protein concentrations lead to
changes in protein binding. Highly protein-bound drugs generally
have a low volume of distribution, as they are more or less confined to the intravascular compartment because of their bond with
plasma proteins (Smith and Kerns 2010). Lower concentrations of
plasma protein, and thus lower levels of protein binding, may lead
to apparently higher volumes of distribution. Lower protein binding may also lead to a higher free fraction, and therefore to higher
diffusion speeds to the effect site, resulting in higher effect site
concentrations, thus decreasing the dose needed to exert a certain
drug effect. Protein binding also plays a role in the hepatic clearance of drugs, which will be discussed in more detail later on in
this chapter.

Systemic and regional blood flow
Systemic blood flow is in itself an important pharmacokinetic
parameter. Systemic blood flow determines the rate with which
a drug is delivered to the effect site, and to the liver, kidney, and
lungs for elimination. For drugs with a rapid diffusion rate across
the blood–brain barrier, higher cerebral blood flow will result in
higher concentrations in the brain. Cerebral blood flow is not a
static parameter, but is influenced by hypo-and hyperventilation,
hypo-and hypertension, metabolic state, and atherosclerotic or
neurological disease among many others. All these factors therefore
influence drug concentrations in the brain of fast diffusing drugs
such as anaesthetics (Upton et al. 2000). The same holds true for the
regional blood flow to the metabolizing and excreting organs: the
liver and kidneys.
An important disease state influencing systemic blood flow,
and therefore pharmacokinetics, is hypovolaemic shock. Several
authors have addressed the influence of hypovolaemia on pharmacokinetics, using animal models of hypovolaemia in different
grades of severity. In hypovolaemia, central compartment volume
and clearance are decreased, and end-organ sensitivity to drug
effect increased. The required dose of hypnotics, and opioids, needs
to be decreased in hypovolaemic shock in order to achieve the same
effect site concentrations and drug effects as compared with during
normovolaemia (De Paepe et al. 1998; Johnson et al. 2003).

Bioavailability
Bioavailability is a measurement for the amount of drug that
reaches the systemic circulation, and the rate at which it does so,
after administration. In anaesthesia, bioavailability plays a minor
role, as most drugs used in anaesthesia are administered intravenously, and therefore, for all practical purposes, can be expected to
reach the systemic circulation instantaneously (a bioavailability of

1, or 100%). I.V. administration is the gold standard against which
extravascular administration methods are measured. Of course,
extravascular administration is used in anaesthesia—for example,
in postoperative analgesic therapy, when both paracetamol (acetaminophen) and non-steroidal anti-inflammatory drugs (NSAIDs)
are usually administered via the oral route.
There are several factors influencing the bioavailability of a drug.
For an orally administered drug to enter the plasma, it needs to
be absorbed from the gut through the enterocytes. This is the first
hurdle—the amount of drug finally present in the systemic circulation depends partly on the amount absorbed in the gut. The
drug then enters the portal circulation, and is subject to metabolism in the liver, which also claims a certain amount of drug. This
effect, the so-called first-pass effect, is the main determinant of
influence on bioavailability after oral administration. This, in its
turn, determines whether a drug is suitable for oral use. Naloxone,
for example, is a drug with a very high first-pass effect, and as such
has a very small bioavailability after oral administration. It is therefore useless as an oral compound. Surprisingly, this can also be used
to its advantage. In drug substitution therapy in opioid addiction,
naloxone is combined with buprenorphine in a tablet designed for
oral use. When used orally, the naloxone has no effect at all, but
when the tablet is crushed and injected, the amount of naloxone
is high enough to cause withdrawal symptoms and discourage the
abuse of the tablet for i.v. use (Stoller et al. 2001).
The absorption of an extravascular administered drug is characterized by Cmax (the maximum plasma concentration) and Tmax
(the amount of time that is needed to reach Cmax).

Concomitant medication
Pharmacokinetic drug–drug interactions are those in which the
administration of one drug leads to changes in the disposition of
another drug, hence altering its concentration at the effect site. This
may already occur in the absorption phase, when, for example, gastric emptying is delayed by concomitantly used opioids, which may
thus affect drug uptake from the gut. The addition of adrenaline to
local anaesthetic solutions, in order to slow local anaesthetic uptake
in the plasma by inducing vasoconstriction, is another example of a
pharmacokinetic interaction in the absorption phase (Wood 1991).
Pharmacokinetic interactions can also occur during distribution
of drugs in the body, through changes in protein binding or alterations in blood flow. Given that most drugs are bound to plasma
proteins, drugs can be displaced from their binding sites on plasma
proteins by another drug, thus increasing the free fraction of the
previously bound drug and increasing its concentration at the effect
site. This is only of clinical importance for highly protein-bound
drugs (>90%) with a limited therapeutic index (Shafer et al. 2010).
Most anaesthetic drugs are known to affect vasomotor tone and
systemic blood flow. Knowing that the pharmacokinetic properties of most anaesthetics are also dependent on systemic and
hepatic blood flow, it would be logical to assume that interactions
between different anaesthetics occur because of their influence on
blood flow. For example, it has been shown that in the presence
of midazolam, the distribution clearance of propofol is markedly
decreased (Vuyk et al. 2009). Given that propofol plasma concentrations are highly dependent on rapid redistribution (in addition
to elimination), this leads to higher propofol plasma concentrations
when compared with the same dosing regimen in the absence of
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Figure 12.1 Computer simulation of effect-site propofol and fentanyl (a) or remifentanil (b) concentrations vs time during the first 40 minutes after termination
of target-controlled infusions of propofol and fentanyl or remifentanil that had been maintained for 300 min at constant target blood or plasma concentration
combinations associated with a 50% probability of no response to surgical stimuli. These concentration combinations are represented by the curved line on the bottom
of the figure in the x–y plane. The decrease in concentrations after the intraoperative propofol–fentanyl and propofol–remifentanil combinations is represented by the
curves running upward from the x–y plane. The curved lines in parallel to the x–y plane represent consecutive 1-min time intervals. The bold lines within the two figures
represent the propofol–fentanyl–time and propofol–remifentanil–time relationships at which consciousness is regained in 50% of the patients.
Reproduced from Vuyk J, Mertens MJ, Olofsen E et al., Propofol Anesthesia and Rational Opioid Selection: Determination of Optimal EC50-EC95 Propofol-Opioid Concentrations that Assure
Adequate Anesthesia and a Rapid Return of Consciousness. Anesthesiology 87(6): 1549–1562, copyright 1997, with permission from the American Society of Anesthesiologists.

midazolam. It therefore makes sense to combine these hypnotics in
order to achieve the same level of sedation with less haemodynamic
disturbance.
Similarly, opioids and propofol affect each other’s distribution
and elimination. In the presence of alfentanil, propofol concentrations become elevated by about 25% and in the presence of propofol,
plasma alfentanil concentrations are increased by the same order of
magnitude. Haemodynamic depression induced by propofol and
opioids are the cause of this phenomenon. A clinical consequence
of this is that certain propofol–opioid concentration combinations have been defined that assure adequate haemodynamic stable
anaesthesia and a rapid return to consciousness afterwards. As a
result of these pharmacokinetic–pharmacodynamic interactions,
this optimal propofol concentration thus is different for the various
opioids and is affected slightly by the duration of administration.
For fentanyl and remifentanil, the time to return of consciousness
after cessation of administration at levels needed intraoperatively
are presented in Figure 12.1 in the presence of propofol.
In addition to opioids, epidural blockade with ropivacaine also
affects the elimination clearance of propofol. Epidural blockade of
20 segments reduces the elimination clearance of propofol from 2.6
litres min−1 to 1.9 litres min−1. As a result, in the presence of high
epidural blockade, blood propofol concentrations become elevated
by about 30% compared to when no epidural blockade is present.
This may be the result of an epidural blockade-induced reduction
of hepatic and/or renal perfusion resulting in a reduced clearance
of this high hepatic extraction-ratio drug (Sitsen et al. 2016).

Drug elimination
Introduction to drug elimination
The elimination of drugs from the body takes place by two main
routes: unchanged through renal excretion or through metabolism
by the liver and consecutive renal excretion of the metabolites.
Drug elimination often starts with drug metabolization to change
non-polar agents into polar agents. In contrast to non-polar agents,
polar agents are water-soluble and thus may be excreted through
the bile or urine. Biotransformation of drugs occurs mainly in the
liver but may also take place at extra-hepatic sites such as the kidneys, lungs, skin, and intestinal tract. Biotransformation may be
distinguished in phase I and phase II reactions.
Phase I reactions concern those metabolic changes that govern
oxidation, reduction, and hydrolysis. All of these are directed to
improve water solubility of the metabolite, thus allowing renal
excretion. These processes are most importantly catalysed by
cytochrome P450 (CYP) enzymes that are present in the liver cells
at the membranes of the endoplasmic reticulum. The nomenclature
of the CYP enzymes is such that the first number and capital letter
code for the amino acid sequence with the last number representing the gene responsible for the amino acid sequence coding.
Following phase I reactions in the biotransformation of non-
polar agents, phase II reactions are further responsible for the
transformation of non-polar agents into water-soluble substrates.
This involves, among others, the conjugation to polar substrates
of the less polar, phase I formed, metabolites. This conjugation is
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facilitated through sulphotransferases, N-acetyltransferases and
glucuronosyl transferases such as uridine-diphosphoglucoronosyl
transferase (UGT). UGT plays an important role in the transformation to water-soluble products of agents important in anaesthesia
such as morphine, codeine, and NSAIDs. Phase II reactions generally take place in the liver cell cytosol.
In addition to phase I and II reactions, drug transport across the
cell membrane, through carrier proteins, plays an important role in
drug elimination. These transporter proteins are of importance in
the elimination of drugs as well. Some agents or metabolites need a
protein carrier to enter the cell and become available for metabolization. This active transport by proteins thus may play a key role in
biotransformation. Important transmembrane carrier proteins are
members of the ATP binding protein family. P-gp acting as a carrier across the blood–brain barrier and the multidrug resistance-
associated protein MRP1 are important carrier proteins (Iohom
et al. 2004).

Hepatic extraction
The clearance of anaesthetic agents by the liver is the product of the
amount of drug delivered to the liver as governed by liver blood
flow and cardiac output, and the efficiency of drug removal from
the blood as represented by the hepatic extraction ratio. The hepatic
extraction ratio is defined as the fraction of drug that is irreversibly
removed during one passage of blood through the liver and may
vary between 0 and 1. Factors that are of influence on the hepatic
extraction ratio are protein binding and the intrinsic hepatic clearance. Protein binding affects the hepatic extraction ratio because,
for most agents, it is only the free unbound drug that is readily
available for transfer from the blood across the vessel wall to the
liver cells—the location of drug metabolism.
Intrinsic clearance reflects the ability of the liver to remove drug
from the blood in the absence of any restrictions imposed by, for
example, blood flow or protein binding. Intrinsic clearance is a
measure of the actual enzymatic activity level in the liver. Intrinsic
clearance varies widely between agents. For some agents, the intrinsic clearance may be well below hepatic blood flow, while for other
agents, in this same patient, intrinsic clearance may exceed hepatic
blood flow significantly. For agents with a low intrinsic clearance,
the metabolism is independent of liver blood flow but is significantly affected by protein binding. Changing the drug supply of
such an agent to the liver will not change the drug clearance. Such
agents such as, for example, diazepam are referred to as exhibiting
a low extraction ratio (<0.3). Low extraction-ratio drugs will also
have a very low first-pass metabolism and their bioavailability will
be high (close to 100%).
When intrinsic activity is high, almost all of the drug is cleared
from the blood once it passes through the liver. Protein binding
then does not influence clearance; only the blood flow to the liver
will affect the drug clearance. Increasing hepatic blood flow will
increase drug supply of such an agent and as a result will increase
drug clearance. These agents, for example, propofol, are called high
extraction-ratio (>0.7) agents and their clearance is known to be
blood flow dependent. First-pass metabolism of high extraction-
ratio drugs such as, for example, morphine, is high and their bioavailability after oral intake will be low. For high extraction-ratio
drugs the oral dose needs to be significantly greater compared with
the i.v. dose to exert a similar effect. For morphine, the oral to i.v.
ratio is about 3:1.

Most agents, such as midazolam, exhibit an intermediate hepatic
extraction ratio (between 0.3 and 0.7) and the clearance of these
agents is thus dependent on intrinsic activity, protein binding, and
liver blood flow.

Cytochrome P450 enzyme family
Cytochrome P450 (CYP) enzymes play an important role in the
breakdown of endogenous substances such as steroids, bile acids,
prostaglandins, and fatty acids. In addition, the CYP enzyme family
is the most important group of enzymes that plays a catalytic role
in the oxidation of exogenously administered agents in the liver
and intestinal tract enhancing the incorporation of a single oxygen
atom into the drug resulting in the formation of a hydroxyl group
(phase I reactions). The CYP enzyme family received its name from
its absorption peak at 450 nm with the ‘P’ that stands for pigment.
Interindividual variability in CYP enzyme activity results in variability in drug clearance and thereby in variability in drug effect.
The significant interindividual variability is the result of enzyme
induction or inhibition next to variability induced by age, disease
state, diet, alcohol intake, and smoking. In addition, interindividual variability exists as a result of frequently found polymorphisms.
Genetic mutations induce changes in protein expression and catalytic activity. Three phenotypes may be distinguished. Apart from
the normal extensive metabolizers, these include the poor metabolizers and ultrarapid metabolizers. Poor metabolizers exhibit a
strongly reduced catalytic activity resulting in reduced metabolization, elevated blood drug concentrations, and equivalently
increased drug activity. In contrast, in ultrarapid metabolizers
genetic polymorphism has resulted in enhanced enzyme activity,
reduced drug concentrations, and equivalently reduced effects.
Through relatively simple DNA manipulation techniques the genotypes for the various CYP enzymes may be studied in humans.
With this technique the phenotypes of poor metabolizers, extensive (normal) metabolizers, and ultrarapid metabolizers may be
distinguished. With this knowledge a more precise prediction may
be made of the expected response to medication in an individual.
For the moment this has not led to improved dosing guidelines or a
better targeted response in humans, mainly because of the disturbing influence of other external confounding factors that affect drug
elimination such as smoking, diet, and hepatic disease.
In humans, 57 CYP subtype enzymes are now known that are all
coded for by a different gene. Of these 57 enzymes, six are responsible for more than 90% of the oxidation processes in the biotransformation of drugs. These six include CYP1A2, -2C9, -2C19, -2D6,
-2E1, and -3A4 (Sweeney and Bromilow 2006).
The most important CYP enzyme involved in the oxidation of
anaesthetic agents is CYP3A4. CYP3A4 is found in the liver and
gut wall and is responsible for the phase I metabolism of more than
50% of agents administered in humans. CYP3A4 activity may vary
10-fold between subjects. With respect to drugs used in anaesthesia,
CYP3A4 is important in the metabolism of local anaesthetics, opioids such as sufentanil, alfentanil, or fentanyl, and benzodiazepines
such as midazolam (Iohom et al. 2004). Next to CYP3A4, CYP3A5
is also of great importance in opioid clearance. CYP3A activity varies widely between individuals as a result of variable CYP3A4 and
-3A5 expression, CYP3A5 genetic polymorphism, and CYP3A4
and -3A5 sensitivity to drug and dietary interactions. Significant
dose adjustments are necessary in the presence of CYP enzyme
inhibition or induction (Kharasch and Thummel 1993; Kharasch
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et al. 1997, 1999). Cimetidine, antifungal agents such as ketoconazole, and grapefruit juice are well-known CYP3A4 inhibitors that
may strongly reduce enzymatic activity and thus increase the effect
of the parent drug. Clinically, the sedative potency of midazolam
has been found to be significantly enhanced in the presence of these
CYP3A4 inhibitors (Kharasch et al. 1999). Propofol is also known
for its CYP3A4 inhibiting activities influencing, for example, midazolam clearance (Lichtenbelt et al. 2010).
The second most important CYP enzyme for anaesthetic agent
breakdown is CYP2D6. The interindividual variability in CYP2D6
activity appears to be more significant compared with CYP3A4.
CYP2D6 plays an important role in the phase I biotransformation of antiemetics, antidepressants, tramadol, codeine, haloperidol, lidocaine, and oxycodone (Sweeney and Bromilow 2006).
Substantial interindividual variability in CYP2D6 activity has been
demonstrated, causing a 1000-fold difference in enzyme activity between patients. Numerous mutations of the CYP2D6 gene
have been described including single nucleotide polymorphisms
but also nucleotide insertions and deletions that result in poor
CYP2D6 activity. This is in contrast to the sparser genotype resulting in ultrarapid CYP2D6 metabolizers. Patients with this genotype are at risk of experiencing increased opioid side-effects after
codeine ingestion. Ultrarapid metabolism results from the duplication of the CYP2D6 gene causing a 12-fold gene amplification
(Lotsch et al. 2004).
CYP2C9 is the third most important CYP enzyme and is involved
in the metabolism of, for example, celecoxib, diclofenac, and ibuprofen. Lastly, CYP2E1 is active in the degradation of inhalation
anaesthetic agents halothane, enflurane, and isoflurane.

Enzyme induction
Enzyme induction may be defined as the increase in the quantity or activity of an enzyme as a result of the influence of a second agent. Enzyme inducers have been categorized in relation to
the CYP enzyme family induced. The enzyme induction effect is
related to the dose and time period over which a drug inducer is
given, with the enzyme induction effect often initiated and visible
within 24 h. Higher doses have a more significant enzyme-inducing
effect. CYP induction may enhance detoxification by improving the
metabolism of toxic substances but may also increase the effect of
agents when these are administered as a prodrug as a result of an
increase in the transformation of the prodrug into the active compound. CYP induction generally takes place after binding to the
receptor and incorporation of this complex into the cell nucleus.
Here, the receptor–ligand complex enhances gene expression, leading to an increase in mRNA transcription, followed by enzyme
production after haem incorporation. Well-known CYP inducers
are omeprazole, barbiturates, rifampicin, phenytoin, and carbamazepine. The clinical effect of these CYP inducers is profound.
For example, oral midazolam, triazolam, simvastatin, verapamil,
and most dihydropyridine calcium channel antagonists are more
or less inactive during rifampicin treatment because of its strong
induction of CYP3A4. Both midazolam and alfentanil may be used
as probes to detect CYP induction or inhibition.

Enzyme inhibition
Enzyme inhibition may be defined as the decrease in the quantity or
activity of an enzyme as a result of the influence of a second agent.
In contrast to drug induction that requires time and a complex

pathway of gene amplification, enzyme inhibition results from a less
complex route. Enzyme inhibition takes place when the enzyme is
unable to metabolize its substrate simply because of interference
of another substance. The enzyme may be competitively blocked
by a substrate that is also subject to the metabolic activities of this
enzyme or non-competitively blocked by a substrate that may be
metabolized by another enzyme (Sweeney and Bromilow 2006).
Analogous to enzyme induction, enzyme inhibition may increase
the effect when the metabolism of an active drug is reduced or
the drug effect may be reduced when enzyme induction leads to a
reduced conversion of the prodrug to its active cousin. Well-known
enzyme inhibitors include antifungal agents such as ketoconazole,
protease inhibitors such as nelfinavir, antibiotics such as erythromycin, diltiazem, ciclosporin, and the H2-antagonist cimetidine.
Propofol is also known for its inhibitory effects on CYP3A4 activity (Yang et al. 2003). This results in increased midazolam concentrations when midazolam clearance is reduced in the presence of
propofol (Kharasch and Thummel 1993). Grapefruit juice inhibits CYP3A4 only at the level of the small bowel. Many inhibitory
interactions are clinically irrelevant, although some may induce
deleterious effects. Some agents such as the antihistaminic agent
terfenadine and the bowel movement stimulant cisapride are
known to induce QT interval prolongation. When these agents are
combined with the aforementioned CYP enzyme inhibitors, serious life-threatening side-effects such as torsades de pointes may
occur (Monahan et al. 1990; Dresser et al. 2000). Other clinically
relevant interactions include the increase in effect and side-effects
of simvastatin in the presence of erythromycin, grapefruit juice,
and verapamil. The area under the curve (AUC) of simvastatin
is increased 5–16-fold in the presence of these inhibitory agents.
Similar increases in drug concentrations have been found for many
of the other statins and also for the calcium channel antagonists
amlodipine, felodipine, and nimodipine in the presence of the
inhibitors ciclosporin, erythromycin, and grapefruit juice. Calcium
channel antagonist overdose may then occur, inducing hypotension, bradycardia, and death (Bailey et al. 1990, 1994, 1998). Lastly,
midazolam which is often used for sedation in the intensive care
unit has been found to be subject to multiple drug interactions with
CYP inhibitors. Erythromycin, diltiazem, verapamil, and fluconazole all have been found to significantly increase midazolam concentrations, leading to more profound and elongated sedation than
intended (Backman et al. 1996; Olkkola et al. 1996; McDonnell
et al. 2005). In conclusion, the impact of CYP enzyme inhibition is
significant and may induce greater clinical consequences than CYP
enzyme induction. Every clinician should be aware of the possibility of this type of interaction and should adjust the dose of the
respective agent when the possibility of an inhibitory interaction
occurs.

Influence of alcohol and smoking on drug elimination
In recent years, governmental initiatives to reduce the consumption
of tobacco have lowered the number of cigarette smokers somewhat in Europe and the United States but 20–40% of Europeans
still smoke. Cigarette smoke contains vasoactive substances such
as nicotine but also toxic polycyclic aromatic hydrocarbons that
are carcinogenic. These polycyclic aromatic hydrocarbons are also
the substances that are responsible for the CYP enzyme induction
that is present in cigarette smokers. Induction occurs mainly of
CYP1A1, CYP1A2, and CYP2E1. Enzyme induction is influenced
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by age, the type of cigarette, and the method of inhalation (Sweeney
and Grayling 2009). CYP1A2 is involved in the metabolism of theophylline, caffeine, and paracetamol. In the presence of tobacco
intake the dose–response relationship of these agents is diminished.
Smoking affects the response to a number of agents administered
during anaesthesia such as opioids, local anaesthetics, aminosteroid
neuromuscular blocking agents, morphine, and codeine. In general, the dose requirements of these agents in patients who smoke
are increased partially because of enzyme induction, partially for
unknown reasons. Lastly, CYP2E1 is involved in the metabolism of
inhalation agents such as halothane and enflurane. CYP2E1 induction by tobacco consumption may increase the metabolism of inhalation agents and thus increase the risk for hepatotoxicity.
Alcohol and nicotine display a synergistic inducing effect on
CYP2E1. Alcohol is predominantly metabolized through alcohol
dehydrogenase but 20% is metabolized through CYP2E1. With
higher alcohol concentrations in the blood, CYP2E1 becomes
relatively more important for the breakdown of alcohol (Jang and
Harris 2007). Smokers generally exhibit an increased rate of alcohol metabolism. Alcohol on its own causes induction of CYP2E1
at a moderate dose of 40 g alcohol day−1. Substrates of CYP2E1 and
thus of alcohol-induced interaction are paracetamol, tamoxifen,
halothane, and enflurane. Paracetamol is activated to its hepatotoxic metabolite N-acetyl-p-benzoquinone (NAPQ1) by CYP2E1.
Numerous studies have been performed to study the influence of
alcohol intake on paracetamol toxicity. Although chronic alcohol
intake is associated with increased concentrations of CYP2E1, the
relationship with paracetamol toxicity is not overly clear. NAPQ1
is detoxified by glutathione S-transferase to glutathione. The level
of glutathione S-transferase thus is also important in the relationship between alcohol intake and increased paracetamol hepatotoxicity. Lastly, red wine induces drug interactions apart from its
alcohol content, because of its richness in antioxidant molecules
that include flavonoids. Red wine is known to inhibit CYP3A4
and has been shown, for example, to increase ciclosporin concentrations by 10–80% when taken on a daily basis (Tsunoda et al.
2001).

Mathematical analysis of
pharmacokinetic data
The aim of this section is to provide the mathematical concepts
needed to understand a paper on pharmacokinetic analysis. The
subsections contain some important equations, which are not just
displayed, but also explained.
Many great scientists, such as Newton, Gauss, Laplace, and Bayes,
have contributed to the theories of which just a glimpse is outlined
in the following section. The mathematical analysis discussed here
is done with the aid of a model. A model is more than a statistical
description of data such as average concentration over time or over
subjects. A model incorporates physical, physiological, or pharmacological knowledge, or all of these. Here we will discuss compartmental models, describing the concentrations in hypothetical or
physiologically based subdivisions of the body, and probability distributions, characterizing the statistical behaviour of drug particles.
In the area of pharmacokinetics, a model may be used to predict what the concentration vs time curve would look like if
the method of administration is different from the one used to
build the model. The user of the model should then check if the

knowledge built into the model is likely to be correct under those
different circumstances. For example, in very young or old people,
drug metabolization may be different. However, it may be possible
to analyse how it is different and incorporate the effect of age into
the model. So, experiment design is an important application of a
pharmacokinetic model, and ‘target-controlled infusion’ (TCI) is
impossible without a model. In TCI, the model calculates the infusion needed to achieve and maintain a certain blood concentration
of the drug.

The compartmental model
Jacquez, in his book Compartmental Analysis in Biology and
Medicine, defined a compartment as ‘an amount of material that
acts kinetically like a distinct, homogeneous amount of the material’
(Jacquez 1996). A basic yet important equation is equation (12.1),
which was briefly mentioned in the first section of this chapter and
repeated here, defining the relationship between the amount A of
drug and the concentration C of that drug in a compartment with
a given volume Vd:
C = A / Vd

(12.1)

If the units of amount and volume are (mg) and (litres), the amount
of concentration would be (mg litre−1) or, equivalently (μg ml−1).
Note that it is assumed here that the concentration is the same everywhere in the compartment—it is said to be ‘well stirred’ or ‘completely mixed’.
Now imagine such a compartment, but now also subject to elimination clearance. That means that the compartment is cleared from
the drug in time. The unit of clearance is (litre) per time unit, for
example (litre min−1).
This gives rise to a differential equation, containing the derivative
with respect to time of the variable we are interested in. Such equations are often not easy to solve (although we can use computers to
do this for us). With the invention of differential equations, by Isaac
Newton and others, a universe of mathematical questions became
amenable to analysis. In our setting, we would write:
dA(t)
= −k. A(t )
dt

(12.6)

The unit of k is one over a time unit, for example (1 min−1); the
units of the terms at either side of the equal sign is then (mg min−1).
This equation then states that the change of the amount A per time
unit is some factor k times the present amount.
The reader may already know that the amount decreases
to zero in an exponential way. One way to check this is to set
A(t) = A0 ⋅ exp( − k ⋅ t). Interestingly, the derivative of A(t) with
respect to t is the same exponential, times the factor −k. So the differential equation is then solved, except for the factor A0, which we
set to the amount given as a bolus at t = 0.
The red dashed lines in Figures 12.2 and 12.3 are examples of
exponential concentration vs time curves. Note that when the y-
axis is logarithmic, the curve is a straight line. Because of the minus
sign, the concentration goes to zero when time goes to infinity; the
larger the k, the faster the concentration approaches zero.
After a time step ∆ t a fraction exp( −k ⋅ ∆ t) of the amount remains
in the compartment. Exponential decay thus means that the fraction of the drug that is eliminated is independent of the amount of
drug present.
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Figure 12.2 Concentration vs time curves (arbitrary units). Hypothetical 1/time data were approximated by one-, two-, and three-compartmental models. The last four
points were not used for the approximations. See text for interpretation of the curves.
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Figure 12.3 Concentration vs time curves at the end of n = 1, 2, 5, and 25 tanks-in-series.

Given the complexity of the human body, a one-compartmental
model may not be adequate to describe concentration vs time
curves, although it is sufficient for the description of highly
hydrophilic agents such as methylene blue. If we add a second compartment, we obtain the following set of differential
equations:
dA1(t)
= k21 ⋅ A2 (t) − (k10 + k12 ) ⋅ A1(t) + infusion(t)
dt
dA2 (t)
(12.7) and (12.8)
= k12 ⋅ A1(t) − k21 ⋅ A2 (t),
dt
where k10 is the drug elimination rate from compartment 1, and k12
and k21 denote drug disposition rates from the first to the second
compartment, and backward, respectively.
Each additional compartment adds another exponential term
to the solution A1(t) (and to the solutions of the amounts in the
peripheral compartments). This can be proved elegantly by using
mathematical transforms named after Laplace and the Fundamental
Theorem of Algebra. The green dotted and blue dotted and dashed
lines in Figure 12.2 are examples of two-and three-compartmental
concentration vs time curves. Often, the exponential components
can be seen as straight lines with different slopes at different time
scales.

In equation (12.7), we also added an infusion term, with also
the unit (mg min−1). The infusion term may be any function of
time, so that it may not be possible to write A1(t) as a combination of exponential terms (the computer is still able to solve this set
of equations). However, if the infusion is different but constant in
consecutive periods of time, the solution also consists of consecutive combinations of exponential terms.
Another important feature of this type of equations is called
the linearity. This means that the solution of the system with, for
example, a bolus and an infusion, is the sum of the solution of the
bolus and the solution of the infusion. This is true if all rate constants k are independent of the amounts of drug present. For the
elimination rate k10 this may not be true if the elimination by the
liver is saturable, or that the distribution rate constants k12 and k21
change as a result of haemodynamic changes caused by the drug(s)
given. However, pharmacokinetic data can usually be adequately
described when assuming fixed rate constants.
The differential equations may be written with concentrations
instead of amounts, by using equation (12.1):
V1 ⋅ dC1 (t)
dt
V2 ⋅ dC2 (t)
dt

= CL2 ⋅ (C2 (t) − C1 (t)) − CL1 ⋅ C1 (t) + infusion
= CL2 ⋅ (C1 (t) − C2 (t)),

(12.9) and (12.10)
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where CL1 and CL2 are the elimination and intercompartmental
clearance, respectively. From equation (12.10) it can be seen that
intercompartmental clearance is driven by a concentration gradient
(diffusion), and that in steady state the concentrations in the compartments are the same. The volumes of the compartments should
be regarded as ‘apparent’—drug binding characteristics to tissues
and (blood) proteins and lipids may lead to larger compartments
than expected.

Covariate analysis
When analysing data from a population, it may be expected that
the volumes and clearances of a compartmental model are correlated with weight. A theory exists stating that volumes scale
linearly with weight, and clearances with weight to the power
0.75 (West et al. 1997). An important reason to parameterize the
compartmental model with volumes and clearances instead of
rate constants is that the former parameters may be more physiologically related to covariates such as weight. Other interesting
covariates include haemodynamic vital signs, age, gender, and
parameters associated with hepatic and renal disease. Statistical
tests are used to assess improvement of the fit of the model to
the data.

Recirculatory and physiologically based models
A model with two or more compartments is often interpreted as
having ‘central’ and ‘peripheral’ compartment(s), where the central compartment corresponds approximately with the blood volume, and the peripheral compartments with the peripheral tissues.
A word of caution is necessary here, in that it is uncertain how
adequate the approximation by exponentials is, because in practice
the number of exponentials is determined by a statistical measure
of the goodness of fit.
A physiological truth is that there is circulation in the human
body. If one looks at the two-compartment model, one may be
tempted to interpret the compartments as ‘lungs’ and ‘rest of the
body’, and clearance between the compartment as cardiac output.
This is the basis of recirculatory modelling, but a model with just
a few compartments is too simple (so that the parameters of the
model when fitted to data do not yield plausible values). One reason

is that the transport of drug in the blood may be better viewed as
having a time delay.
An interesting mathematical fact is that a chain of an infinite
number of compartments, also called ‘tanks-in-series’, approaches
a pure time delay. In Figure 12.3, the output at the end of the tanks
in series is shown for different numbers of compartments. The rate
constant k was adjusted, such that the mean transit time (MTT)
remained the same (5 min). From Figure 12.3, the striking fact
becomes apparent that the peak concentration increases. This
occurs because the AUC should remain the same although the
peak becomes smaller. So for an infinite number of compartments
the peak is infinitely high and thin—the so-called Dirac delta. This
is important because the silent assumption is that the input of the
tanks in series, the drug bolus given, is the Dirac delta. In other
words, in a recirculatory model, tissues may be described by compartments and blood transport by tanks in series.
The term ‘recirculatory’ model is used to emphasize that a peak
in the concentration as a result of bolus administration will reappear later, although less sharp, in the concentration vs time curve.
In Figure 12.4, simulated arterial and venous concentrations after
venous bolus administration are shown. A simple recirculatory
model was used with only tanks-in-series components, one for the
delay caused by venous administration, the lungs, and the rest of
the body, respectively. Such a model may be used to characterize
intravascular markers such as indocyanine green.
In a practical setting, when a recirculatory model is fitted to
experimental data, it takes ingenuity to find a useful model where
the parameters have a physiological meaning, while the number of
model components is necessarily limited.
In physiologically based models, each tissue group (such as liver,
muscles, and fat) is approximated by its own compartment(s),
so that these have physiological parameter values. But usually
these cannot be estimated from clinical data, and physiological knowledge is required. In software packages such as PK-Sim
and Simcyp such knowledge is implemented (Ette and Williams
2007).

Non-compartmental models
A great invention in the area of statistics is the concept of the
probability density function. The exponential decay curve may

Concentration

0.1

Arterial
Venous

0.01

0

1

2

3
Time (min)

4

Figure 12.4 Simulation of arterial and venous concentration vs time using a hypothetical recirculatory model.
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be viewed as the probability that a drug particle is cleared from
the compartment. With a large number of molecules administered in the bolus, these views are practically identical, but it shifts
the focus to the area of statistics and interesting ways to model
time-to-event data, and to distributions such as those named after
Erlang and Weibull.
In the previous sections, models were constructed using compartments, leading to a particular exponential distribution called
the Erlang distribution. Many decades of research have been spent
on a physical basis for concentration vs time curves, with the fact
in mind that molecules have a so-called random walk. Often this
leads to a function with a negative power of time. A most interesting review of non-compartmental models is given by Norwich
(1997). He describes a most beautiful mathematical equation:
∞

∫ exp( −kt)dk = 1 / t

(12.11)

0

Although this is a special case of combining exponentials, it shows
that if the rate constant k has a large number of possibilities, such a
power of time may appear (see Fig. 12.2). Of note is that the tanks-
in-series leads to a positive power of time. In general, power and
exponential functions in different combinations lead to various
probability density functions, for example, the Weibull function.

Target-controlled infusion
If the concentration in the central compartment is equal to CTGT
and does not change, its derivative [see equations (12.9 and 12.10)]
is zero, so:
infusion = (CTGT − C2 (t)) − CL1 ⋅ CTGT ,
V2 ⋅ dC2 (t)
= CL2 ⋅ (CTGT − C2 (t)))
dt

(12.9) and (12.10)

The infusion has to compensate for the clearance to the second
compartment, which approaches zero, and the elimination clearance. If also C1(t = 0 ) = CTGT , the concentration in the central compartment is equal to the target concentration for all time.

Oral dosing
When a drug is administered orally, it undergoes intestinal absorption and possibly enterohepatic recirculation. These pathways may
be modelled as chains of compartments, the input being administration, and the output delivered to a model identified from i.v.
administration. The simplest, but often useful, model consists of
one compartment for absorption, and one compartment for disposition. Its concentration vs time function can be described using the
Bateman function, of which an example is given by the green dotted
line in Figure 12.3.

Analysis of parent and metabolite data
The liver usually produces metabolites of the administered drug,
which are then eliminated by the kidneys. Characterizing metabolite data may be important when the metabolite is active. Liver and
kidney function are important covariates. The liver may again be
modelled as a chain of compartments, characterized by the mean
metabolization time, and the metabolization clearance, which is
the part of parent elimination clearance that follows this specific
elimination route. The fraction of drug that follows such a route

may only be determined if a pharmacokinetic model is available
for the metabolite (with volumes of the compartments) or if urine
data are available.

Approaches in statistical analysis
An important concept in statistical analysis, highly successful and
about 200 years old, is the method of ‘least squares’, which was first
described by Carl Friedrich Gauss.
When a model, that with given parameters, predicts the concentration vs time curve in a certain way, least-squares regression finds
those parameter values that minimize the sum of squared residuals.
Here, the residual is the measured value minus the predicted value.
Of note here is that the predictions optimally describe the already
acquired data, not new data, so the term ‘predicted’ is misleading in
the context of ‘fitted data’.
Measurements always have some level of uncertainty, which may
be described by probability density functions. It can be shown that
if the measurement errors have a Gaussian distribution, then least-
squares analysis has many optimality properties. The Gaussian
distribution is also called the ‘normal’ distribution, because it is so
ubiquitous.
The sum of squares only gets to zero if the model has the flexibility to fit every measurement perfectly. This seems optimal, but
if measurements are contaminated with noise, the model, which
should describe pharmacokinetics, also describes random components, which will vary from occasion to occasion. Methods to find
a compromise between model complexity and goodness of fit, and
optimality with respect to prediction, are discussed by Burnham
and Anderson (2002).
In Figure 12.2, compartmental models were fitted to hypothetical data. It is obvious that the more complex the model, the better
it describes the data. However, the more complex the model, the
more precise the data need to be.

Population analysis
Goals in population analysis are to analyse pharmacokinetic data
from more than one individual, and to predict data in individuals
from which no data are acquired as yet.
An often considered approach to analyse population data is to
average the data at every time instant, and next fit a model designed
to fit data from one individual. There are three reasons why this
approach may not be optimal. The first is that a measurement
contains two sources of variability—intra-individual and inter-
individual variability—and this approach mixes them up. The second reason is that the standard errors of the estimated parameters
are in general underestimated, indicating false precision. The third
reason is that the model can only be used to predict an average
response, but not an individual response.
The following three approaches in population data analysis
may be used to overcome these deficiencies. The review article by
Wright (1998) contains a more in-depth discussion of the described
analysis approaches.

Two-stage analysis
This type of analysis is called ‘two stage’ because in the first stage the
data is analysed for each individual separately, and next averaged
in the second stage. Its main disadvantage is that in the first stage,
the number of samples per subject has to be large enough to accurately estimate the model parameters. The following two analytical
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methods need less data per individual, which may have economical
and ethical advantages.

Naïvely pooled analysis
This type of analysis is called ‘naïvely’ because the data are pooled
under the assumption that all data come from one, the typical, individual; the analysis is naïve with respect to the information regarding which data belong to which individual. Its main disadvantage is
that inter-individual variability is not estimated and appears as an
upward biased intra-individual variability.

Mixed-effects analysis
This type of analysis is called ‘mixed effects’, where both two random effects (inter-and intra-individual variability) are incorporated. An acronym for non-linear mixed-effects modelling is
NONMEM. Non-linearity indicates that the kinetics depend on
the parameters in a non-linear way, not that the pharmacokinetics
are non-linear (as indicated in ‘The compartmental model’) per se.
A disadvantage of this approach is its computational complexity,
but software packages exist, for example, NONMEM and nlme in
R (Ette and Williams 2007). Because the random effects have been
characterized, Bayesian methods can be used to optimally predict
concentration data in an yet unstudied subject.

Experiment design: influence of method of administration,
sampling site, and sampling timing
In Figure 12.2, the last four points were not used to fit compartmental models. The final slope of the concentration vs time curve
reflects drug elimination. From Figure 12.2, it is clear that the more
complex the model, the better estimate of elimination is obtained.
In addition, it is clear that the longer measurements are taken,
the better, drug elimination is estimated. Depending on the time
instants of the samples taken, the more or less information about
parts of the model is obtained. For example, when pharmacokinetics are approximately two-compartmental (the green dotted line),
samples taken in the first hour mainly contain information about
one part of the model.
Figure 12.4 highlights the fact that if a standard compartmental
model is fitted to early sampled data, the parameters of the model
will be very sensitive to whether the samples capture the first peak.
With fast changes in infusion administration (so especially bolus
administration), the description of a homogeneous central compartment is not adequate and the effect of recirculation, as displayed
in Figure 12.4, affects the parameters’ estimates of the compartmental model. Furthermore, the results depend on whether arterial
data or venous samples are taken, as venous concentration values
are delayed with respect to arterial values.
Finally, with population analysis it may be optimal to have varying sampling schedules for the subjects, because then information
for all time scales is obtained even with a limited number of samples per subject.

Conclusion
In this chapter, we describe the important role of pharmacokinetics in anaesthetic practice. We discussed the distribution of drugs
throughout the body over biological membranes, with an explanation of the volume of distribution. We then elaborated upon the role
of drug characteristics such as lipophilicity and protein binding in
their distribution, and explained bioavailability and the influence

of systemic blood flow on pharmacokinetics. Furthermore, we
showed how different drugs can influence each other’s distribution.
We then explained the elimination of anaesthetic drugs, and what
role the liver has in drug elimination. We discussed CYP, with its
different subtypes, and the role of enzyme induction and inhibition
in drug elimination. Also, we showed the influence of alcohol and
smoking on drug elimination. Finally, we showed the mathematical side of pharmacokinetic modelling. We discussed the several
types of models, such as the compartmental, non-compartmental,
and physiologically based models, and the statistical approaches of
analysing these.
As technology progresses, we will be relying more and more
on pharmacokinetic models in anaesthetic drug administration,
for example, in more sophisticated TCI systems, and by having
drugs designed with very specific pharmacokinetic characteristics.
A proper understanding of pharmacokinetics is therefore vital for
anaesthetic practice now and in the future.
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CHAPTER 13

Mechanisms and
determinants
of anaesthetic drug action
David G. Lambert
Introduction
Pharmacology can be divided into a number of subdisciplines
but the simplest and most appropriate for this chapter are pharmacokinetics (effects of the body on drugs) and pharmacodynamics (effects of drugs on the body); there are also overlaps between
these with important consequences and we will look at some of
these later. The rules governing ligand–receptor interaction and
definition of pharmacological terms along with those governing
receptor classification are set by the International Union of Basic
and Clinical Pharmacology (IUPHAR) and the reader is directed
to the following website and the associated materials (http://www.
iuphar.org/). Throughout this chapter IUPHAR definitions will be
described but further interpreted into a clinically applicable form
to describe clinical material: the whole human. For the purists and
those interested in receptor theory there are several excellent texts
(e.g. Kenakin 2014). See also Box 13.1.
This chapter is divided into two main sections: first, a general
description of the principles of ligand–receptor interaction and a
discussion of the main groups of ‘targets’ and second, an explanation of some common pharmacological interactions in anaesthesia,
critical care, and pain management.

Principles of ligand–receptor interaction
Ligand–receptor interaction
The interaction between a ligand and a receptor is (most often) a
reversible process such that when a ligand binds to a receptor, a
ligand–receptor complex forms which then results in a biological
response; this is described by equation (13.1):
L + R ↔ LR

(13.1)

The rate of ligand association (and formation of the ligand–receptor
complex) is described by the association rate constant K+1 and the
rate of dissociation is described by the dissociation rate constant
K−1. Factoring in K+1 and K−1, equation (13.1) can be rearranged to
the following relatively simple form, equation (13.2).

[L ] × [R ] × K = [LR ] × K and
[L ] × [R ] / [LR ] = K / K = K
+1

−1

−1

+1

d

(13.2)

In this equation a new term is described, the equilibrium dissociation constant or Kd. This is the concentration of drug that occupies
50% of a given receptor population and is also equal to the ratio
of the dissociation and association rate constants. The equilibrium
dissociation constant is the first important pharmacological term
that we need to consider. This is better thought of as the affinity
of a ligand for a target (e.g. receptor) where a low concentration is
described as high affinity and a high concentration a low affinity.
A ligand that occupies 50% of receptors at nanomolar (nM, 10−9 M)
concentration has higher affinity than one producing the same
occupancy at millimolar (mM, 10−3 M) concentration. Affinity can
also be described as the strength of ligand–receptor binding. Just
because a ligand has affinity does not necessarily mean that a ligand
alone will produce an effect. Agonists bind and produce an effect,
antagonists do not. Antagonists reverse the effects of the agonist
but alone are ineffective. Receptor binding and estimation of Kd
are usually described using a radioligand binding protocol where a
fixed concentration of receptors is incubated with increasing concentrations of a radiolabelled form of the ligand and the amount
bound is assessed. This is depicted in Figure 13.1 [the interested
reader can find further details in Bylund and Toews (1993)].

Agonists
Agonists bind to targets (e.g. receptors) to produce a biological
response. For example, morphine is an opioid receptor agonist
which binds to a µ-opioid receptor to produce analgesia. Agonist
binding is described by its affinity and the strength of binding
has a bearing on the functional response. The ability to produce
a response is described as intrinsic activity. The efficacy of an
agonist is simply described as the ability of binding to produce a
response (or response per unit of drug–receptor complex), so in its
strictest sense, to describe efficacy, details of affinity are required.
In the clinic this is not usually known and the size of a response
is described as efficacy. From a receptor theory perspective this
is, of course, incorrect but is used routinely. In the second half of
this chapter, efficacy will be used to describe the size of an agonist
response.
A further useful derivation of intrinsic activity is relative (α)
intrinsic activity which describes the size of an agonist response
relative to a reference agonist. This allows introduction of the
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Box 13.1 Points to bear in mind when reading this chapter
◆

◆

◆

The distinction between concentration and dose is important.
Dose is the mass of drug and this is the most commonly used
term in the clinic (mg, µg, etc.). Concentration is a mass in a
volume (nM, mM, mg ml−1, etc.). In the following discussion,
dose–response curve and concentration–response curve modelling are the same.
The distinction between specificity and selectivity is important. Specificity is when a particular ligand binds to a target
and nothing else; this is rare. Selectivity is when a ligand interacts with its preferred target at a low concentration (or dose)
and then others at higher concentrations (or doses). This additional action(s) often but not always underlie adverse drug
reactions. The ratio of effect at the ‘other target’ to its preferred
target is a measure of its selectivity. The higher the value, the
lower the potential for adverse drug reactions (at least those
that are receptor driven).
In this chapter, the term drug and ligand are used interchangeably in the context of receptor activation.

terms full and partial agonist. A full agonist describes an agonist that produces the largest response possible in a given tissue; we will set this activity at 1. By definition, a partial agonist
will produce a maximum response that is lower and hence has
a relative intrinsic activity less than 1. In Figure 13.2, a typical
concentration–response curve is depicted (similar rules for dose–
response curve) for three agonists. The curves are sigmoid and
clearly saturate, the point of saturation is the intrinsic activity and
described by the term Emax. A is a full agonist, B is a partial agonist with relative intrinsic activity (αEmax) of 0.5, C is also a partial
agonist with relative intrinsic activity of 0.25. In this example, the
affinities of these three agonists are not known but it is assumed
that they are the same for all; if this is the case, the chemical
nature of the agonist itself converts the strength of binding into a
functional response.

A further important descriptor of agonist action is the concentration (or dose) range over which an agonist can produce a biological
(or clinical) response. This is the potency and is often described
by a summary measure of EC50 (or ED50), the concentration (or
dose) of drug that produces 50% of the maximum response (NB the
maximum response is important, not the response at 50%). Often
EC50 is quoted on a −log10 molar scale (e.g. pEC50 of 6 is equivalent
to 10−6 M or 1 µM). Other summary measures can be used and
in anaesthesia ED95 is common when describing neuromuscular
blocking agents. In Figure 13.2, partial agonist B is equipotent to
the full agonist A whereas partial agonist C has higher potency than
the full agonist A. This illustrates a further important distinction
that potency and intrinsic activity should not be interchanged. Just
because an agonist has low intrinsic activity does not automatically
mean it will have low potency (agonist C in Fig. 13.2). The relationship between binding (Kd), potency, and efficacy is complex.
Potency is a combination of both the efficacy of the agonist and its
binding affinity.
An important feature of partial agonists is that they can reverse
the effects of full agonists and this is particularly relevant to opioid pharmacology (see ‘Common pharmacological interactions
in anaesthesia, critical care, and pain management’). For a partial
agonist the binding affinity (Kd) should equal its agonist potency
(EC50) and its antagonist potency (Ki, see ‘Antagonists’). In addition, partial agonists do not always display partial agonist behaviour as their activity is highly dependent on receptor expression.
The intrinsic activity of a partial agonist will increase as receptor
expression increases (and also if the point of measurement is downstream of receptor binding and is amplified; see a later section for
G protein-coupled receptors (GPCRs) and amplification). At high
levels of expression (or amplification) a partial agonist can display full agonist activity. Hence a partial agonist could antagonize
endogenous receptor signalling in tissues with low expression and
act as a full agonist in tissues with high expression.
Sometimes the response curve lies to the right of the occupancy
curve. What this means is that at low degrees of occupancy, large
responses can be produced. Often as low as 5–10% occupancy can
produce a full response indicating that 90–95% receptors are not
required or are spare. This introduces the concept of receptor reserve,
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Figure 13.1 Typical radioligand binding curve used to determine receptor density (Bmax) and affinity (Kd). The rectangular hyperbola in the main figure is usually plotted
on a semi-log scale (in the insert). As the concentration of label is increased the amount bound (arbitrary units in this example) increases until saturation.
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Figure 13.2 Agonist concentration–response curves. A is a full agonist and B is a
partial agonist (reduced Emax or intrinsic activity). A and B are equipotent as their
EC50 values are the same. Agonist C is a higher potency (EC50 further to the left;
lower agonist concentration) partial agonist.

in this example the reserve is 90–95%. The receptors are all available
for binding but are simply more than are required. The presence of a
receptor reserve has consequences for the description of antagonism.

Antagonists
A drug that reverses the effect of an agonist is described as an
antagonist; this reversal can be of endogenous agonists (e.g. β-
blockers and endogenous catecholamines) or of exogenous agonists
(e.g. naloxone and diamorphine). Antagonism can be competitive
or non-competitive and reversible or irreversible. A truly competitive antagonist shifts an agonist concentration (or dose)–response
curve parallel to the right with the important feature that the maximum response of the agonist is retained. The degree to which the
curve shifts to the right is proportional to the concentration (or
dose) of antagonist used and the affinity of the antagonist. The
higher the concentration and affinity, the greater the rightward
shift. This is illustrated in Figure 13.3. The potency of an antagonist
is described by its pA2—the log concentration that makes it necessary to double the agonist concentration to produce the same submaximal response (the concentration or dose required to shift the
agonist curve twofold to the right), this is the Schild relationship.

Other terms are sometimes used and these include Ki; this is based
on a particular type of inhibition of a fixed agonist response.
When the maximum response is not retained, the antagonist is irreversible (e.g. phenoxybenzamine) or non-competitive (e.g. ketamine)
(Fig. 13.3). If the maximum is not retained and the curve is shifted
to the right the behaviour is described as competitive. So an antagonist can be competitive irreversible; right shift with a reduction in
maximum. In non-competitive/irreversible modelling, the degree of
reduction in maximum response is proportional to the concentration
(or dose) of antagonist used. The modelling of irreversible and non-
competitive antagonism is the same but the explanation is different.
In irreversible antagonism the antagonist binds to the agonist binding
site in an irreversible manner (sometimes involving a covalent bond)
such that it cannot be out-competed by adding excess agonist. In non-
competitive antagonism the antagonist binds at a site different to that
of the agonist; for example, ketamine binds to a site not occupied by
glutamate at the N-methyl-D-aspartate (NMDA) receptor.
In a tissue that has a large receptor reserve, non-competitive (or
irreversible) antagonists at low concentrations (or doses) can produce apparent competitive profiles. Despite the non-competitive
block there will be sufficient receptors remaining to apparently
return the system’s maximum response. It is only when the receptor
reserve has been removed (by increased antagonist concentrations)
that the maximum agonist response will reduce to reveal the classical non-competitive profile.

Inverse agonists
Inverse agonists, as the name suggests, produce a functional
response that is the inverse of the usual agonist. For example, where
a simple agonist increases the size of a response, an inverse agonist
would reduce the size of a response. For inverse agonism to occur
a receptor usually needs to be constitutively active (active in the
absence of agonist; see further on for receptor definition) and as
such an inverse agonist reduces the constitutive tone (producing
the inverse to the agonist). Constitutive activity can result from
high levels of receptor expression (indeed in the test tube, highly
over-expressed receptor systems are used to screen for inverse
agonism) or receptor mutation. An (experimental) anaesthetic
example of inverse agonism might be the β-carbolines which are
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Figure 13.3 The agonist concentration–response curve (red line with circles) is shifted parallel to the right by a competitive antagonist and the degree of shift increases
as the concentration of the antagonist increases (1× compared with 10×). The maximum is unaffected; the antagonism is surmountable. A non-competitive or
irreversible antagonist reduces the maximum response and reduction increases as the concentration of antagonist increases (1× compared with 10×). The curve may or
may not be shifted to the right. In this case it is not.
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Figure 13.4 An inverse agonist produces a response opposite to that of a
conventional agonist. The response of an inverse agonist can be reversed by a
competitive antagonist as shown in Figure 13.3.

anxiogenic rather than the usually anxiolytic profile associated
with benzodiazepines. It is important to distinguish inverse agonism from antagonism; an antagonist might reduce the size of an
agonist response but an inverse agonist would reduce a response
(in our example) in its own right. The effects of an inverse agonist
can be reversed (shifted to the right) by a competitive antagonist
(see Fig. 13.4).

A note on enzyme kinetics
Enzymes as drug targets will be discussed later in this chapter and there
are some similarities between ligand–receptor and substrate–enzyme
interactions. Enzyme–substrate interaction is described classically
by Michaelis–Menten where the concentration of substrate producing half of the maximum velocity of reaction (Vmax) is the Michaelis–
Menten constant KM. The modelling of these parameters is very
similar to that for ligand–receptor interaction described previously.

Drug targets
Drug targets can be divided into four main classes: enzymes, carriers, ion channels, and receptors and we will consider these individually in a little more detail.

Enzymes
An enzyme is a protein that facilitates the conversion of substrate
to product (rather like a catalyst). Enzymes are common drug
targets and anaesthesia has several examples. An enzyme can be
targeted usually for inhibition or utilized to produce a particular product. Methyldopa, used to treat pregnancy hypertension,
uses dopa-decarboxylase to produce a false transmitter, methyl
noradrenaline. This product is less active at the vasoconstrictor α1
adrenoceptor and more active at the autoinhibitory α2 adrenoceptor. Remifentanil is inactivated by plasma esterases to an inactive
opioid. Acetylcholinesterase is inhibited by neostigmine thereby
reducing acetylcholine breakdown.

Carriers
In this context this term is used for membrane-bound carrier proteins rather than plasma proteins as carriers of drugs, hormones, and
transmitters. Carriers are used to transport a range of substances into
cells and tissues. For example, proton pumps in the stomach and
glutamate in the brain. Of relevance to anaesthesia is catecholamine
reuptake. This is classified into neuronal uptake-1 and extraneuronal
uptake-2. Noradrenaline and dopamine is taken up by neuronal
uptake-1 in a Na+-dependent manner to clear the synaptic cleft of
released neurotransmitter. These are blocked by local anaesthetics.

Guanethidine used in Bier’s block (now largely historical) for
sympathetically maintained pain is also taken up into the cell by
uptake-1 where it subsequently accumulates into noradrenaline-
containing vesicles. During the accumulation phase, stores of
noradrenaline are displaced and a serious adverse cardiovascular
reaction results from increased ‘release’ of noradrenaline. In order
to minimize this, arms or legs are ‘isolated’ with a pressure cuff during treatment. The end result is a reversible sympathetic chemical
denervation and reduced sympathetically maintained pain.
Cocaine is a local anaesthetic with vasoconstrictor properties.
Cocaine-soaked swabs are packed into the nose where they block
neuronal uptake-1. Uptake-1 is involved in the clearance of synaptic (neuroeffector in this case) noradrenaline. Noradrenaline action
at vascular α1 adrenoceptors is enhanced and prolonged to produce
vasoconstriction and a stemming of bleeding. In this case, cocaine
is essentially acting as an indirect sympathomimetic.

Ion channels
Ion channels (Na+, K+, Cl−, and Ca2+) allow the flow of ions across
semipermeable (plasma) membranes and can be voltage dependent
or independent. Ions flow down their concentration gradient and
channels are responsible for the establishment of membrane potential (which is beyond the scope of this chapter) and act in a signalling
context. Na+ channels are not ligand gated and differ from ligand-
gated ion channels (LGICs)—which fall into the receptor class. The
latter and not the former are the target for neuromuscular blockers
(see ‘Common pharmacological interactions in anaesthesia, critical
care, and pain management’). Calcium channels are important in a
range of signalling events and are classified as T (transient), L (long
lasting), N/P (neuronal), and several others of uncertain anaesthetic relevance. From a clinical perspective L channels (blocked by
nifedipine, diltiazem, and verapamil) and N channels are worthy of
further mention. Release of presynaptic neurotransmitter is a Ca2+-
dependent phenomenon. Depolarization of the presynaptic terminal allows Ca2+ entry through N-type voltage-sensitive channels
and Ca2+-mediated exocytosis. This channel is particularly important as it is blocked by conotoxin which is used in an intrathecal
infused formulation (ziconotide) for the treatment of chronic pain
(Pope and Deer 2013). In addition, there has been some speculation that Ca2+ channels represent a target for anaesthetic action as
blockade of excitatory transmission is an accepted mechanism to
reduce consciousness. While there is some logic for this as a target
there is little evidence to support this notion. The main target site
for anaesthetic action is the receptor class of LGICs.
Voltage-dependent Na+ channels are the target for local anaesthetic agents. Local anaesthetics are classified as the shorter-acting esters or amides whose characteristics are covered in detail in
Chapter 17. Unionized local anaesthetic passes the plasma membrane where it becomes ionized and blocks the Na+ channel from
the inside. The block is described as use dependent and as such, a
degree of functional selectivity is achieved. The degree of block is
greater as the degree of Na+ channel and hence neuronal activation
increase; actively firing neurones are more profoundly blocked and
this is the basis of the analgesic/anaesthetic actions of these agents

Receptors
This is the largest of the four classes of drug targets that we have
considered and represents a drugable target of considerable interest to the industry. Receptors can be divided into four classes with
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variable anaesthetic relevance; LGICs, tyrosine kinase coupled
receptors, intracellular receptors, and GPCRs.

Ligand-gated ion channels
LGICs are membrane-bound tetrameric or pentameric proteins
that allow ions to flow down their concentration gradient after
ligand binding. The archetypal LGIC is the nicotinic acetylcholine
receptor (nAChR) which can be a neuronal or muscle type with the
latter being the target for neuromuscular blocking drugs. Binding
of acetyl choline allows Na+ to flow into the cell that leads to a
depolarization—in a ganglion this would facilitate post-ganglionic
depolarization and ganglionic transmission. At the muscle type,
neuromuscular blockers act as either agonists (suxamethonium)
or antagonists (e.g. rocuronium). In the case of suxamethonium,
nAChR activation leads to muscle fasciculation (an agonist action)
followed by receptor inactivation and hence blockade. Rocuronium
simply antagonizes the effects of endogenous acetyl choline (see
‘Common pharmacological interactions in anaesthesia, critical
care, and pain management’).
LGICs and the mechanism of anaesthesia
Anaesthesia results from enhanced inhibitory or reduced excitatory
transmission, or both, in areas of the brain involved in the control
of consciousness. A unifying target for general anaesthetic action
is the LGIC. The two members of the family that explain anaesthetic action are the γ-aminobutyric acid (GABA)A and NMDA
glutamate receptors. GABAA receptors are ligand-gated Cl− channels whose activation by the major inhibitory transmitter GABA
enhances an inward Cl− conductance leading to hyperpolarization
and depressed central activity. With the exception of xenon, nitrous
oxide, and ketamine all other anaesthetics potentiate this inward
Cl− conductance. GABAA receptor activation by GABA is required
for maximal inward current flow. There is a correlation between
enhanced GABA-
mediated Cl− conductance and anaesthetic
potency. Ketamine, nitrous oxide, and xenon inhibit glutamate-
mediated activation of NMDA receptors. Glutamate is the major
excitatory transmitter in the mammalian brain and increases Ca2+
(and Na+) influx leading to central excitation.
LGIC and pain: transient receptor potential V1 receptors
LGIC activation underlies the sensing of pain via the transient
receptor potential V1 receptor (formerly VR1) (TRPV1) or the
receptor for capsaicin. TRPV1 receptors are located on C and
some Aδ nociceptive afferents where they transduce nociceptive
signals. TRPV1 receptors are activated endogenously by increased
temperature, low pH (protons or acidosis) and possibly endocannabinoids. The receptor is sensitized by inflammatory mediators
such as prostaglandins and bradykinin. This wide range of inflammatory primary activators and secondary modulators has led to its
description as the molecular integrator of inflammatory pain. The
main exogenous activator is capsaicin, the hot component of chilli
peppers. In the clinic this receptor is usually targeted with capsaicin cream which acts as an agonist. The activation is long-lasting,
leading to receptor desensitization and an eventual loss of primary
afferent transmitter (glutamate and substance P) in the spinal cord,
producing a degree of reversible chemical denervation. This treatment is used in several pains including post-herpetic neuralgia and
arthritis but is limited by pungency. Activation of a primary nociceptive afferent with capsaicin is akin to inducing pain and patients
do not generally tolerate this, at least where repeated application is

required. An alternative strategy is to use a capsaicin antagonist.
TRPV1 receptors are up-regulated in inflammation where acidosis, raised temperature, and inflammatory mediators produce activation. The potential benefit of this approach lies in the use of an
antagonist as this will not activate the receptor and will be devoid
of pungency. However, such molecules have yet to reach the clinic
(Lambert 2009).

Tyrosine kinase receptors
Tyrosine kinase receptors are targets for insulin and growth factors, for example, platelet-derived growth factor (PDGF). A typical tyrosine kinase receptor spans the membrane once with ligand
binding on the extracellular domain and a tyrosine kinase domain
on the intracellular portion of the receptor. Two liganded receptors
must dimerize with the tyrosine kinase activity phosphorylating its
dimer partner on tyrosine residues. When activated, this recruits a
number of SH2 domain proteins to initiate the signalling cascade;
in the case of insulin this could be recruitment of glucose transporters to the plasma membrane. One of the best known tyrosine kinase
inhibitors is imatinib (Glivec®/Gleevec®) which affects PDGF signalling and is used in some forms of malignancy (Capdeville et al.
2002).

Intracellular receptors
Intracellular receptors fall into two groups: steroid receptors and
receptors on intracellular Ca2+ stores (IP3 and ryanodine receptors). Steroid receptors reside in the cytoplasm at rest and contain a
ligand-binding domain and a DNA-binding domain (zinc fingers).
Activated steroid receptors enter the nucleus and intercalate DNA
to initiate gene transcription. This is a relatively slow process when
compared with LGICs, tyrosine kinase, and GPCRs. Anaesthetic
steroids (e.g. alfaxalone and eltanolone) may well activate a range
of steroid receptors but this is not the mechanism by which they
produce anaesthesia, rather they potentiate GABAA-mediated Cl−
conductance as previously described.
Intracellular Ca2+-release channels include the IP3 receptor and
ryanodine receptor. Both are Ca2+ permeable and allow Ca2+ to
flow from the exchangeable endoplasmic—sarcoplasmic reticulum
to the cytosol (down a large concentration gradient). IP3 receptors
are activated by the second messenger IP3 and are Ca2+ sensitive.
Ryanodine receptors are activated by elevated cytosolic Ca2+ to
produce Ca2+-induced Ca2+ release (and also the plant alkaloid
ryanodine). Abnormal ryanodine receptor activity is partly responsible for malignant hyperpyrexia and dantrolene is a ryanodine
receptor antagonist.

G protein-coupled receptors
It is estimated that approximately 30% of known drugs interact
either directly or indirectly with GPCRs and as such, this is a particularly important drug target, particularly in anaesthetic practice.
These receptors are composed of a single protein that spans the
plasma membrane seven times (they are often called TM7 or serpentine receptors) with an extracellular N-terminus and an intracellular C-terminus. Ligand binding occurs on the extracellular
loops and parts of the transmembrane domains (the exact site is
dependent on the receptor). Agonist binding leads to a conformational change allowing an interaction of a heterotrimeric guanine
nucleotide-binding protein (G protein). The G protein is composed
of α and tightly coupled β/γ subunits. Guanine nucleotides bind to
the α subunit which has intrinsic GTPase enzyme activity. At rest,

207

208

208

PART 2

applied pharmacology in anaesthesia

Ligand binds to
receptor
(e.g. morphine
to MOP)

Receptor
couples to
G protein
(in this case Gi
and exchanges
GDP for GTP on
the α-subunit)

GTP

Activated
α-subunit
interacts with
effector
(in this case
adenyly cyclase,
VSCC, K+
channels)

GDP

Effector
modifies
second
messenger
(in this case
reduces cAMP,
closes VSCC and
opens K+
channels)

End-organ
response
(in this case
reduced
neurotransmission
in pain
pathway and
analgesia)

Signal terminated by α-subunit
GTPase converting GTP back to GDP

Figure 13.5 Basic steps in G protein-coupled receptor signalling. Opioid MOP receptor and morphine are given as an example.

GDP is bound to the α subunit which is replaced with GTP when
the receptor is activated by an agonist. The α-GTP (and sometimes
β/γ) subunit is then able to activate an effector (adenylyl cyclase,
phospholipase-C, Ca2+ channel) which produces a second messenger (cAMP, IP3/diacylglycerol, Ca2+) ending in a particular
response. The intrinsic GTPase acts as an off switch (with activity
modulated by a range of other signalling proteins) converting GTP
back to GDP. The α-GDP can then reassociate with the β/γ subunits
(which have some signalling properties of their own) to be ready
for a new cycle of activation; this is the G-protein cycle. The type of
coupling and hence signalling is determined by the type of G protein used by the receptor. The main types of relevance here are Gi,
Gs, and Gq (but there are many others including transducin, Golf,
and Gz). Gi and Gs couple to adenylyl cyclase to inhibit (opioids) or
stimulate (β-adrenoceptor agonists) the production of the second
messenger cAMP. Gq couples to phospholipase C which cleaves the
membrane phospholipid phosphatidyl inositol 4,5 bisphosphate to
inositol 1,4,5 triphosphate and diacyl glycerol. IP3 releases Ca2+
from endoplasmic–sarcoplasmic reticulum stores, and diacylglycerol activates protein kinase C. The Gq pathway is used by receptors
such as the M3 muscarinic and α1 adrenergic. Second messengers
act further via a range of kinase enzymes. Protein kinase A is cAMP
sensitive and Ca2+/calmodulin-sensitive kinase is activated by Gq
coupled receptors. Where this system loses in complexity it gains
in the ability to amplify and allow cross talk between receptor systems. Indeed, one activated receptor may activate more than one G
protein to activate more than one effector to produce multiple second messenger molecules. In addition, many of the effectors of one
system are sensitive to the second messengers (or their activated
kinases) of another; for example, Gq coupled increases in Ca2+
can activate Ca2+-sensitive isoforms of adenylyl cyclase. G protein
Gα subunits also couple to several ion channels; for example, Giα
activated by opioids, inhibits voltage-sensitive Ca2+ channels (N/
P type) and inwardly rectifying K+ channels. There is now good
evidence to indicate that opioid receptors interact with one another

as dimers (Dietis et al. 2011). The GPCR pathway is illustrated in
Figure 13.5 (McDonald and Lambert 2005.
Some examples of GPCR signalling leading to clinical responses
Opioids Opioid receptors as important anaesthetic GPCRs have
undergone several rounds of classification and reclassification.
There are three classical or naloxone-sensitive opioid receptors—
MOP (µ), DOP (δ), and KOP (κ) (Dietis et al. 2011)—and the non-
classical naloxone-insensitive receptor for nociceptin/orphanin FQ
(N/OFQ), NOP (Lambert 2008). There is a large (old) literature base
suggesting subtypes of the classical receptors (e.g. µ1, µ2, and µ3) but
with the advent of gene knockout technology these are only of historical importance. Knockout of a single gene (e.g. that for MOP or
µ) removes all MOP receptor activity, both analgesia and respiratory
depression. There are endogenous ligands for all opioid receptor
types—endomorphin for MOP, enkephalin for DOP, dynorphin for
KOP, and N/OFQ for NOP—although there are issues with selectivity and the absence of a precursor for endomorphin. All opioid
receptors, classical or otherwise, are capable of producing variable
degrees of analgesia and other effects (respiratory depression, nausea and vomiting, tolerance, dependence, constipation, etc.) but the
MOP is the only clinical target of substance. The vast majority of
clinical opioids act at MOP with a few discussed later in this chapter
having some limited activity at (mainly) KOP. At the time of writing there are no selective clinically available DOP or KOP agonists.
The analgesia (or antinociception as the highest species used in pain
studies is the monkey) produced by N/OFQ is regional. Intrathecal
N/OFQ produces analgesia similar to morphine and the distribution of NOP is similar to MOP. However, supraspinal N/OFQ is
anti-opioid and produces an apparent hyperalgesia.
How does opioid receptor activation produce analgesia? Consider
a simple postoperative nociceptive pain response driven by Aδ
fibres, C-fibres, or both, with the primary synapse in the spinal cord
expressing MOP opioid receptors. The patient is administered morphine which distributes to the central nervous system (spinal and
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supraspinal sites); we will consider the spinal actions. Morphine
activates the MOP receptor which then couples to Gi G-protein
to exchange GDP for GTP. The α-GTP subunit dissociates from
the G-protein heterotrimer and interacts with presynaptic N-type
voltage-sensitive Ca2+ channels to inhibit their activity; activates
an inwardly rectifying K+ channel to hyperpolarize the pre-(and
possibly post-) synaptic terminal and inhibits adenylyl cyclase to
reduce cAMP. The nociceptive signal is driven by the presynaptic
release of glutamate and substance P (and others) which is a depolarization and Ca2+ entry-driven process. In a presynaptic terminal
with an opioid receptor activated the terminal will be hyperpolarized so the nociceptive signal will need to be large enough to
overcome this. If this occurs the depolarization would be ‘met’ by
pre-closed N-channels which would stall Ca2+-mediated exocytosis (of the nociceptive transmitters). In addition, decreased cAMP
reduces the repolarization of the plasma membrane after an action
potential, thereby reducing the frequency of a nociceptive signal
reaching the hyperpolarized terminal with pre-closed Ca2+ channels. The combination of these molecular events (and others) is the
clinical basis of analgesia. At a supraspinal level, opioids potentiate
descending inhibitory control and this is also caused by a similar
inhibitory mechanism—essentially inhibition of an inhibitory tone
in the medulla.
Noradrenaline and vascular smooth muscle In the vasculature,
α1-adrenoceptor activation with noradrenaline allows coupling
to Gq G-protein which then exchanges GDP for GTP. The α-GTP
subunit dissociates from the G-protein heterotrimer and interacts
with phospholipase C to produce IP3. IP3 then interacts with an IP3
receptor to release Ca2+ from intracellular stores—elevated Ca2+
leads to smooth muscle contraction and a pressor response.
β1 and β2 receptors β1 adrenoceptors are found in the heart and
activation has positive inotropic or chronotropic effects, or both,
whereas β2 adrenoceptors are found in the airways where activation produced bronchodilation. Both are activated by catecholamines but the rank order differs. For β1 this is isoprenaline >
adrenaline = noradrenaline and for β2 this is isoprenaline >
adrenaline >> noradrenaline. This is an important distinction in
particular for the treatment of patients with asthma and hypertension. The possibility exists that low-selectivity β-blockers for
hypertension may exacerbate asthma-induced bronchoconstriction and low-selectivity β-agonists used in asthma may exacerbate hypertension. Activation with the appropriate catecholamine
allows coupling to Gs G-protein which then exchanges GDP for
GTP. The α-GTP subunit dissociates from the G-protein heterotrimer and interacts with adenylyl cyclase to increase cAMP. In
the airway this increase reduces intracellular Ca2+ and in the heart
enhances the sensitivity of the contractile machinery.

Common pharmacological interactions
in anaesthesia, critical care, and pain
management
Reversal of neuromuscular blockade
The pharmacology of neuromuscular block and reversal illustrate many of the points raised related to basic pharmacological concepts. Rocuronium is a non-depolarizing neuromuscular
blocker that acts as a competitive antagonist at the nAChR at the

neuromuscular junction. At the effect site, rocuronium competes
with endogenous acetyl choline to effectively shift the concentration–response curve for supporting muscle contraction to the
right. The degree of contractility is less for a given concentration of acetyl choline (agonist) in the presence of rocuronium,
resulting in loss of neuromuscular function leading to the
desired clinical end-p oint of relaxation. Using the same principle of competitivity, the rightward shift can be compensated
for by increasing the amount of acetyl choline (as long as the
amount of rocuronium presented to the receptor as an antagonist remains unchanged its action can be overcome by increased
agonist). It is not possible to infuse acetyl choline so its concentration at the effect site is increased by blockade of the enzyme
acetylcholinesterase with neostigmine; this restores neuromuscular function. One of the side-effects of neostigmine is that
it blocks acetylcholinesterase at all sites acting as an indirectly
acting parasympathomimetic. In the cardiovascular system this
would lead to muscarinic receptor-mediated bradycardia; these
effects are routinely reversed by the competitive muscarinic
antagonist glycopyrronium bromide (again, this shifts the acetyl
choline-mediated bradycardic response curve to the right). An
alternative and pharmacologically far simpler way to reverse
rocuronium-induced block is to use sugammadex which effectively encapsulates the blocker removing it from the receptor site.
As it is not necessary to increase acetyl choline then there will be
no cardiovascular side-effects.

Mixing full and partial agonists
Consider the purely hypothetical scenario of a patient medicated
with buprenorphine in a non-hospital setting for analgesia. The
patient then arrives at hospital and the anaesthetist titrates their
pain to comfortable with morphine—the patient takes a little more
than usual. After the anaesthetist leaves, the patient goes into respiratory depression. What is the pharmacology underlying this
situation?
The first and most important point here is that buprenorphine
is a partial agonist at MOP. As we discussed earlier, one of the
properties of partial agonists is that they can reverse the effects
of full agonists. In this case, morphine is the full agonist and as
such buprenorphine is acting competitively to shift the morphine
dose–response curve to the right. Effectively this means that
higher doses are required to produce the same degree of analgesia (patient takes a little more than usual). In the meantime the
initial dose of buprenorphine is metabolized and leaves the effect
site (MOP receptor) leaving a higher dose of morphine than is
required to keep the patient comfortable. The result of this is respiratory depression (see Fig. 13.6).

Mixed opioids
In some circumstances a single molecule can behave as both an
agonist and antagonist (this excludes the preceding description
where low-intrinsic-activity partial agonists behave as antagonists
at low expression). This occurs where there are subtypes of receptors and anaesthesia-opioid receptors is one of the best described
examples.
Mixed behaviour can be achieved in its simplest form by co-
administration of two individual drugs. However, there is growing interest in designing opioids that interact with more than one
subtype of opioid receptor, that is, moving away from the mainstay
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Figure 13.6 In terms of analgesia (response), morphine is a full agonist and
buprenorphine is a partial agonist (as depicted in Fig. 13.2). When morphine is
given to a patient with buprenorphine ‘on board’ the morphine curve is shifted
to the right (remember—partial agonists antagonize the effects of full agonists).
Note that the curve for the combination starts from a higher baseline (equivalent
to the efficacy of buprenorphine noted by the double-headed arrow). When
the buprenorphine is cleared, the concentration of morphine is elevated and
side-effects (respiratory depression) could potentially ensue.

opioid analgesic profile of a high-affinity, high-selectivity MOP
agonist. Molecules that interact with more than one target can be
bifunctional (a truly non-selective ligand) or bivalent in which
two pharmacophores (chemical motifs that bind to a receptor) are
joined together. Anaesthesia also has one of the few trifunctionals in buprenorphine which has activity at MOP, KOP, and NOP
receptors.
MoxDuo® (Richards et al. 2011) is a mixture of morphine and
oxycodone (3:2) which has been used in acute, moderate to severe
pain. The reported benefit of this mixture is a reduction in nausea, vomiting, and dizziness. Targinact® (Sandner-Kiesling et al.
2010) is a mixture of oxycodone and naloxone. In oral formulation,
both access opioid receptors in the gastrointestinal tract but naloxone blocks the inhibitory effect of oxycodone improving its gastrointestinal tolerability (reduced constipation). Both oxycodone and
naloxone are absorbed; naloxone is eliminated by the liver leaving
oxycodone to deliver its analgesic properties. There seems to be little difference between oxycodone and Targinact® in terms of analgesia but there is a decrease in bowel function index with Targinact®
(but see Anonymous 2010).
Tramadol and tapentadol are two bifunctional molecules from
Grünenthal. They target opioid and non-opioid pathways. Both
activate MOP opioid receptors and inhibit the reuptake of catecholamines to potentiate descending inhibitory pain control. However,
there are important differences. Tramadol requires metabolism
to the M1 metabolite for significant activity at MOP and several
groups are deficient in this enzyme; tapentadol does not require
metabolism. Tramadol is enantioselective for reuptake inhibition and inhibits the uptake of both noradrenaline and serotonin.
Tapentadol is noradrenaline selective. In extensive clinical trials
tapentadol has been shown to be non-inferior to oxycodone with a
side-effect profile similar to MOP agonists but with reduced gastrointestinal adverse events (Raffa et al. 2012).
Long-term MOP activation leads to tolerance and this requires
dose escalation resulting in increased side-effects and tolerance;
a vicious cycle is set up. If the DOP receptor or its endogenous

agonist enkephalin is knocked out, then tolerance to morphine
(in experimental animals) is prevented. In addition, co-administration of morphine with an experimental DOP antagonist,
naltrindole, also reduces morphine tolerance. There are several research groups now designing MOP/D OP bivalents and
bifunctionals.
In this context the NOP receptor deserves further comment.
As NOP receptor activation (in the spinal cord at least) produces
analgesia (or antinociception in animals) there is a possibility for
analgesic synergism between MOP and NOP agonists. The advantages are that lower doses of MOP agonists can be used with a
reduction in MOP side-effects: respiratory depression, nausea
and vomiting, and tolerance. These side-effects are not associated
with NOP receptor activation. In addition, spinal N/OFQ (unlike
morphine) in non-human primates is not associated with itching. One such mixed MOP/NOP agonist has been used in animals
with an excellent analgesic profile. The potential for MOP agonists/NOP antagonists is also exciting as some NOP antagonists
supraspinally are antinociceptive in their own right. Moreover,
NOP knockout animals and NOP antagonists reduce tolerance to
morphine so mixed MOP agonists/NOP antagonists have clinical potential in a manner similar to mixed MOP/D OP ligands
(Lambert 2008).
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CHAPTER 14

Inhaled anaesthetics
Jan F. A. Hendrickx, André van Zundert,
and Andre De Wolf
A note on measurements
The partial pressure of inhaled anaesthetic drugs (IADs) and other
gases/vapours will be expressed as a fraction (0–1) of 1 atmosphere,
whether they are in gas or dissolved phase.

Introduction
IADs are administered via the lungs to provide ‘general anaesthesia’. They are considered complete anaesthetics because, in and by
themselves, they can in most patients ensure all clinical end-points
that are required for ‘general anaesthesia’ (unconsciousness, immobility, and haemodynamic stability).
While most textbooks follow the partial pressure cascade
down from the vaporizer to the central nervous system (CNS),
our approach is to first define the clinical goals, and then work
our way up to the vaporizer. The dose/response (D/R) curve of
each clinical end-point is conveniently defined by its mid-point,
the alveolar gas partial pressure (Fa) that ensures response suppression in 50% of the patients (MACawake, MAC, and MACBAR;
see later in chapter for definitions). By understanding the D/R
curves and the factors that influence them (pharmacodynamics),
the target Fa and the dose of other drugs can be selected in each
individual patient.
This target Fa is achieved by adjusting the carrier fresh gas
flow (FGF) (O2, air, N2O) and agent delivered partial pressure Fd.
‘Pharmacokinetics’ is the study of the factors that affect the partial pressure cascade from the vaporizer down to the site of action.
Because IADs are transported down a partial pressure gradient, Fa
will always try to approach inspired gas partial pressure (Fi), a process that is described by the Fa/Fi ratio over time. Both Fa and Fi
are routinely measured.
N2O is mostly discussed in a separate section (see ‘Nitrous
oxide—the good, the bad—and the better?’). N2O remains widely
used, with scientific scrutiny rather than belief finally delineating
its advantages and disadvantages. Xenon, the near-ideal agent, is
discussed briefly because it may enter clinical practice despite its
cost, thanks to its potential advantages in a yet to be defined subgroup of high-risk patients. The carrier gas N2 is often overlooked,
but deserves careful analysis to help the reader understand how
rebreathing affects its kinetics in a circle breathing system. The final
sections consider the effects of agents on organ function and interactions with CO2 absorbents.

Physicochemical properties
and tissue characteristics
The physicochemical properties, MAC values, and partition coefficients between various tissues and blood or gas of the most commonly used IADs are presented in Table 14.1 (Eger et al. 1962;
Titel and Lowe 1968; Malviya and Lerman 1990; Targ et al. 1989;
Laster et al. 1994; Eger and Saidman 2005). The lower part of the
table presents organ capacity, transport to the organ, and time constants of each tissue group for each agent, as calculated by the four-
compartment model (also see ‘Fv̄—duration of administration’).
The model assumes that tissue volumes vary linearly with body
weight, and that cardiac output changes according to Brody’s formula (cardiac output = 0.2 × weight (kg)0.75) (Lowe and Ernst 1981).

Pharmacodynamics
From mechanism of action to clinical end-points
In 1993, it became clear that different components of anaesthesia
as produced by IADs are mediated in different parts of the CNS
(Antognini and Schwartz 1993; Rampil et al. 1993). Antognoni
and Schwartz (1993) observed that the isoflurane partial pressure
that ensured immobility after noxious stimulation is lower when
both the brain and spinal cord receive isoflurane than when just the
brain receives isoflurane, indicating that IADs must therefore mediate immobility mainly at the level of the spinal cord. Rampil et al.
(1993) came to a similar conclusion using decerebration experiments in rats. These two landmark studies prompted researchers to use a mechanistic approach to describe the mechanism of
action of IADs: instead of searching for a single (‘unitary’) mechanism underlying the action of all IADs, researchers now focus on
the effects of these agents at the different levels of the information
processing cascade—cell membrane, cellular networks, and higher
centres of information integration (Fig. 14.1).
Earlier research on molecular mechanisms of action was the result
of the observation that at equipotent partial pressures the concentration of IADs in olive oil is identical (Meyer–Overton rule) (Fig. 14.2)
(Campagna et al. 2003). Research therefore focused on the lipid bilayer
of biological membranes as the possible site of action. However,
some compounds (such as alcohols) are more potent than predicted
by the hypothesis, and other compounds (transitional compounds)
are less potent than predicted. Still others (non-immobilizers) lack
anaesthetic effects altogether (Yang and Sonner 2008).
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Table 14.1 Physicochemical properties and tissue characteristics of modern IADs. Eger has hypothesized the existence of another tissue group,
the intertissue diffusion group—see text for details
Name

Isoflurane

Sevoflurane

Desflurane

Nitrous oxide

3D

Formula

F
H

C
F

O

CI

F

C

C

H

F

F
F

H

H
F

C
H

O

C

C

F
F

H

F

F
F
C

C

O

H

F

C

C

F

F

N ≡ N = O
F

F

F

Density at 20°C

g ml−1

1.5019

1.5203

1.4651

MW

g

184.5

201

168

Vapour/liquid

ml ml−1

195.4

181.5

209.3

Liquid/vapour

ml ml−1

5.12

5.51

4.78

Boiling point at 760 mm Hg

°C

48.5

58.5

23.5

−88

Vapour pressure at 20°C

mm Hg

238

160

664

39 000

MAC (%)

1.15

2

6

105

λBlood/gas

1.4

0.65

0.45

0.46

λBrain/blood

1.57

1.69

1.22

1.07

λVRG/blood

1.6

1.7

1.3

λMuscle/blood

2.57

2.62

1.73

1.15

λFat/blood

50

52

29

2.39

λBrain/gas

2.2

1.1

0.55

0.49

λVRG/gas

2.24

1.1

0.58

λMuscle/gas

3.6

1.7

0.78

0.53

λFat/gas

70

37

13

1.1

44

For a 100 kg patient, organ volumes and blood flows for the tissues used in the calculations below are as follows (expressed as organ [volume in dL, blood flow
in dL/min)]: Brain [21, 10], VRG [77, 23], Muscle [426, 8], Fat [150, 3].
Capacity at 1 MAC (ml vapour) (40-year-
old) = MAC × organ volume × λTissue/gas

Brain

53

46

69

1080

VRG

200

170

270

–

Muscle

1764

1448

1994

23 707

Fat

12 075

11 100

11 700

17 325

Brain

16

13

27

483

VRG

43

79

182

–

Muscle

24

42

83

966

Fat

173

312

522

753

Brain

3.3

3.5

2.6

2.2

VRG

5.3

5.6

4.3

–

Muscle

137

140

92

61

Fat

2500

2600

1450

119.5

Degree of saturation of the FG after 6 h

%

13

13

22

95

Degree of saturation of the FG after 24 h

%

44

43

63

100

Time till full saturation of the FG

Days

7

7

3–4

0.33

Transport to organ at 1 MAC (ml vapor
min−1)

Time constant
= (organ volume × λT/B)/blood flow

The molecule images have been released into the public domain by its author, Benjah-bmm27 and they may be used for any purpose without conditions. This applies worldwide.
Isoflurane: https://commons.wikimedia.org/wiki/File:Isoflurane-3D-vdW.png
Sevoflurane: https://commons.wikimedia.org/wiki/File:Sevoflurane-3D-vdW.png
Desflurane: https://commons.wikimedia.org/wiki/File:Desflurane-3D-vdW.png
Nitrous: https://commons.wikimedia.org/wiki/File:Nitrogen-dioxide-3D-vdW.png
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Figure 14.1 Where do IADs work? A mechanistic approach to the definition of anaesthesia as exerted by inhaled anaesthetics: different components of anaesthesia
are mediated at different levels of signal processing. Linking the different levels of signalling processing is an ongoing challenge. Different techniques are used to study
how inhaled agents influence this process at each of the different levels; these processes may include but are not limited to EEG, EPs (evoked potentials); PET (positron
emission tomography); fMRI (functional magnetic resonance imaging); EPSP and IPSP (excitatory and inhibitory postsynaptic potential, respectively).
With permission of Springer Science+Business Media: J. F. Antognini, E. Carstens, D. E. Raines (eds), Neural Mechanisms of Anesthesia, © Springer 2003.

More recently, attention has shifted to transmembrane proteins,
whose function would be altered (1) through an effect via lateral
pressure on the protein exerted by the anaesthetic agent within the
lipid bilayer (which, still, keeps open the possibility of a unifying
mechanism of action); (2) through direct binding (Eckenhoff 2008;
Eger et al. 2008a, 2008b); or (3) through occupation of protein cavities by the anaesthetic agent (Eckenhoff 2008). Most likely, the IADs
affect the function of transmembrane ligand-gated ion channels
(Perouansky 2011), but how exactly this results in general anaesthesia is still unclear. In addition, IADs bind to many other proteins without necessarily contributing to general anaesthesia, for
example, albumin or luciferase (Sonner 2008). A review of plausible
receptor proteins is beyond the scope of this chapter (Campagna
et al. 2003; Eger et al. 2008a)). Clearly, the exact molecular mechanisms of action of IADs remain a puzzle, without an apparent relation between molecular structure and effect.
Whether or not a neurone fires depends on the function of the
ion channels but also on excitatory, inhibitory, and modulatory
inputs. Therefore, local neuronal networks determine the ultimate

response (Gottschalk and Haney 2003). IADs do interact with local
neuronal networks at several levels: spinal cord, brainstem, and cerebral cortex. The clinically relevant end-points of anaesthesia are
the result of the effects of IADs on the information processing chain
in several different areas of the CNS (Fig. 14.1).

Immobility
Immobility is mediated mainly at the level of the spinal cord
(Antognini and Schwartz 1993), where IADs do not block the entry
of afferent signals into the spinal cord, but interfere with central
pattern generators (neuronal networks that execute automated
movements). The stimulus applied to provoke movement is usually
surgical incision in humans, and a noxious stimulus to the tail in
animals (mechanical clamp or electrical current).

Unconsciousness
To produce unconsciousness, IADs likely work in several areas of the
brain (‘gates’), including the basal nuclei (thalamus, cuneus, precuneus, etc.), and the cerebral cortex (posterior cingulate cortex, frontoparietal cortex) (Mashour 2010; Mashour et al. 2011). One theory
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Figure 14.2 The Myer–Overton hypothesis. The constancy of the product of the λoil/gas and the partial pressure that suppresses movement after noxious stimulation
(=MAC, a measure of potency—see text) of IADs with vastly different chemical structures suggests they their effects are mediated in a lipid environment (unitary theory
of anaesthesia).
From New England Journal of Medicine, Campagna, JAM, K. W., Forman, S. A. Mechanisms of actions of inhaled anesthetics. Issue 348, pp. 2110–2124, Copyright © 2003. Massachusetts Medical
Society. Reprinted with permission from Massachusetts Medical Society.

assumes they interfere with the function of the thalamus (‘closure
of the thalamic gate’), yet another theory assumes a more diffuse
effect at the cortical level, whereby IADs interfere with multimodal
integration. The latter is based on the definition of consciousness as
‘information integration’: the global integration of many functionally specialized cognitive modules is consciousness (Mashour 2006;
Tononi 2008, 2011). Thus, analogous to immobility, loss of consciousness is not based simply on blockade of sensory input, but rather is
the result of interruption of higher-order signal processing in the
brain. In humans, unconsciousness is defined as ‘loss of response to
verbal command’ or as ‘syringe drop’, while in animals it is defined
as loss of the righting reflex (animals are naturally inclined to right
themselves). Loss of consciousness may depend on the intensity of
the stimulus that is applied (Antognini et al. 2003; Gelb et al. 2009).

Amnesia
Amnesia is mediated at several anatomical sites, and different
agents have different amnestic properties (Mashour 2010, p. 55;
Mashour et al. 2011). Memory formation is more sensitive to IADs
than maintaining consciousness, making it highly unlikely that
there can be recall of events that occurred while unconscious.

Pain
Pain is defined by the World Health Organization as ‘an unpleasant
sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage’. Because
this definition implies that pain is a conscious perception (Bonica
1979), yet general anaesthesia implies unconsciousness, there can
be no pain perception during general anaesthesia: pain (nociceptive) pathways are activated but do not result in the conscious
experience of pain. To be semantically consistent, fentanyl and
analogues used intraoperatively ought to be referred to as opioids
(not analgesics), and an incision is a noxious stimulus (not a painful
stimulus). Pain control is an issue during emergence from general
anaesthesia and postoperatively.

Autonomic reflex control
From a utilitarian point of view, clinicians are left then with the
question: which end-points constitute anaesthesia and thus should
we target? The definition of general anaesthesia evolves as we gain
additional knowledge. ‘Anaesthesia’ has long been defined by the
four A’s—amnesia/hypnosis, analgesia, akinesia (immobility), and
autonomic reflex control (Snow 1847; Guedel 1937; Woodbridge
1957; Prys-Roberts 1987; Kissin 1993; Stanski and Shafer 2005,
p. 1234; Eger and Sonner 2006). Perouansky (2011) includes three
components: hypnosis, amnesia, and immobility. Eger and Sonner
(2006) define anaesthesia as amnesia and immobility and exclude
hypnosis (because it is difficult to examine whether you have been
awake if you are amnestic about it) as well as autonomic reflex
control (heart rate and blood pressure) because (1) a mild degree
of hypertension and tachycardia is well tolerated by most of our
patients; (2) vasodilators and β-blockers (non-anaesthetics) are
equally well suited to achieve this end-point; and (3) ketamine
causes hypertension and tachycardia, yet is an anaesthetic. Stanski
and Shafer (2005) narrowed down the clinical end-points to three
stimuli/response pairs with progressively increasing stimulus
intensity (Fig. 14.3): lack of response to verbal command, suppression of movement after noxious stimulation, and suppression of
hypertension and tachycardia after endotracheal intubation (Gelb
et al. 2009). Because IADs can suppress all three responses in and
by themselves in most patients they are labelled ‘complete’ anaesthetics (no single i.v. drug can do this).
In summary, anaesthetic depth is the probability of suppression by anaesthetic drugs of clinical responses to three stimuli
of varying intensity (Fig. 14.3). Recently, this approach has
been challenged (Sleigh 2011): anaesthesia rather encompasses
a whole series of almost binary switches in various subsystems
within the nervous system, like a household switch-board, and
includes other end-points such as postoperative hyperalgesia,
immune response, and so on. New insights into what constitutes
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Figure 14.3 Anaesthetic depth defined. Anaesthetic depth can be defined as the increasing probability of suppression of the response to progressively more intense
stimuli (verbal command < incision < intubation) by increasing partial pressures (Fa) of an IAD. The Fa at which there is a 50% probability (P50) of response suppression is
the MAC, with the suffix after MAC defining the response (except for movement, which has no suffix). P (y-axis) is the probability of no response.

consciousness will undoubtedly further challenge these concepts
(Sanders et al. 2012b), but at this moment the approach by Stanski
and Shafer (2005) provides the clinically most useful framework
(Gelb et al. 2009).

The D/R relationships: MACawake, MAC, and MACBAR

With three clinical end-points (unconsciousness, immobility, and
haemodynamic stability) defined, D/R curves can be constructed
(Fig. 14.4). One of the advantages of IADs is that this ‘dose’ can be
readily measured with multigas analysers—this dose is the partial
pressure in the end-expired gas, Fa, after it has equilibrated with the
CNS (see ‘MAC expanded I: effect-site partial pressure’ for details).

Immobility: MAC
The first D/R relationship was described for immobility with halothane (Merkel and Eger 1963; Saidman and Eger 1964; White
2003). The Fa at which movement is suppressed in 50% of subjects
after a noxious stimulus (surgical incision in humans or clamping
or tetanic stimulation of the tail in animals) is the minimal alveolar
concentration or MAC. Before applying the stimulus, Fa must have
been constant for 15 min to ensure Fcns = Fa (arterial partial pressure; the CNS is 95% saturated after 3 halothane τCNS = 15 min).
MAC never received the suffix of the response it refers to, that is,
MACimmobility (Campagna et al. 2003). The MAC is the Fa at which
50% of the population exhibits response suppression, but can also
be interpreted as the Fa at which the probability that the individual does not move after noxious stimulation is 0.5 (Sonner 2002).
Because a fraction of the MAC also is the probability of response
suppression in the individual patient, Fa itself can be used as a
measure of the likelihood of no response: Fa itself becomes a good
measure of depth of anaesthesia (White 2003).
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Figure 14.4 The dose–response curves for the three clinical end-points of general
anaesthesia. Each D/R curve is defined by its slope and its midpoint. The midpoint
is the 50% probability of response suppression in the individual patient (and also
is the 50% probability of a population who no longer exhibit the response); the
slope of the D/R curve is a measure of variability within a population. The slopes for
the three D/R curves are drawn parallel, but it remains unclear whether they truly
are. Values for the three end-points for three IADs are presented at the bottom
(healthy volunteers—see text). Reported MACBAR/MAC ratios are somewhat
inconsistent and vary from 1.3 to more than 2 MAC for sevoflurane and desflurane,
respectively. Arrow: it is possible (yet unproven) that a noxious stimulus shifts the
MACawake curve to the right. Because the Fa that ensures loss of response to verbal
command in all patients (*) is lower than the Fa that ensures immobility in any
patient after applying a noxious stimulus (**), awareness is unlikely if an unparalysed
patient does not move in response to a noxious stimulus.
Copyright © Jan Hendrickx, Andre De Wolf, 2015.
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The entire D/R curve is defined by the median [MAC or effective dose (ED)50] and the slope of the curve (the Hill coefficient of a
sigmoidal curve fit) (Sonner 2002). The slope is a measure for variability within a population, and is remarkably steep. MAC differs
between ethnic groups (Ezri et al. 2007) or between groups with a
different genetic make-up (e.g. redheads) (Liem et al. 2004), but varies by not more than 10–15% within the same population (Sani and
Shafer 2003; Kaminoh et al. 2004). Only 0.3 MAC above 1 MAC suffices to ensure immobility in 95% of the patients (de Jong and Eger
1975). ‘The IADs are unique in pharmacology in their incredibly
small amount of pharmacodynamic variability … Someday, when
we understand the mechanism of IAD action, we will look back on
this low variability in MAC and think “it was so obvious that the
mechanism had to be X, because only that could have accounted for
the low variability” ’ (Sani and Shafer 2003, p. 1249).
By providing a measure for equipotency at one well-defined clinical end-point, MAC serves as the standard of IAD potency. The MAC
concept (1) facilitates comparisons between agents with regard to
their clinical effects; (2) defines the relevant concentration range to
be used in the lab; (3) guides us in our search for mechanisms of
action; and (4) characterizes drug interactions (see ‘The effect of opioids’ and ‘Translating MAC into a target Fa in the individual patient’)
(Bachman et al. 1971; Sani and Shafer 2003). Despite imperfections,
MAC has remained the standard ‘because nothing thus far invented
is better. … Its importance is certified by the absence of citation in
its use in reports: it has attained the status of other units, such as the
centimeter and degrees Celsius’ (Eger 2002, p. 239).

Hypnosis: MACawake

The MACawake is the Fa at steady state that ensures unconsciousness
(loss of response to verbal command or syringe drop in humans) in
50% of the patients (Eger 2001; Nickalls and Mapleson 2003), and is
approximately 0.35 MAC. The full D/R curves remain poorly characterized (Bachman et al. 1971; Cross 2011). Because the stimulus
of an incision is more powerful than that of a verbal command, it
is not inconceivable (yet unknown) that a more vigorous stimulus
(Antognini et al. 2003) or the stress response to the incisional stimulus (Mashour 2010, p. 61) moves the ‘consciousness’ D/R curve
to the right (Fig. 14.4). Nevertheless, MACawake remains the most
useful and frequently used measure of the hypnotic component
of general anaesthesia induced by IADs. The Fcns at which consciousness is lost or regained may not be identical because of inertia
of the CNS (the CNS tends to resist change) (Steyn-Ross et al. 2004;
Mashour et al. 2011).

Autonomic response control: MACBAR

The Fa that blocks the autonomic response to a severe noxious stimulus such as intubation in 50% of the subjects at steady state is the
MACBAR (Blocking of the Autonomic Response). The response in the
original manuscript includes the heart rate, rate pressure product, and
adrenaline concentrations (Roizen et al. 1981). There is considerable
variation in reported MACBAR values expressed as a fraction of MAC
(White 2003): halothane 1.45 MAC (Roizen et al. 1981), desflurane
and isoflurane 1.3 MAC (sd 0.34) (Daniel et al. 1998), sevoflurane
2.34 (Katoh et al. 1999) to 3.5 MAC (Ura et al. 1999).

The effect of opioids
If IADs are complete anaesthetics, and if there can be no pain
perception during anaesthesia, should we then not use opioids

and just use an IAD? We could (William Morton did exactly that
150 years ago), but few anaesthetists would: (1) patients have to
wake up with appropriate pain control; (2) opioids reduce the Fa
required to obtain immobility (Fig. 14.5b), so less IAD is needed to
ensure immobility without neuromuscular blocking agents (Katoh
and Ikeda 1998); and (3) opioids reduce the Fa required to obtain
haemodynamic stability (Fig. 14.5c) (Katoh and Ikeda 1998). As
opioids reduce the Fa required to obtain immobility and haemodynamic stability, can we give a lot of opioids with just a low concentration of IAD? Not in most patients, because opioids are not
complete anaesthetics. First, there is a ceiling effect on immobility
(Fig. 14.5b): regardless of the amount of opioids you administer,
you will never achieve immobility in all patients without at least
giving some potent IAD (White 2003). Second, and more importantly, contrary to their pronounced effect on immobility, opioids
have less of an effect on hypnosis in the opioid dose range that
ensures adequate postoperative analgesia with a low and acceptable
risk of ventilatory depression [equivalent of ≈2 ng fentanyl ml−1 or
analogue opioid dose (Lang et al. 1996)] (Fig. 14.5a) (Cartwright
et al. 1983; Noguchi et al. 2009). In this opioid dose range—which
many anaesthetists use intuitively (Kennedy et al. 2011b)—the
effect on Fa required to obtain immobility and haemodynamic stability is very pronounced (50% and 75% reduction, respectively)
but the effect of opioids on Fa required to obtain hypnosis is small
(≈15% reduction).
Higher opioid dosages will reduce Fa required to obtain
hypnosis, but will not reliably induce unconsciousness in all
patients—even in high doses, opioids are not complete anaesthetics (Hug 1990). It may be particularly tempting to use high
dosages of the short-acting remifentanil combined with a lower
agent Fa to hasten recovery (Shafer 2012), but this may come at
the price of a higher incidence of awareness and recall (Mashour
2010) and possibly hyperalgesia (Wu et al. 2011). It is therefore
prudent to select a sufficiently high Fa (Mashour 2010; Mashour
et al. 2011).

MACawake95 or MACawake99.999?

A 5% chance of the patient moving on incision may be clinically
acceptable (with obvious exceptions such as intracranial or ophthalmological surgery), but a 5% chance of awareness is not. How
can we ensure unconsciousness in all patients?
If neuromuscular blocking agents are not used, the risk of the
anaesthetist not detecting awareness is virtually zero—unless
the patient would be so comfortable that (s)he would not care
to move; if there were unbearable, excruciating pain, then one
would expect anybody who can move to indeed move. In the
ASA closed claims analysis, no awareness has been reported
when appropriate partial pressures of IADs were used in non-
paralysed patients (Domino et al. 1999). This might be partly
explained by the relative position of the MAC and MAC awake
curves: it is unlikely that a patient would be rendered immobile
by IADs yet still be conscious (Fig. 14.4). Exceptions to the rule
that immobility ensures amnesia in the non-paralysed patient
are extremely rare (Eger and Sonner 2005). Actually, movement per se most often does not indicate awareness but just an
insufficient Fa to prevent movement. For example, with 1.3
MAC, 5% of the patients will still move on incision, but none
will be aware. When 20 patients were administered 1 MAC of
sevoflurane (2%), 10 and 19 patients moved in response to skin
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Figure 14.5 Interactions between IADs and opioids. At approximately 2 ng ml−1 fentanyl (yellowish shaded area represents the 0–2 ng ml−1 range), fentanyl reduces
the Fa required to achieve unconsciousness [second line from top in light blue in (a1)], immobility [second line from top in light green) in (b)], and haemodynamic
stability [second line from top in dark purple in (c)] in 50% of patients by 10–15%, 50%, and 75%, respectively (thick black arrow). Two ng ml−1 fentanyl provides adequate
postoperative analgesia with an acceptable degree of respiratory depression; higher concentrations contribute little to further reduce the Fa required to induce immobility
and haemodynamic stability (ceiling effect), and while they do further reduce the Fa required to achieve unconsciousness, they are unreliable agents by themselves to
provide unconsciousness, even at very high concentrations (red filled circle). Graphs also include the 95% probability of response suppression for each clinical end-point
(upper solid coloured line in each graph). Lower line in (a1) (lowest, hashed grey line) represents 5% probability of loss of response to verbal command. The combination
of 1.5% Fasevo and 2 ng ml−1 fentanyl has a 95% probability of providing immobility and heart rate and blood pressure control (orange–red filled circle at 2 ng ml−1) and
>99.999% probability of providing unconsciousness (orange dotted circle out of outline of graph—see text for details). Note different scaling of x-and y-axes.
Data from: Katoh T, Ikeda, K. (1998) The effects of fentanyl on sevoflurane requirements for loss of consciousness and skin incision. Anesthesiology 88: 18–24; Katoh T, Kobayashi S, Suzuki A, et al.
(1999a) The effect of fentanyl on sevoflurane requirements for somatic and sympathetic responses to surgical incision. Anesthesiology 90: 398–405; Katoh T, Nakajima Y, Moriwaki G, et al. (1999b)
Sevoflurane requirements for tracheal intubation with and without fentanyl. Br J Anaesth 82: 561–565; Katoh T, Uchiyama T and Ikeda K. (1994) Effect of fentanyl on awakening concentration of
sevoflurane. Br J Anaesth 73: 322–325.

incision and tracheal intubation, respectively, and hypertension
and tachycardia was present in all, but all of them exhibited loss
of response to verbal command, and none of them had recall of
the event (Mollestad et al. 1998). Patient movement will almost
always elicit a response by the anaesthesia provider that usually
includes an increase in the level of anaesthesia (= increase the
probability of movement suppression by either increasing Fa or
administering opioids).
If neuromuscular blocking agents are used, the awareness issue
arises (White 2003; Mashour 2010). Neuromuscular blocking
agents make the MAC clinically irrelevant. Opioids (or β-blocking
agents, or both) reduce Fa required to obtain haemodynamic stability but in the most frequently used dose range, opioids only
have a small effect on Fa required to obtain hypnosis, and even

in the high dose range cannot reliably ensure unconsciousness. How then do we ensure hypnosis in all patients? What is
the MACawake99.999? Eger has suggested 1.4 to 2 MACawake (≈0.7
MAC) (Chortkoff et al. 1995), but these studies did not involve
noxious stimulation that might shift the consciousness (and
memory) response curves to the right (Fig. 14.4) (Antognini
et al. 2003). Mashour et al. (2011) recommend 0.7 or 0.8 MAC
(Mashour 2010): ‘Unless patient survival is critically dependent
on avoiding even momentary hypotension, [our] first priority is
to ensure unconsciousness’ (Hug 1990; Mashour 2010). At this
time, there is absolutely no reason to try to ‘run the patients as
light as possible’ in the belief that limiting depth of anaesthesia by
limiting Fa will decrease postoperative morbidity and mortality
(Monk et al. 2005; Lindholm et al. 2009; Kertai et al. 2010, 2011;
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Leslie et al. 2010; Kalkman et al. 2011; Myles 2014; Peyton and
Wu 2014).

Translating MAC into a target Fa in
the individual patient
The quoted MAC values (isoflurane 1.15%, sevoflurane 2.0%, and
desflurane 6.0%) have been determined in unpremedicated, fasted,
20-to 40-year-old healthy male volunteers after 15 min steady-
state. The clinically most relevant factors that affect the Fa required
for immobility (Quasha et al. 1980), are opioids (Fig. 14.5), age,
and N2O (Fig. 14.6) (Nickalls and Mapleson 2003). We should not
describe these effects as ‘MAC-sparing’, because the MAC value in
a specific population is a fixed number that only depends on age
and genetic make-up (see first sentence of this section); rather we
should say that under certain conditions the Fa required to achieve
a 50% (or 5% or 95%) probability of a certain clinical end-point
will be a certain fraction of the known MAC value. Drug interactions are presented in Figure 14.6 (Hendrickx et al. 2008a). The

MAC is additive: 0.5 MAC of one agent plus 0.5 MAC of another
agent has the same effect as 1 MAC of the individual agent (with
one exception: N2O-isoflurane). Severe physiological abnormalities
and altered physiological states influence anaesthetic requirements,
e.g. extreme hypoxaemia, severe hypercarbia, severe hypothermia,
pregnancy, ethanol, drugs affecting central catecholamine stores,
and a host of other factors—the reader is referred elsewhere for
details (Quasha et al. 1980).
MACawake decreases with age, parallel to the effect of age on
MAC (Eger 2001); drug interactions for hypnosis are presented
in the same Figure 14.6 as for immobility. Whether other factors
affecting MAC also proportionally affect MACawake is unclear.
How do we translate these concepts into a target Fa in the individual patient? If a 20 to 40-year-old ASA I–II adult patient has
received 100–150 μg of fentanyl (plasma concentration approximately 2 ng ml−1) and a neuromuscular blocking agent is being
used, the emphasis is on hypnosis, and thus at least 0.7 to 0.8
MAC is used (Figs 14.5 and 14.7). Do not rely on higher doses of
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Figure 14.7 Effect of age on MAC and illustration of additivity of MAC of N2O and IAD. First, select agent and age of the patient. Next, move vertical until intersection with
desired MAC value (lines moving from left upper to right lower corner). Finally, move horizontally to find the corresponding Fasevo, either to left vertical axis if no N2O is used or
to one of two right vertical axes if N2O used (67% or 50%). The desired Fa of the IAD then still needs to be adjusted for the effect of opioids (see Fig. 14.5 and text). An example is
given for a 22-year-old patient receiving 1.3 MAC. Note that these values are end-expired concentrations (Fa), not vaporizer settings (Fd).
Data from Eger (2001); Nickalls, 2003, see References.

opioids to accept a lower threshold of Fa to ensure unconsciousness (Mashour 2010; Mashour et al. 2011). If no neuromuscular
blocking agents are used, the emphasis is on hypnosis and preventing movement (Figs 14.5 and 14.7), thus 1.3 MAC is used in the
absence of opioids (Fig. 14.5). In the presence of opioids in clinically relevant concentrations (fentanyl plasma concentration ≈2 ng
ml−1) the Fa required to produce immobility is reduced by about
50% to 0.7 MAC. Fa can be increased if needed to help obtain
haemodynamic stability; with hypotension on the other hand, fluids and vasoactive agents should be considered before Fa is lowered
below 0.7–0.8 MAC (Mashour et al. 2011). Be careful not to mistakenly substitute Fd for Fa: MAC always refers to the partial pressure
in the alveoli, not that on the vaporizer!

MAC expanded I: effect-site partial pressure
The partial pressure of IADs at the site of action (Fcns) cannot be
measured, but it is reasonable to assume it approaches that in the
arterial blood (Fa) after equilibration. Equilibration is faster if the
capacity of the CNS to hold the agent is lower (= smaller brain volume or smaller λCNS/G) or if agent transfer to the organ is higher
(= higher organ blood flow or higher λB/G). After three time constants, equilibration is 95% complete (Table 14.1). This so-called
perfusion limited approach assumes that the brain behaves as a
well-stirred compartment with virtually instantaneous mixing
without diffusion barriers. Because different brain regions have
different agent solubilities and perfusion, saturation can obviously not be homogeneous (Neumann et al. 2005), and diffusion
limitations may exist (Lu et al. 2003; Doolette et al. 2005a, 2005b)
[although this is refuted by others (Turner et al. 2004)]. Overall,
indirect measurements support the concept that the perfusion
limited approach describes CNS kinetics reasonably well (Yasuda
et al. 1991a; Lerou and Mourisse 2007; Drummond et al. 2012).
Thus, after equilibration, Fa seems a reasonable approximation of
Fcns. Fa can be measured intermittently with gas chromatography
or infrared gas analysers (Peyton et al. 2007), but this is only done
for research purposes.
The next step down the partial pressure cascade is Fa, which
is routinely and continuously measured. Ventilation/perfusion
(V̇/Q̇) abnormalities cause an Fa–Fa gradient, which is small for

N2O and Xe (Eger et al. 1966; Nalos et al. 2001), but larger for the
more soluble isoflurane and sevoflurane (the dependency of this
gradient on solubility forms the basis for the multiple inert gas
elimination technique) (Landon et al. 1993; Peyton et al. 2008).
The gradient does not detract from the use of Fa as an indirect
measure of Fcns nor alters the validity of using Fa in the D/R
curves described above. It has, however, led to a serious underestimation of the second gas effect of N2O (see ‘Nitrous oxide—the
good, the bad—and the better?’) (Peyton et al. 2008). During one
lung ventilation, Fa may overestimate Fa by an additional 15%
(Matsuse et al. 2011).
After a change in Fa, Fcns always lags behind because the agent
needs to be transported from alveoli via the blood to the CNS (or
the other way round during recovery) (Fig. 14.8). This lag time
(hysteresis) complicates the application of the MAC concept in
clinical practice in non-steady-state conditions, especially when
Fa changes rapidly: at the beginning and at the end of the anaesthetic. For example, towards the end of a procedure, significantly
more than 50% of the patients do not wake up when the gas analyser indicates Fa to be less than or equal to 0.3 MAC because
the MACawake has been determined during steady state. Steady
state does exist during slow alveolar washout, because Fa, Fa,
and Fcns have more time to equilibrate: under these conditions,
response to verbal command does reappear in half the patients at
Fa = MACawake (Gaumann et al. 1992; Jones and Harrison 1993;
Katoh et al. 1993).
To improve the clinical applicability of MACawake, a theoretical
effect-site partial pressure has been introduced, a surrogate for the
unknowable Fcns, which by definition correlates instantaneously
with the clinical effect. Fcns is calculated from Fa using a half-time
that lumps together the impact of all factors delaying Fa–Fcns equilibration. This t½effect site can be derived from physiological models
[e.g. the Heffernann model (Kennedy 2005; Kennedy and Sakowska
2006) or Lerou’s model (Johnson et al. 2010)]. For example, for sevoflurane the t½ is 3.2 min (Kennedy et al. 2011a). The calculated Fcns
upon awakening seems to correlate well with established values of
MACawake (Kennedy and Sakowska 2006) and performs better in
predicting emergence than Fa (Johnson et al. 2010). The SmartPilot®
and analogous monitors integrate these concepts (see later).
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FA as an estimate of the probability of response suppression
F

FA overestimates probability:
‘MAC does not work’

FA correctly estimates probability:
‘MAC works’

FA
FA - Fa gradient

‘Steady state and equilibrium’
Fa

- ↑ if agent more soluble
- often ignored
- does not invalidate MAC

FCNS = effect site concentration Ce
Time point after which MAC is determined from FA
because steady state and equilibrium are said to exist:
FA, Fa, and FCNS all have leveled off (plateau phase) and
are parallel and FCNS = Fa. Note that steady state and
equilibrium as applied to IADs do not require FA = Fa.

Time
Delay until FCNS = Fa (green area).
Delay until FA and Fa both start to plateau and run a parallel course (yellow area).
FRC washin

Figure 14.8 Fa as an estimate of response suppression. The definition of ‘equilibrium’ and ‘steady state’ for IADs is confusing because of the existence of an A–a gradient
as well as a delay with which Fcns reaches Fa after FRC wash-in. Steady state and equilibrium are said to exist if Fa, Fa, and Fcns all have levelled off (plateau phase) and
are more or less parallel once Fcns = Fa; they do not require that Fa = Fa. Because Fcns by definition correlates directly with clinical effect, it is also labelled the ‘effect
site concentration’ or Ce. Fcns can be derived from Fa with an empirically derived t½effect site, which describes the Fa–Fcns delay. This delay is shorter for the ‘faster’ IADs
(those with lower solubility). The use of Ce (e.g. by the SmartPilot®) helps the clinician recognize that even though Fa suggests anaesthetic depth to be, for example, 1.3
MAC (adequate for incision), Fcns may not yet have equilibrated with Fa: if the stimulus is applied before Fa = Fcns, chances are higher that the patient will move and
the MAC concept will appear not to be valid because more patients will move than anticipated.
Copyright © Jan Hendrickx and Andre De Wolf 2015.

MAC expanded II: towards response surfaces
and real D/R displays
IADs are most often combined with other drugs. The resulting
interactions have often been described in terms of 50% or 95%
reduction of MACawake, MAC, or MACBAR, but response surfaces
now allow the description of the entire D/R relationship (Heyse
et al. 2012; Shafer 2012). Combinations of kinetic and interaction
models are being moulded into visual displays of the probability of
having attained unconsciousness and immobility (Fig. 14.9) (Short
2010) (continued in ‘Visual display of the probability of having
achieved a clinical end-goal’) and such monitors will soon enter
the clinical arena.

Pharmacokinetics
Induction and maintenance
The description of the kinetics of IADs has evolved with the technology available to administer them (Table 14.2). With open drop

ether, it was impossible to have an idea of the partial pressure. A calibrated vaporizer did allow the clinician to more precisely administer a known Fi, and provided rebreathing was absent [read: FGF
> minute ventilation (MV)], the vaporizer setting Fd matched the
Fi. The availability of gas analysers allowed the use of FGF below
MV: rebreathing altered the composition of Fi, but Fi could be
measured. With computers becoming ubiquitous, uptake models could be used to help predict the effect of rebreathing, but the
anaesthetist remains in control of the Fd and FGF. Adding systems
control theory led to the development of end-expired target control
delivery, where ventilation, FGF, and agent delivery are separately
controlled. In the future, these techniques will be further refined to
include uncoupling of agent and carrier gas wash-in and wash-out.
In the more distant future, pharmacokinetic/pharmacodynamic
(PK/PD) modelling tools may be added, making it not unrealistic to
obtain titration towards a probability of attaining a certain clinical
end-point, with a ‘robot’ selecting and steering agent administration
that takes into account drug interactions and context-sensitive half-
times (robotic pharmacology) (Hemmerling and Terrasini 2012).
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Figure 14.9 Towards a visual display of anaesthetic depth. The figure on the left is a composite figure of Figure 14.5. These interaction models are combined with pharmacokinetic
models to construct commercially available visual displays (SmartPilot®, right) that help navigate the anaesthetist through the depth of anaesthesia. Let us consider depth of
anaesthesia as the depth in a swimming pool. Each level represents a probability of having suppressed a response to progressively more intense stimuli as one dives deeper. One
can swim to that depth by swimming to the left and up (more sevoflurane) or the right and down (more remifentanil). The curved white-grey line describes the past course, with
the orange filled circle depicting the current position, and the black circle and white triangle the position 10 and 15 min from now. LORVC = loss of response to verbal command;
PLORVC50 and PLORVC95 = 50% and 95% probability of LORVC; Pimmobile50 and Pimmobile95 = 50% and 95% probability of immobility in the absence of muscle relaxation.
Copyright © Jan Hendrickx and Andre De Wolf 2015.
© Drägerwerk AG & Co. KGaA, Lubeck. All rights reserved. No portion hereof may be reproduced, saved or stored in a data processing system, electronically or mechanically copied or otherwise
recorded by any other means without our express prior written permission.

The introduction of the vaporizer and Fa/Fi curves
In the middle of the twentieth century, calibrated vaporizers
(finally) allowed reliable control of Fd. Provided FGF was higher
than MV, this also entailed reliable control of Fi because Fi then
equalled Fd. In addition, vaporizer accuracy was only guaranteed
with high FGF (Morris 1994), thus the use of high FGF was the
norm. With emerging computer technology and gas chromatography, the increase of Fa towards the constant Fi measured at the
Y-piece (expressed as Fa/Fi) was shown to follow a predictable pattern (Eger 1974).

The course of Fa/Fi over time is the result of alveolar mass balances: wash-in into the lungs depends on the size of the lungs
[functional residual capacity (FRC)] and MV, while uptake from
the lungs into the blood depends on cardiac output, the A–v gradient, and the solubility of the agent. For didactic reasons, dead-space
is ignored. The software program GasMan® was used to generate
the curves in Figure 14.10. While GasMan® involves some simplifications [e.g. Fcns and Fvrg are used interchangeably (where VRG
is vessel-rich group)], it is a great teaching tool that allows one to
explore the effects of the aforementioned parameters at will.

Table 14.2 Technological innovations impact on how we use and teach kinetics of IADs. GAEq, general anaesthetic equation
Technology

Effect of FGF-MV
relationship

Fd–Fi–Fa relationship

Applicable theory

Examples

Open drop

N/A

An art or educated guess

(100 × vapour pressure
at 20ºC)/barometric
pressure = administered %

Schimmelbusch

Vaporizer (+ first
computers,
gaschromatography)

FGF > MV ensures
Fd = Fi

Fd = Fi: ‘control’ over administered
pressure

Fa/Fi curves

Conventional machines with circle
breathing system and FGF > MV

Gas analyzer

FGF < MV causes
rebreathing

Fd > Fi, but Fa is measured: control

GAEq

Conventional machines with circle
breathing system and FGF < MV

Computing power,
model building

Irrelevant

Fa open loop control: Fd, Fi, Fa, and FGF
measured and future Fa predicted from
current Fd-FGF settings

GAEq concept used; uptake
model helps steer predictions

Perseus®

Engineering/feedback
control

Uncoupled

Fa closed loop control; Fd and Fi no longer
controlled by anaesthetist; machine
administers amounts using proprietary
algorithms; easy conversion to conventional

Focus on Fa (may use FIO2 or
FA O2 as target)

Zeus®, Aisys®, Flow-i®

More control loops;
charcoal filter

Uncoupled wash-in
and wash-out of agent
and carrier gases; only
target can be selected

No resemblance to conventional machine
(e.g. no digital flowmeters); amounts are
given using proprietary algorithms

Works with targets only

Under development

Data processing
+ PK/PD

Uncoupled

Titration towards probability of response
suppression; drug interactions and context
sensitive half-times taken into account; can
be done with open-or closed-loop control.

Visual display of probability of
response suppression

SmartPilot®, Navigator®

221

2

222

PART 2

applied pharmacology in anaesthesia

Ventilation
If we assume that initially there is no uptake of IAD by the blood,
alveolar wash-in would be a mono-exponential process with τ (time
constant) = FRC/MV: Fa changes faster with a smaller FRC or
hyperventilation (Fig. 14.10a); conversely, hypoventilation will slow
wash-in and thus induction of anaesthesia (e.g. as a result of airway
obstruction, breath holding, uncooperative patient). An alternative
to tidal volume breathing is vital capacity breath induction, where
rapid replacement of a large part of the lung content will lead to a
very rapid increase of Fa (Yurino and Kimura 1995).
λB/G
Fa will not reach Fi (Fa/Fi does not become 1): as Fa increases,
uptake by the blood increases, opposing the effect of alveolar wash-
in and thus slowing the increase of Fa/Fi. Because uptake in blood
is relatively less for agents with a lower λB/G, Fa increases faster
towards Fi with agents that have the lower λB/G. This is one of the
most defining properties of IADs: the lower λB/G, the more rapid Fa
increases (Fig. 14.10b). It is often assumed that this implies a faster
induction (and emergence), but this needs to be placed in proper
perspective. First, Fa/Fi describes how Fa increases towards Fi, but
it is the absolute value of Fa that determines how rapid anaesthesia
will result. The technique of initially using a high Fd (‘overpressure
induction’) considers exactly that (it is similar to maintaining Fa
constant—see further, Fig. 14.10b, bottom right). Second, properties of the individual agent may be rate limiting. Desflurane is the
least soluble IAD, but the high Fi needed to ensure rapid induction
causes airway irritation, hypertension, and tachycardia. Sevoflurane
has a slightly higher solubility, but its low pungency allows the use
of high Fi, resulting in a smooth and rapid inhalational induction.
These properties have made sevoflurane the preferred induction
agent in children and the preferred inhalational induction agent in
adults if an inhalation induction is used (induction time approaches
that of propofol) (Jellish et al. 1996; Fleischmann et al. 1999; Shah
et al. 2001; Moore et al. 2003). Third, the effect of blood solubility
is most often somewhat artificially discussed separately from tissue
solubility. In general, agents with low blood solubility also have low
tissue solubility, and thus relative low uptake in blood is associated
with relative low uptake by the tissues also. However, it is clear that
there is no linear relationship between blood solubility and specific
tissue solubility for the different agents. For example, desflurane
and N2O have a similar λB/G but N2O has lower tissue solubilities,
and therefore N2O is still washed in and out faster. Another example is enflurane: compared to isoflurane, it has a higher λB/G but a
lower brain solubility. Fourth, from a quantitative point of view, the
amount of agent taken up in the blood at equipotent MAC values is
higher with a less soluble agent because the MAC is higher for a less
soluble agent [e.g. desflurane and isoflurane agent uptake the first
hour of anaesthesia at 1.3 MAC (Fa = 8.5 and 1.5%, respectively)
is approximately 0.22 and 0.10 ml min−1 liquid IAD, respectively]
(Hendrickx et al. 1997). Finally, because induction of anaesthesia
in adults most often is accomplished with i.v. agents, there is some
time available for IAD wash-in (Coppens et al. 2006), which may
make differences in solubility between modern IADs during this
phase of anaesthesia less important clinically.
Cardiac output
With a higher cardiac output, uptake from the alveoli is higher,
thus Fa increases more slowly. Uptake from the alveoli is higher
because more agent will be made available to the tissues (thanks to

the higher tissue perfusion), and therefore more agent will be taken
up by these tissues according to the partial pressure gradients. But,
when Fa increases more slowly, Fa will also increase more slowly.
Although the agent will be transported faster to the CNS (increased
cerebral blood flow), implying that Fcns will increase faster, it will
increase towards a lower Fcns, because Fa is lower. Whether this
slows induction depends on the absolute Fa, that is, whether Fcns
reaches the required concentration to result in general anaesthesia faster or slower depends on the absolute value of Fa and Fcns
(Fig. 14.10c). The reverse has been claimed for low cardiac output
states. Theoretical work suggests a 30% change in cardiac output
is required to produce a measurable change in Fa and thus Fa/Fi
(Kennedy and Baker 2001).
The effect of both cardiac output and ventilation is more pronounced for agents with a higher λB/G because the rate of increase
of less soluble agents is faster already. Because modern agents differ
less in their solubility, the clinical importance of these differences
has become less relevant. In children, the relatively higher ventilation, higher proportion of cardiac output going to the CNS, and
lower λB/G (peak at 6 months of age) act in concert to hasten the
increase of Fcns.
Fv̄—duration of administration
The final factor that affects Fa/Fi is the gradient across the alveolo-
capillary membrane, Fa–Fv̄. Fv̄ depends on the degree of saturation
of each tissue group (see later) and the contribution of the perfusion of each of these tissue groups to total cardiac output. When Fv̄
is low (= when tissues are still taking up large amounts of agent),
the gradient and thus uptake from the lungs will be large, and this
will reduce the rate of increase of Fa and therefore of Fa. As tissues
become more saturated, Fv̄ increases, uptake slows down, and Fa/
Fi increases. Different organs saturate at different rates, depending
on their capacity to hold agent and their blood flow (faster with
lower capacity and higher blood flow). Eger grouped organs and
tissues accordingly into a four-and later a five-compartment (physiological) model (Table 14.1) (Carpenter 1986; Carpenter et al.
1987; Yasuda et al. 1990, 1991a, 1991b). The five compartments are
the lungs, VRG, muscle group (MG), ‘intertissue diffusion’ group
(ITDG), and fat group (FG). The ITDG is thought to contain fat
adjacent to well-perfused tissues and was invoked after a complex
analysis of wash-out curves (Eger and Saidman 2005; Yasuda et al.
1991a). After 10–15 min, the VRG is saturated. The ensuing slower
increase of Fa/Fi reflects the slower uptake by the MG (and, more
slowly still, the FG) (Fig. 14.11).
The quantitative aspects of uptake can be better appreciated when
it is realized that uptake is not represented by Fa/Fi itself, but rather
by the area above the Fa/Fi curve, called ‘fraction of uptake’ or
(1 − Fa/Fi). Uptake at the mouthpiece can be calculated as the difference between the amount that enters and leaves the lungs. If both
dead-space and difference between in-and expired tidal volumes
are ignored (an oversimplification, especially when N2O is used),
agent uptake = (Fi × Va − Fa × Va), which can be rearranged to
uptake = Fi × (1 − Fa/Fi) × Va (Fig. 14.11).
Summarized, three phases can be discerned in the Fa/Fi curve
during the first hour of anaesthesia: wash-in (complete after 1–2
min), VRG saturation (complete after 15 min), and continued
uptake by the more slowly saturating MG and FG (a slow, seemingly
constant phase that takes hours and days to complete, respectively)
(Fig. 14.11). These phases have important implications for low-flow
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Figure 14.10 Factors affecting Fa/Fi. Effect of ventilation, agent solubility, and cardiac output (top to bottom) on Fa/Fi, Fa, and Fvrg when either Fi (upper figures in each
separate graph) or Fa (lower figures in each separate graph) is kept constant. X-axes have time in minutes. Fa and Fvrg are expressed as fractions of MAC. In the constant Fa
groups, the Fa curves overlap. In the constant Fi group, we observed the well-known effects of solubility, cardiac output, and minute ventilation on the Fa/Fi, Fa, and Fvrg
curves. An increase in solubility lowers the Fa/Fi, Fa, and Fvrg curves. Higher cardiac output lowers the Fa/Fi and Fa curves, but the effect on Fvrg is more complex: there
is a faster increase in Fvrg, but towards a lower plateau. An increase in ventilation shifts the Fa/Fi, Fa, and Fvrg curves higher. When the Fa is kept constant however, we see
relatively little effects of changes in solubility, cardiac output, and ventilation on Fa and Fvrg, despite similar effects on Fa/Fi as in the constant Fi groups. See text for details.
Reproduced with permission from the Australian Society of Anaesthetists: Van Zundert T, Hendrickx J, Brebels A, De Cooman S, Gatt S, De Wolf A. Effect of the mode of administration of inhaled
anaesthetics on the interpretation of the F(A)/F(I) curve—a GasMan simulation. Anaesthesia and Intensive Care, Issue 38, pp. 76–81, Copyright © 2010 Australian Society of Anaesthetists.
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FRC wash-in Uptake by VRG Uptake by MG

Uptake by FG

1
FA/FI
Uptake

= amount into lung - amount out of lung

= RR × TV × F – RR × TV × F
If TVIN = TVEX and no dead space
= MV × (F – F)

0.5

= MV × F × (1–F/F)
If constant F and MV
Uptake = K × (1–F/F)
Uptake = K × sum of all shaded areas - FRC
wash-in

0
N 2O
Des
Sevo
Iso

3τ FRC
120 sec
120 sec
120 sec
120 sec

3τ VRG
(CNS 7 min)
13 min (CNS 8 min)
17 min (CNS 9 min)
16 min (CNS 10 min)

3τ MG
3.1 h
4.6 h
7.0 h
6.9 h

Time (nonlinear scale!)

3τ FG
0.2 d
3.0 d
5.4 d
5.2 d

Figure 14.11 Quantitative interpretation of the Fa/Fi curve. The Fa/Fi curve (thick black line) needs to be interpreted properly—it does not present uptake at all.
Uptake can be considered to be proportional to 1 − Fa/Fi, which is the area above the Fa/Fi curve (see formula in the figure). FRC wash-in and uptake by the VRG, MG,
and FG can then schematically be presented as the separate coloured areas above the curve. Uptake across the alveolo-capillary membrane is represented by uptake
by VRG, MG, and FG (does not include FRC wash-in). Times to 95% saturation of each modern IADs are displayed at the bottom of the figure. Note that the time
axis is not linear in order to allow saturation of the different groups to be schematically displayed. 95 % saturation of the CNS (part of the VRG) is displayed separately
between brackets. The derivation assumes that the inspired tidal volume (TVIN) is equal to the expired tidal volume (TVEX) and that there is no dead space ventilation
(RR, respiratory rate; K, proportioning constant). Uptake also depends on the absolute value of Fi and minute ventilation (MV).
Copyright © Jan Hendrickx and Andre De Wolf 2015.

anaesthesia techniques (see ‘Agent analysers allow the focus to shift
entirely to Fa and how to achieve it: the general anaesthetic equation (GAEq)’, Fig. 14.12).

Closed-circuit anaesthesia without gas analysers invoked a
clinical need for uptake models
Some anaesthetists wanted to minimize waste (and thus cost and
pollution) and improve the quality of inhaled gases (heat and
humidity) by administering only those amount of agent and carrier gas needed to prime the circuit and lungs and to replace the
amounts taken up by the patient and lost via leaks: closed-circuit
anaesthesia (CCA). This was achieved by maximizing rebreathing
of exhaled gases: after removal of exhaled CO2, all exhaled gases
are re-inhaled. But, at a time when gas analysers were unavailable
to most clinicians (1970s–1980s), how could one use CCA while
still having a reasonable estimate of the concentrations in the circuit? Lowe and Ernst argued that if the amounts of agent taken
up by the body at the target Fa are known, then these ‘known
amounts’ could be administered into a closed circuit to achieve
and maintain the target Fa (Lowe and Ernst 1981). This led to a
clinical need for uptake models (not unlike the need for models
we currently have for target-controlled infusion systems for i.v.
drugs whose plasma concentrations we still cannot measure in
real time). Several models have been developed, the square root
of time model being the original one used by Lowe (Severinghaus
1954; Lowe and Ernst 1981). Uptake models now only provide
guidance to the occasional CCA enthusiast, but they are integrated in the software of modern anaesthesia machines that predict the course of Fa based upon dosing history (FGF and Fd
settings), e.g. the Perseus® (Drager Medical, Lübeck, Germany)

and the SmartPilot® (Drager Medical, Lübeck, Germany) (see
later) (Kennedy 2005; Kennedy et al. 2002, 2010; Johnson et al.
2010; Kennedy and French 2011). The cumulative amount of
agent added to the circuit during CCA also defines the lower limit
of how much automated agent administration can reduce agent
consumption (Table 14.3) (Lockwood et al. 1993; Walker et al.
1996; Vagts and Lockwood 1998; Hendrickx 2004).

Agent analysers allow the focus to shift entirely to Fa and how
to achieve it: the general anaesthetic equation (GAEq)
How do we have to adjust the Fi to attain and maintain the desired
Fa? Three phases can be discerned during the first hour of anaesthesia (Fig. 14.12a): (I) after an initial high Fi to allow rapid wash-
in of circuit and FRC, there is a very rapid decrease (1–2 min); (II)
a slower decline over the next 15 min; and (III) a slower decline
still (almost a plateau) over the next 45 min (Hendrickx et al.
2011). This curve differs from the Fa/Fi curve, but the explanation
for the different phases is the same: (I) lung and circuit wash-in;
(II) VRG saturation; and (III) uptake by the MG and FG, a process
so slow that it appears almost constant (e.g. it takes nearly a week
to saturate fat).
So, how do we have to adjust the Fd to attain and maintain the
desired Fa? The corresponding Fd to achieve this Fi depends on
the FGF, the MV, and the exact configuration of the circle breathing system [the latter falls outside the scope of this discussion
(Fukuda, 2006; Eger, 1968)]. When FGF is high, Fd will match Fi
(Fig. 14.12a,B), but with a FGF less than MV, Fd will have to increase
(Fig. 14.12a,C), because once FGF becomes lower than MV (e.g. 1
litre min−1 FGF and 5 litres min−1 MV), rebreathing of exhaled gas
occurs. Because Fi and Fa will decrease, Fd has to be increased: a
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Figure 14.12 Effect of FGF reduction (rebreathing) on the Fd–Fi–Fa relationship. (a) Fd–Fi–Fa relationship when maintaining Fasevo at 1.8% in O2/air with different
FGFs. During the first 4 min, a 6 litres min−1 FGF is used in all FGF groups. Three phases (bottom, orange) can be discerned in the course of Fi (which is the same
regardless of the FGF): I = wash-in; II = VRG saturation; III = slow uptake phase by MG and FG. The Fd required to attain this Fi is higher with lower FGFs. The difference
between Fd and Fi is caused by rebreathing. More Fd adjustments will be needed with reduced FGF (compare dashed blue lines). (b) With FGF > MV, the bellows will fill
with fresh gas only. Consequently, during the next inspiration, the composition of the inspired mixture will match that of the delivered gas: Fd = Fi. (c) With FGF less than
MV, the bellows will fill with fresh gas plus exhaled gas (= rebreathing). Consequently, during the next inspiration, the composition of the inspired mixture will decrease,
further decreasing Fa. To maintain Fa at 1.8%, Fd has to be increased: the end result is that Fd no longer matches Fi: Fd > Fi.Rx = “solution”.
Data from Hendrickx JFA CC, De Cooman S, De Wolf AM. (2011) Do decreased sevoflurane costs offset increased canister costs when fresh gas flows are reduced? Abstract 1463. ASA Annual
Meeting. Chicago, USA. Chicago.
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Table 14.3 Agent consumption during the first hour of anaesthesia. Agent consumption (mL liquid agent) after the first hour of anaesthesia
with different FGF at equipotent MAC for the modern agents using an ADU anesthesia machine. Prime = amount to fill up lungs and circuit
Closed-circuit anaesthesia

Fresh gas flow (O2, litres min−1)

Prime

Total

0.3*

0.5

1

2

4

8

Isoflurane

0.75% Fa

0.3

4.1

3.8

4.3

5.3

6.7

13.3

28.7

Sevoflurane

1.3% Fa

0.65

4.6

5.6

5.5

7.5

12.2

22.6

50

Desflurane

4.5% Fa

3.1

8.7

9.6

12.3

20

34.2

68.1

140.7

* Initial FGF 4 litres min−1 for 30 s. Actual cost can be calculated based on the local cost of the liquid anaesthetic.
Data from Hendrickx, 2004; Hendrickx et al., 1997; Hendrickx, 1998; see references.

difference has developed between Fd and Fi. The lower the FGF, the
more Fd and Fi will differ (Fig. 14.12A,C).
The above findings can be summarized as follows: the difference
between Fa and Fi represents lungs wash-in (first few minutes)
and patient uptake (assuming constant ventilation), and the difference between Fd and Fi represents the degree of rebreathing
(which depends on the magnitude of FGF relative to MV). Lowe
described this concept mathematically with an equation that takes
all the factors into account that affect mass balances in the circle
system: ‘the general anaesthetic equation’ (Fig. 14.13). This equation describes the Fd that maintains a target Fa with a wide range
of FGF. The concept can be displayed by plotting the data from
Figure 14.12a in a three-dimensional (3D) graph (Fig. 14.14), ‘the
anaesthetic continuum’: an infinite number of Fd-FGF combinations can be used to attain and maintain the same Fa. The distinction between high flow, low flow, minimal flow and closed circuit
anaesthesia can now be seen to be somewhat arbitrary—it is better
to state the actual FGF.
Several aspects require proper understanding before FGF can
be reduced safely in a circle breathing system. First, rebreathing
increases the difference between Fd and Fi. Because this effect
becomes particularly prominent with FGF less than 1.5–2 litres
min−1 (Fig. 14.14), most anaesthetists intuitively use a maintenance
FGF of 1.5–2 litres min−1 (Body et al. 1999). This difference is less
pronounced for less soluble agents (Fig. 14.15). Second, more Fd
adjustments may be needed with lower FGF because under these
conditions Fd reflects the uptake pattern more prominently (especially the first 15 min) (Fig. 14.12a, dashed lines). Third, it is a bit
more difficult to predict the Fd in the individual patient because
variability increases (because uptake differs between patients)
(Hendrickx et al. 1997, 1998). Fourth, carrier gas composition
will have a pronounced effect on the required Fd (Hendrickx et al.
2002) (Fig. 14.16). Fifth, rebreathing will also affect the relationship
between Fd and Fi of carrier gases (O2, N2, and N2O). When volunteers breath from a circle system primed with air, the FIO2 decreases
below 0.14 in less than 2 min if a 1 litre min−1 air FGF is used,
even though FDO2 = 0.21 (please refer to the following website to
see a video of this: http://www.navat.org/cm/ota-textbook). Mass
balances in the circle system again readily explain this: because 1
litre of air only contains 210 ml of O2 but V̇o2 is approximately 180
ml min−1, and N2 uptake is very small (N2 body content at 78% = 3
litres), N2-rich (O2-poor) exhaled gas will be reinhaled, FI N2 will
increase and FIO2 will decrease, and a hypoxic mixture will ensue.
To ensure an FIO2 greater than 0.3, the proportion of O2 in the total
fresh gas mixture must be progressively increased as FGF is lowered

(Fig. 14.17) (Hendrickx et al. 2001; Hendrickx 2004). When N2O
is used (see ‘Nitrous oxide—the good, the bad—and the better?),
rebreathing will cause FI N2 O to differ from FA N2 O. If V̇o2 is constant,
the declining N2O uptake will cause FI N2 O to rise at the expense of
O2—FI N2 O as well as FI N2 O may become greater than Fd (Fig. 14.18)!
The N2O FGF thus has to be progressively decreased. Sixth, FGF
can be lowered until it matches the sum of uptake and losses via
leaks and gas sampling. If an anaesthesia machine with ascending
visible bellows is used, this condition —true CCA—exists when
the top of the bellows does not touch the top of the bellows housing at the end of expiration. Total FGF (O2 ± air ± N2O) is titrated
towards the bellows volume, and the flows of each of the individual
gases (O2, air, N2O) towards the target FIO2 (± FA N2 O ) . Seventh, the
effect of any change in Fd and FGF will occur slowly. If a faster
effect is desired, either the maximum Fd or a higher FGF has to
be used. The response time of the circle breathing system depends
on its volume and the FGF (τ = circuit volume/FGF). And finally,
eighth, a multigas analyser should be used, especially with FGF less
than 1 litre min−1.
Several approaches have been used to try to facilitate the use of
lower FGF. First, anaesthetists can refer to FGF-Fd schedules that
minimize the need for Fd and FGF adjustments. This search for
‘the ideal FGF-Fd sequence’ (Mapleson 1998) can be visualized as
an attempt to find a ‘low-flow’ route through the 3D representation of the GAEq that is simple (few FGF or Fd adjustments or
both) and easy to remember (Fig. 14.14). Several such empirical schedules have been suggested (Mapleson 1998; Ip-Yam et al.
2001; Lerou et al. 2002; Hendrickx et al. 2007, 2008; van Zundert
et al. 2009). Many individual practitioners undoubtedly have
empirically derived their own course through the infinite number of possible Fd-FGF combinations (their own ‘habit’). Second,
with the help of a gas analyser and an understanding of the kinetics at reduced FGF, no schedules are needed at all (vice versa,
schedules can be found useful when a gas analyser is not available,
e.g. developing countries). For example, one can just start with a
1 litre min−1 FGF and the desflurane vaporizer at 18%, and subsequently adjust Fd according to Fa and clinical needs (open-loop
feedback). The third solution is the Perseus® (Dräger, Lübeck,
Germany), a conventional anaesthesia machine that predicts and
displays Fa on a screen based upon prior and current FGF and Fd
settings (not unlike the idea of the GAEq). The anaesthetist can
adjust FGF and Fd and gets a prediction what the Fa will be in the
near future, which hopefully prompts the use of lower FGF (open-
loop control). The fourth solution is automated agent administration (closed-loop control).
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D - Delivered
1) Volume = FGF
2) Concentration = F
3) Amount vapor = F × FGF

inhaled anaesthetics

I - Inhaled
1) Volume = VT + (U - E)
2) Concentration = F
3) Amount vapor = F × [V + (U - E)]

F

F

fR

U

V
F

(1 - fR)

E
F

E - Exhaled
1) Volume = V = V + V
2) Concentration = (FV + FV)/V
3) Amount vapor = FV + FV
Abbreviations:
FGF
=
F
=
F
=
F
=
F
=
V
=
V
=
V
=
U
=
E
=
fR
=
1 – fR =

Fresh gas flow (L/min)
Delivered (common gas outlet) concentration (%)
Inspired concentration (%)
Alveolar (end-expired) concentration (%)
Mixed-expired concentration (%)
Minute ventilation (L/min)
Dead space minute ventilation (L/min)
Alveolar minute ventilation (L/min)
Uptake of O2 (VO2), N2O (QN2O), and anesthetic vapor (Qan) (L/min)
Elimination of CO2 (VCO2) and water vapor (VH2O) (L/min)
Fraction rebreathed
Fraction of exhaled vapor exhausted from the system

Amount of vapor delivered
Amount of vapor inhaled
Amount of vapor exhaled

=
=
=

F × FGF
F × (V + [U – E])
F × V + F × F

By rearranging these factors Lowe and Ernst derived the general anesthetic equation.
F =

Qan [V + (U – E) – V × fR] + (1 – fR) F × V [V + (U – E)]
[V + (U – E)] × FGF

Figure 14.13 Lowe’s ‘general anaesthetic equation’ (GAEq). The GAEq: by considering mass balances in a circle breathing system, Lowe tried to predict the Fd required
to maintain a target Fa with a range of FGF. While of little practical use these days, the underlying concepts help us understand the kinetics of IADs in a circle breathing
systems across the FGF spectrum we use clinically.
Adapted with permission from Lowe, H. J. and Ernst, E. A. The Quantitative Practice of Anesthesia: Use of a Closed Circuit. Copyright © Williams & Wilkins 1981.

Automated agent administration
The Zeus® (Dräger, Lübeck, Germany), the Aisys® (GE, Madison,
WI, USA), the FLOW-i® (with Automated Gas Control™; Maquet,
Solna, Sweden), and the VitaQ (Heinen und Loöwenstein, Bad
Ems, Germany) automatically manage FGF and agent administration to attain and maintain a target Fa of the agent and carrier
gases selected by the user. This is done in such a manner that
an acceptable trade-off is made between the speed of reaching
the target Fa and agent usage (different software versions handle
this differently). Technical details are provided in Chapter xxx.
Despite qualitative similar effects on the Fa/Fi curve, the quantitative effects of ventilation, cardiac output, and λB/G on Fvrg
differ when Fa rather than Fi is kept constant (Van Zundert
et al. 2010). With constant Fi, a lower λB/G or hyperventilation
increases Fvrg and a higher cardiac output decreases Fvrg. With
constant Fa, λB/G has only a small effect on Fvrg; an increase in
cardiac output hastens the increase of Fvrg (implying induction

would be faster with higher cardiac output); and a change in ventilation has minimal effect on Fvrg (Fig. 14.10) (Van Zundert
et al. 2010).

Visual display of the probability of having achieved
a clinical end-goal
Based upon dosing history (and measured Fa for IADs), drug
interactions, and patient covariates, PK/PD models calculate
the probability of immobility and unconsciousness (=‘anaesthetic depth’). These probabilities can be visually displayed on a
screen, and IADs and opioids can be titrated to the desired depth
(=  response suppression probability). Two tools are commercially available, the Navigator® (GE Healthcare, Helsinki, Finland)
and the SmartPilot View® (Dräger Medical, Lübeck, Germany)
(Fig. 14.9) (Short, 2010). The latter has coalesced the response surfaces for IAD/opioid for immobility and unconsciousness into a
single two-dimensional presentation. Visual projections are made
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lead to better outcomes (e.g. faster recovery, less agent use, less
awareness) is unclear. With sevoflurane/remifentanil, 50% of the
patients woke up within 2 min of the predicted wake-up time
(range −6 to + 15 min) (Syroid et al. 2010). With the use of context
sensitive half-times, drug choice and dosing could be optimized to
ensure the most rapid and most comfortable wake-up (Manyam
et al. 2006; Shafer 2012). Adding a direct measure of drug effect
(e.g. EEG-derived parameter) is likely to even further improve the
performance of devices like the SmartPilot® and Navigator®.
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Figure 14.14 Empirical general anaesthetic equation (GAEq) for sevoflurane
in O2/air. Empirically derived GAEq for sevoflurane in O2/air with an ADU®
anaesthesia machine to maintain Fasevo = 1.8%. Fa = yellow (lower) surface;
Fi = green (middle) surface; Fd = orange (upper) surface. The difference between
Fa and Fi is caused by uptake; the difference between Fd and Fi is caused by
rebreathing. The first 5 min are not presented. Most clinicians intuitively use a
FGF of 1.5–2 litres min−1, because the difference between Fd and Fi is even more
pronounced with FGF less than 1.5 litres min−1. Data such as these can be used
to develop administration schedules by averaging the Fd with a certain FGF over
a specific time period. For example, with a FGF of 0.75 litres min−1 (light grey
line, Fd = 4.5% between 5 and 15 min, followed by Fd = 3.5% aims at attaining
Fasevo = 1.8%; or (dark grey line) with a FGF of 2 litres min−1, Fd = 3.2% between
5 and15 min, followed by Fd = 2.7%. The search for these sequences has been
dubbed ‘the search for the ideal FGF-Fd sequence’, a sequence that reduces
consumption yet timely achieves the target Fasevo.
Data from Hendrickx JFA CC, De Cooman S, De Wolf AM (2011). Do decreased sevoflurane
costs offset increased canister costs when fresh gas flows are reduced? Abstract 1463.
ASA Annual Meeting, Chicago, USA. Chicago.

of where ‘depth’ will be 10 min later and when the patient will
wake-up after agent administration is stopped (see Chapter 21).
The underlying PK/PD models continue to be developed and
already include N2O (Gin 2010; Kennedy 2010; Heyse et al. 2012;
Shafer 2012). Whether they will improve titration of IADs and

Table 14.3 summarizes agent usage to maintain anaesthesia over
a range of FGF for a similar MAC. Agent usage during the seemingly short (5 min) wash-in period with high FGF may equal
or surpass that of the entire maintenance phase with low FGF,
and thus needs to be minimized. Detailed quantitative data can
be found elsewhere (Hendrickx 2004). There is a trade-off to be
made between the use of high FGFs to rapidly achieve the targets (= before the effects of i.v. induction agents have dissipated)
and low FGFs to minimize waste. Even automated anaesthesia
machines struggle to strike the right balance: with early software
versions, initial FGFs were so high that total agent consumption exceeded that with conventional anaesthesia machines
(De Cooman et al. 2008, 2009).
The extent to which automated low-flow anaesthesia machines
will reduce agent and carrier gas usage depends on current
practice habits, the software version (De Cooman et al. 2008),
the carrier gas (De Cooman et al. 2009) (FGF are increased to
reach the target O2 or N2O %), the number of target changes,
and other factors. The extent to which automated low-flow
anaesthesia machines reduce cost is even more complex because
(1) absolute agent savings become less as FGF is further reduced;
(2) CO2 absorbent use increases (Hendrickx et al. 2011); (3) low
FGF can also be used with a conventional anaesthesia machine;
(4) acquisition costs differ between regions; (5) different parties in the hospital may be paying for agent, absorbent, and
machines; (6) reimbursement systems differ between countries;
and (7) prices fluctuate. Several advantages are difficult to translate into monetary value (e.g. improved heat homeostasis and
humidity of inhaled gases, decreased pollution, ease of use, less
distraction from other tasks).
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Figure 14.15 A lower solubility has been claimed to facilitate the use of lower FGF (L/min) because Fd more closely matches Fa. Indeed, a clinical study has shown that
Fd/Fa at 10, 15 and 55 min for isoflurane, sevoflurane, and desflurane in O2 to maintain 0.65 MAC is lower for the agent with the lower solubility.
Data from Hendrickx J. (2004) The kinetics of inhaled anesthetics and carrier gases. Ph.D. Thesis. Dept. of Anesthesia. Ghent. Accessible online at www.navat.org: University of Gent, 224. Also
published as Hendrickx JFA, et al. The log (flow)-vaporizer to end-tidal ratio (VEER) plot for potent inhaled anesthetics. British Journal of Anaesthesia 1999; 82(Suppl 1):A410.
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Wash-out characteristics of different anaesthesia machines may differ as a result of specific circuit configurations.
Hyperventilation hastens lung wash-out but may slow cerebral
wash-out by decreasing Pa CO2 and thus cerebral blood flow. By adding exogenous CO2 to the inspired mixture, the effect of hyperventilation on FRC wash-out can be uncoupled from its effect on Pa CO2.
Isocapnic hyperventilation may hasten early recovery (Sommer
et al. 1998; Sasano et al. 2001; Vesely et al. 2003; Katznelson et al.
2010), but the benefits are small with modern potent IADs (De
Wolf et al. 2012).
The agent with the lower λB/G is removed faster from the blood
and thus the CNS. However, this does not consistently translate
in major differences in recovery parameters (Gupta et al. 2004),
maybe because differences in λB/G between modern IADs are small.
Even after prolonged procedures, the lower λB/G impacts on early
but not on intermediate recovery parameters. Tissue solubility also
needs to be considered, for example, despite having a similar λB/G,
emergence after desflurane is slower than after N2O administration because tissue solubility for N2O is lower (and also because
MACawake for N2O is higher than for desflurane). Changing from
isoflurane to desflurane towards the end of anaesthesia does not
consistently accelerate recovery in humans (Gong et al. 1998;
Neumann et al. 1998).
A higher cardiac output (and especially higher cerebral blood
flow) would be expected to hasten emergence by increasing transport from the tissues to the alveoli. Few clinical data exist.
The longer the procedure, the more tissues have become saturated, and the longer it will take for Fv̄ to decrease because tissues (especially the MG) will continue to transfer agent into
the blood. As a result, the Fa and Fa will decrease more slowly,
thereby delaying emergence. This is analogous to the concept of
context-sensitive halftimes, which also have been theoretically
calculated for IADs (Bailey 1997, 2002). Different tissue groups
contribute differently to Fv̄. The VRG is unlikely to sustain Fv̄,
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Figure 14.16 Effect of carrier gas on the Fd–Fi–Fa relationship. Fd to maintain Fa
at 1.3% sevoflurane with different FGFs and carrier gases. The difference between
the O2 and O2/N2O groups becomes more pronounced as FGF is lowered from
1 to 0.5 litres min−1.
Data from Hendrickx JF, Coddens J, Callebaut F, et al. (2002) Effect of N2O on sevoflurane
vaporizer settings during minimal-and low-flow anesthesia. Anesthesiology 97: 400–404.

Recovery
The termination of effect of IADs is organ independent because
they are mainly eliminated via the lungs (the effect of metabolism
of modern agents is small). The ultimate goal is wash-out from the
CNS. Many factors affecting wash-in also affect wash-out, but there
are important differences.
In order to speed up recovery from inhaled anaesthesia, the
vaporizer has to be turned off and FGF has to be increased above
MV to avoid rebreathing to ensure that Fi = 0. Increasing FGF well
above MV serves no purpose. If ventilation is spontaneous, the
breathing bag can be manually emptied and flushed a few times.
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Figure 14.17 Air/O2 mixtures and the circle system. When air/O2 mixtures are used in a circle system, rebreathing caused by reduced FGF will result in the
FIO2 becoming lower than FD O2 (= rotameter settings). This can result in the development of an inspired hypoxic mixture (FIO2 < 21%) despite the delivery of
apparent adequate FD O2 (see right tables). As total FGF is lowered, the proportion of O2 in the FGF mixture needed to maintain FIO2 > 30% has to be increased
(left figure), and this starts to be prominent once total FGF is less than 2 litres min−1 (arrows). The FIO2 that results from the use of O2/air mixtures with total FGF
of 0.5 and 1.0 litres min−1 (MFA and LFA, respectively), is depicted on the right.
Data from Hendrickx JF, De Cooman S, Vandeput DM, et al. (2001) Air-oxygen mixtures in circle systems. J Clin Anesth 13: 461–464; and Hendrickx J. (2004) The kinetics of inhaled anesthetics and
carrier gases. Dept. of Anesthesia. Ghent. Accessible online at www.navat.org: University of Gent, 224.

229

230

230

PART 2

FN2O (%)

applied pharmacology in anaesthesia
2 L/min O2 + 4 L/min N2O
= 6 L/min total FGF
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Figure 14.18 Effect of rapidly reducing N2O uptake on FA N2O . When O2/N2O is
used as the carrier gas, O2 uptake will remain constant in the haemodynamically
stable patient, but N2O uptake will decrease as the tissues become more and
more saturated. After 25 min, N2O uptake is approximately 200 ml min−1. If only
300 ml min−1 of O2 and 400 ml min−1of N2O are provided during maintenance,
rebreathing will cause FA N 2 O (light blue solid line) to become higher than FDN2O
(dark blue dashed line) because 200 ml min−1 O2 and N2O each are removed by
the patient and 100 ml min−1 each by the gas analyser. How FA N 2 O evolves and
when and whether it will plateau depends on the mass balances in the circuit, but
the progressively decreasing N2O uptake will cause a progressive increase of FA N2O
and subsequently FIN2O which can result in the formation of a hypoxic inspired
mixture (FIO2 < 21%) despite a sufficient FD O2 . [See De Cooman et al. (2008) for
details.]

and arguments can be made for both. Controlled ventilation
ensures continued wash-out until emergence (Joshi 2012). With
spontaneous ventilation, extubation could occur during deep
anaesthesia, and coughing and extubation stress are attenuated,
but airway patency needs to be closely monitored. Also, opioids
can be titrated towards respiratory rate in an attempt to ensure
adequate analgesia without respiratory depression (Noguchi
et al. 2009).
Patients often do not respond to verbal command when Fa is
(and has been for a while) well below MACawake. First, there is a
hysteresis: Fcns lags behind Fa because the agent needs to be transported from the brain to the alveoli (Fig. 14.8). Effect site concentrations take these delays into account and may prove clinically useful
(Fig. 14.8). Second, the effect of other drugs needs to be considered,
especially benzodiazepines and opioids (Fig. 14.6) (Hendrickx et al.
2008a). At a plasma concentration that ensures postoperative analgesia yet minimizes respiratory depression [= the opioid dose that
anaesthetists intuitively use (Kennedy et al. 2011b)], there is only
modest alteration of Fa required to regain consciousness, but at
higher concentrations they do reduce Fa required to regain consciousness, and thus slow emergence.

Nitrous oxide—the good,
the bad—and the better?
‘Over the last two decades, the traditional position where N2O was
used routinely, except in a relatively small number of defined circumstances, has been supplanted by one where it is rarely used by a
new generation of anaesthetists at all. In short, there has been a move
from “Is there any reason why I shouldn’t use N2O in this patient?” to
“Why should I ever use N2O?” This is a rather monolithic attitude to
a complex pharmacological and clinical question and, as a specialty,
anaesthetists are capable of a more sophisticated approach than this.’1
(Peyton 2011)

Data based on personal observations, Jan Hendrickx, Andre De Wolf.

because its capacity to hold agent is limited and its wash-out is fast
(Table 14.1). The partial pressure in the FG is unlikely to increase
above MACawake: after 6 h, it has only been saturated 13–22% of Fa
(Table 14.1), and even after a day only 44–63% (the reverse may
be true: fat may contribute to lowering Fa); it takes 4–7 days to
saturate fat. This explains the small to absent differences in early
recovery parameters between obese and lean patients: the partial
pressure in fat never increases up to the point where it can sustain a Pv that might delay awakening (Lemmens et al. 2008). The
MG (and ITDG), however, might act as a reservoir to sustain Pv
because (1) it can be saturated within the time frame of many procedures (85% saturation within 3–5 h—see Table 14.1); (2) it has
sufficient capacity to hold anaesthetic; and (3) it receives a large
enough fraction of cardiac output to affect Pv.
Currently, the decision to turn off the vaporizer and increase
the FGF is mostly based on clinical judgement (habit and experience), and takes into account the above factors—the agent, use
of concomitant drugs, duration of administration, and the anticipated end of surgery. PK/PD applications such as the SmartPilot®
or Navigator® help rationalize this process (Kennedy et al. 2004,
2010). The Perseus® and the FLOW-i®’s prediction tool also may
facilitate coasting, but this remains to be proven (Hendrickx et al.
2011). During coasting, a very low FGF continues to be used after
the vaporizer has been turned off. Because very little agent is scavenged, Fa decreases slowly, the course of which is presented on a
screen.
Should ventilation be controlled until the patient responds to
verbal command, or can spontaneous respiration be resumed
before the patient is awake? Regional practice differences exist,

Induction
The MAC of the odourless and non-irritating N2O is 105% (estimated assuming additivity with other agents) (Hornbein et al.
1982; Gonsowski et al. 1994; Eger 2001), MACawake is 0.55–0.6
MAC (higher than the 0.35 MAC for the other agents) (Eger 2001),
and the MACBAR has not been defined. Because a maximum concentration of only 70% can be administered, N2O is not considered
a potent IAD, but the combination of a low λB/G and a low λCNS/B
makes it the fastest ‘in/out’ agent available (Table 14.1). Because
λCNS/B relative to λB/G is lower for N2O than for the other agents,
N2O has a relatively higher transport capacity, which (together
with the concentration effect—see next paragraph) explains why
N2O’s Fa/Fi curve lies above that of desflurane (Fig. 14.19) (Yasuda
et al. 1991b).
Even though it is less soluble than other agents, N2O uptake (ml
min−1) at equipotent Fa is 10 times that of desflurane and 30 times
that of sevoflurane. With FA N2O= 65%, N2O uptake is approximately
500 ml min−1 at 2–3 min, approximately 200 ml min−1 at 25 min,
and approximately 100 ml min−1 after 1 h [Severinghaus or square
root of time rule (Severinghaus 1954)]. The large initial uptake
1

Reproduced with kind permission from PJ Peyton, ‘The effects of ventilation-
perfusion scatter on gas exchange during nitrous oxide anaesthesia’, https://
minerva-access.unimelb.edu.au/handle/11343/36248 © 2011 Dr. Philip John
Peyton.
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Figure 14.19 (a) and (b) N2O kinetics are faster than those of desflurane. (a) Fa/Fi curve of concomitantly administered agents in eight volunteers. (b) Course of
proportion of patients (%) responding after discontinuing desflurane administration in O2 (oxygen) or O2/N2O (N2O). Number in figure legend refers to age of the
patients. Despite having a similar λB/G, N2O kinetics are faster than those of desflurane, both during induction (reflected in the Fa rising faster towards Fi, left graph)
and during emergence (reflected in a higher % of patients answering sooner to verbal command when part of the gas mixture contains N2O instead of desflurane, right
graph). These observations can be explained by N2O’s lower tissue solubility, higher MACawake, and the reverse second gas effect.

(A) Data from Yasuda N1, Lockhart SH, Eger EI 2nd, Weiskopf RB, Johnson BH, Freire BA, Fassoulaki A. Kinetics of desflurane, isoflurane, and halothane in humans. Anesthesiology. 1991 Mar; 74(3):
489–98. (B) Data from Rampil IJ, Lockhart SH, Zwass MS, et al. (1991). Clinical characteristics of desflurane in surgical patients: minimum alveolar concentration. Anesthesiology 74: 429–33.

of N2O accelerates the increase of N2O itself (the ‘concentration
effect’) and that of other gases present (second, third, and fourth
gas effect for potent IAD, O2, and CO2, respectively) (Aldrete et al.
1978) (Fig. 14.20a). The classic explanation of the second gas effect
consists of two artificially separated processes (Fig. 14.20b): the
large uptake (1) concentrates the other gases present in the alveoli
(concentrating effect) and (2) causes either a negative pressure in
the lungs that draws in additional gas with spontaneous ventilation
(= augmented inspired ventilation) or decreases expired MV with
controlled ventilation. Recently, it has become clear that the underlying mechanism is more complex: the effect (1) is caused by a specific V̇/Q̇ mismatch typically present during general anaesthesia;
(2) is present at lower N2O uptake rates (≈100 ml min−1) than previously assumed and thus persists longer than previously assumed;
(3) is having a far more pronounced effect on Fa of the IAD than
suggested by Fa analysis (Fig. 14.20a,c); (4) increases Pa O2 above
that with a N2/O2 mixture with an identical FIO2 because the effect
of an increased absolute shunt caused by absorption atelectasis is
offset by the increased FA O2 in those alveoli with the aforementioned V̇/Q̇ typically present during anaesthesia (Nishikawa et al.
2000; Peyton 2001; Hendrickx et al. 2008b; Peyton et al. 2006, 2011;
Hendrickx et al. 2006).

Maintenance
Analogous to what happens with FI N2 when air is used in a circle breathing system with a total FGF less than 2 litres min−1,
rebreathing of N 2O will cause FI N2O to differ from FD N2O .
If V̇ o 2 is constant, the declining N 2O uptake will cause
FI N2O to increase at the expense of O2 (FA N2O and thus FI N2O may
become greater than Fd) (Fig. 14.18), thus the N2O FGF has to
be progressively decreased. Existing proportioning devices that
automatically reduce N2O flow as total FGF is reduced do not
ensure that FIO2 remains above 21%; this situation is analogous to
the development of a hypoxic mixture with certain air/O2 mixtures with low FGF (Fig. 14.18).

There are an infinite number of acceptable flows that will result in
an acceptable increase in FA N2O, one example being early total FGF
reduction to 0.7 litres min−1 after a 3 min, 6 litres min−1 FGF while
tolerating a small bellows deficit that does not interfere with tidal
volume delivery (Hendrickx et al. 2007).

Emergence
During wash-out, the ‘reverse second (third, and fourth) gas effect’
occurs. First, when a 30/70 O2/N2O inhaled gas mixture is suddenly switched to a 21/79 O2/N2 mixture (= air), for example, by
disconnecting a spontaneously breathing patient from the circuit,
diffusion hypoxaemia ensues (Fink effect) (Fink 1955; Frumin et al.
1961; Rackow et al. 1961). Because N2O is more (!) soluble in blood
than N2, a larger amount of N2O will enter the alveoli from the
mixed venous blood than N2 enters the blood at equal Fi. This will
dilute the FA O2 and cause the Pa O2 to decrease. This effect is short
lived (<5 min) and easily attenuated by increasing FIO2 (Brodsky
et al. 1988). Second, augmented expired ventilation decreases
FA CO2 (claimed to contribute to the hypoxia by decreasing respiratory drive). Third, wash-out of other IADs is faster, an effect more
pronounced than previously assumed (Peyton et al. 2011). Other
factors that contribute to a rapid emergence are (1) a consistent,
reliable, rapid elimination of N2O that is faster than that of desflurane because of the combination of low λB/G and low λtissue/G
(see above) (Table 14.1, Fig. 14.19b) (Rampil et al. 1991); (2) a high
MACawake (0.6 MAC) (Eger 2001); (3) the proportional reduction
of the partial pressure of the more slowly eliminated potent IADs
due to the additive effect of N2O and IAD’s; and (4) a possible infra-
additive effect on MACawake of potent IADs (Katoh et al. 1997).
To fully appreciate the rapid kinetics of N2O, skill in the way
anaesthetics are administered is important. At 5–15 min before the
anticipated emergence, (1) a small amount of opioid is administered to briefly but profoundly potentiate the IAD, to minimize
coughing, and to ensure adequate postoperative analgesia; (2) the
vaporizer is turned off; (3) FGF is increased above MV, with the
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Figure 14.20 The second gas effect. (a) Upper two curves: When N2O is used (the first gas), the alveolar sevoflurane partial pressure (the second gas) rises faster to the
inspired if N2O (most upper curve, thick black line) is part of the carrier gas. (b) The traditional diagram depicts the mechanism for the second gas effect in a simplified
model of the lung with FIN2O = 80%, FIO2 = 19%, and Fi ‘second gas’ = 1%. The increase in O2 concentration and second gas concentration is shown to the right, where half of
the inspired volume of N2O is taken up by blood (heavy lines at bottom). The concentrations of the gases in blood leaving the lung are shown at the bottom. This model,
however, has been found to be an oversimplification. (c) Modified version to explain that ‘the second gas effect’ is caused by the uptake of N2O in a subset of alveoli with
a particular V̇/Q
 ̇ mismatch that is typically present during anaesthesia. The hypothetical lung is divided into two compartments, so that the left-hand compartment now
receives three-quarters of the blood flow. Uptake of N2O in the compartments is kept proportional to their blood flow. The resulting concentrations of the alveolar gases in
each compartment are shown, as well as the flow-weighted concentration in blood leaving the lung. Inhomogeneity of blood flow has increased the second gas effect. The
effect is more pronounced in the arterial blood (and thus end-organs) than in alveoli: compare the larger relative ratio of the lower two curves in pane A (= arterial partial
pressures) to the smaller relative ratio of the upper two curves (= alveolar partial pressures). [See Peyton et al. (2008) for details.]
Data from Peyton PJ, Horriat M, Robinson GJ, et al. (2008) Magnitude of the second gas effect on arterial sevoflurane partial pressure. Anesthesiology 108: 381–387.

maximal FI N2O that still allows adequate oxygenation; and (4) the
effects of neuromuscular blocking agents are antagonized if necessary. Once the N2O is discontinued, controlled mechanical ventilation is continued to ensure rapid N2O wash-out, while leaving the
patient alone (i.e. unstimulated by suctioning the mouth, shaking,
moving, removing ground plates) because wash-out is exceedingly
fast, and any stimulation during this period may induce coughing,
excitation, and desaturation. If no or little IAD has been detected
for a few minutes on the gas analyser, most of the patients will be
responsive to verbal commands within 3–4 min. Once the patient
is awake, spontaneous ventilation is rapidly resumed (unless opioids were overdosed).

Postoperative course
N2O reduces opioid-induced hyperalgesia after remifentanil–
propofol anaesthesia (Echevarria et al. 2011) and may lower the
incidence of chronic pain [by blocking the N-methyl-D-aspartate
(NMDA) receptor: neuronal wind-up is inhibited] (Yamakura and
Harris 2000; Richebe et al. 2005; Bessiere et al. 2007; Chan et al.
2011). Clinicians consider ketamine for this purpose but fail to
recognize that they have a volatile NMDA blocker at their disposal.

Toxicity
N2O has become the victim of its enormous safety record for over
150 years: because it is considered to be so safe, recent toxicity
concerns may have made the pendulum swing too far to the negative side by not placing these new findings in proper perspective
(Sanders et al. 2008). First, methionine synthase is inhibited via an

interaction with vitamin B12. This may affect DNA, purine, and thymidylate synthesis, but only long-term (days) exposure to high FA N2O
may cause megaloblastic bone-marrow depression and neurological
symptoms; exposure to high doses less than 6 h (= the majority of
clinical cases) are considered harmless. Second, N2O has been linked
with hyperhomocysteinaemia, an independent risk factor for coronary artery disease, but the suggested relationship with myocardial
ischaemia, stroke, or mortality is far from proven (Myles et al. 2007;
Lewis et al. 2008; Peyton 2011; Nagele 2012; Sanders et al. 2012a).
Actually, others have found N2O to be associated with lower mortality (Turan et al. 2013), and the ENIGMA II trial could not detect an
increased morbidity or mortality in high risk patients (Myles 2014).
Third, immunosuppression has been suggested to increase the risk
of wound infections, but studies are conflicting (Fleischmann et al.
2005; Hopf 2007)—there is no evidence to suggest that N2O induces
more immunosuppression than other anaesthetics (Sanders et al.
2008). Fourth, the incidence of spontaneous abortions in healthcare personnel after prolonged exposure to high concentrations in
the pre-scavenging area (e.g. a dental office) was increased but the
relevance of these data in the modern scavenged operating room
where many other threats are present (e.g. radiation exposure) is
unclear (Boivin 1997; Stenqvist et al. 2001). The available data do
not support the notion that exposure to trace amounts of N2O are
associated with impaired fertility or an increased risk of developing
cancer (Alexander et al. 2000). The regulatory limits (ppm) are those
achievable by scavenging, rather than based on scientific data (Eger
2002), but common sense dictates the use of appropriate scavenging
and the use of low FGF.
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Other side effects
The effect of N2O on postoperative nausea and vomiting (PONV) is
controversial. In a recent meta-analysis, the PONV effect is not consistently present (Fernandez-Guisasola et al. 2010). The ENIGMA
data [more severe PONV with (23%) than without (10%) N2O]
is confounded by differences in propofol consumption and FIO2
(Peyton 2011, p. 199). Nitrous oxide increases the risk of severe
PONV by only a small percentage, and the increased risk is essentially eliminated by antiemetic drug prophylaxis. Concern about
severe PONV thus does not appear to be a valid reason to avoid
nitrous oxide. The advantages of a more rapid emergence may outweigh other considerations in ambulatory anaesthesia (Smith 2006;
Shireen 2010).
When N2O is administered, it will exchange with N2. Bulk
transfer of N2O is approximately 30 times faster than that of N2
because N2O is approximately 30 times more soluble in blood
(λB/G N2O = 0.47, λB/G N2 = 0.015). In compliant spaces, this will
cause the volume to increase. Clinical scenarios in which N2O thus
should be avoided are (suspected) pneumothorax (e.g. trauma
patients), distended bowel (acute abdomen), or in the presence
of air embolism. During laparoscopy, bowel distension may occur
(Akca et al. 2004; Orhan-Sungur et al. 2005), but the effect goes
unnoticed by the surgeon and we consider N2O an acceptable carrier gas (Taylor et al. 1992; Brodsky et al. 2005). In non-compliant
spaces, the pressure will increase: in the cuff of the endotracheal
tube or laryngeal mask, in the eye that has been injected with a bubble of gas following retinal surgery (Fu et al. 2002) (SF6 and C3F8
persist for 7–10 days and 4–10 weeks, respectively) (Shireen 2010),
in the skull after intracranial surgery (weeks), and in the mid ear
during tympanoplasty (after applying the flap).
N2O’s ozone layer depleting and greenhouse effects (Ryan and
Nielsen 2010; Ishizawa 2011) also need to be placed in proper
perspective. First, the IADs released during the approximately
200 million anaesthetic procedures performed each year globally
have a climate impact that is approximately 0.01% of that of the
CO2 released from global fossil fuel combustion (Andersen et al.
2012; Mychaskiw 2012). Second, lower FGF can reduce emission
waste by more than 90% (Feldman 2012). More detailed literature
on this important topic is emerging rapidly, but careful interpretation of this complex subject seems warranted (Andersen et al. 2012;
Mychaskiw 2012).

Summary

inhaled anaesthetics

element, fractional distillation of liquefied air—it cannot be synthesized); (2) high demand from the industry (which includes jet
propulsion systems); (3) need for special low-flow/closed circuit
anaesthesia machines to minimize waste; (4) diamagnetic properties, which precludes that its concentration can be measured with
(inexpensive) infrared technology.
Nevertheless, there is a good chance that evolving technology
will make xenon cost-effective in the very near future, at least (initially) in a subset of patients. First, its very low blood solubility
(λB/G = 0.12) makes it the fastest on/offset inhaled agent we have,
and this could facilitate very fast wake-up. This property could justify the expense of xenon in special situations, for example, during
intraoperative wake-up testing of neurological function (Kulikov
et al. 2012). Second, the stable haemodynamic conditions it provides and its cardio-and neuroprotective NMDA receptor blocking
properties (such as N2O) (Franks et al. 1998; Jevtovic-Todorovic
et al. 1998) suggest it might be particularly useful in high-risk cardiac surgery patients.
While considered the ideal anaesthetic (low λB/G, non-toxic,
a noble gas configuration that forms no covalent bonds), xenon
deserves the scrutiny of any other drug. Because of its high MAC
(61–73%), high concentrations need to be delivered, which—
despite its low blood solubility—will result in an increase in the
volume of bubbles formed during cardiopulmonary bypass (Sta
Maria and Eckmann 2003). This may curtail some of its protective benefits (Jungwirth et al. 2006, 2011), and even though some
intermediary outcome data suggests this is clinically insignificant (Lockwood et al. 2006), more outcome data are needed to
validate the above (Kulikov et al. 2012) claims. Its high density
and viscosity increase airway resistance (Baumert et al. 2002).
The incidence of nausea and vomiting is higher after maintaining anaesthesia with xenon/remifentanil than with propofol/
remifentanil (nausea 66 vs 27%, vomiting 35 vs 17%, respectively) (Coburn et al. 2008).

Organ effects
In general, the effects on organ systems are similar for the current
modern IADs. Only the most salient features are described—the
reader is referred to other work (Patel and Goa 1995, 1996; Sakai,
2005) as well as to the subspecialty chapters in this book.

Cardiovascular system

It is premature to delete N2O from our armamentarium (Smith
2006; Sanders et al. 2008; Peyton 2011; The European Society of
Anaesthesiology task force on the use of nitrous oxide in clinical
anaesthetic practice 2015). Many advantages have been underappreciated, few absolute contraindications have been delineated,
technology has addressed waste concerns, and continued research
rather than prejudice should be used to redefine its position in
clinical practice.

A decrease in systemic vascular resistance decreases the blood pressure without a change in cardiac output. Haemodynamic effects are
attenuated by the use of spontaneous ventilation and N2O. The effect
of N2O is an indirect effect: the Fa of IADs can be proportionally
reduced, thus attenuating their haemodynamic effects because the
haemodynamic effects of N2O are small (unless pulmonary hypertension is present) (Ebert and Kampine 1989; Ebert 1990; Vollmar
et al. 1995; Shiga et al. 2003). Desflurane induces tachycardia and
hypertension with rapid Fa increases, but this can be attenuated by
prior administration of a small amount of opioid.

Xenon

Respiratory system

Xenon is a noble gas that occurs in trace amounts in the atmosphere (0.0875 ppm) and has very attractive anaesthetic properties.
The clinical use of xenon as a general anaesthetic is very expensive
for the following reasons: (1) high manufacturing costs (very rare

IADs depress the respiratory centre: a higher Pa CO2 is required to
initiate breathing, and MV increases less with an increase of Pa CO2 .
A rapid, shallow breathing pattern is typical. The resulting hypoventilation and hypercapnia are attenuated by N2O because the Fa of
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the IAD can be proportionally reduced. The acute hypoxic ventilatory response is attenuated. Hypoxic pulmonary vasoconstriction
is inhibited, but the effect is clinically insignificant during one-lung
ventilation. With the same FIO2 , Pa O2 is higher with N2O than with
N2 (second gas effect on O2). Desflurane increases airway resistance (especially ≥1.5 MAC); airway irritation with rapidly increasing Fa precludes inhalational inductions. The other agents cause
dose-dependent bronchodilation, and all have been used to treat
status asthmaticus.

Neurological system (including malignant
hyperthermia)
IADs all increase cerebral blood flow while they decrease cerebral metabolic rate. While long considered undesirable in most
neurosurgical situations unless the cranium has been opened, the
hyperaemia is now considered to be only an intermediary outcome
variable. IADs are now considered a reasonable alternative to i.v.
agents if used at less than 1 MAC, except in the presence of intracranial hypertension. Similarly, N2O has minimal effects on outcome
in the absence of intracranial hypertension (Culley and Crosby
2008; McGregor et al. 2008; Pasternak et al. 2009). Furthermore,
the rapid wash-out of N2O allows rapid assessment of the neurological status after neurosurgery.
The EEG is affected in a predictable manner. Somatosensory
evoked potentials (SSEPs) are very sensitive to IADs—if used, Fa
should be less than 0.5 MAC and should not be rapidly changed.
N2O has no effect on SSEP or bispectral index. Sevoflurane (very)
rarely induces seizures if accompanied by hyperventilation, but all
agents have been used to treat status epilepticus. Sevoflurane has
been linked to emergence agitation in children, a clinical entity
whose aetiology is multifactorial.
IADs intensify and prolong the effects of neuromuscular blocking agents, but also provide a degree of muscle relaxation by

themselves. The trachea of children is often intubated without
the use of neuromuscular blocking agents. IADs can provide sufficient relaxation for, for example, abdominal wall surgery. Briefly
increasing Fa at the end of the procedure may provide appropriate
conditions for wound closure, even if the effect of neuromuscular
blocking agents has already dissipated. In patients with myasthenia gravis, they often obviate the need for neuromuscular blocking
agents all together.
Malignant hyperthermia, an inherited trait, is the contraindication for potent IADs (and suxamethonium; N2O can be used).
Some neuromuscular diseases are associated with malignant
hyperthermia.

Renal
The effects of ventilation, fluid status, and overall haemodynamics outweigh the very modest direct effects of IADs. Sevoflurane
fluoride toxicity (described earlier with methoxyflurane) and the
long-debated sevoflurane compound A toxicity turned out to be
non-issues in humans (Gentz and Malan 2001). While the US Food
and Drug Administration still recommends the use of FGF of 1
or more litres min−1, no FGF restrictions exist in Western Europe
where the agent is routinely used during CCA with no reported
untoward events.

Hepatic
Postoperative liver dysfunction is mostly related to severe intraoperative haemodynamic instability with the site of surgery as a contributing factor (upper abdominal procedures); IADs have small
direct effects on liver blood flow. Drug-induced hepatitis is very
rare; it has been described with halothane, but also with isoflurane,
sevoflurane, and desflurane, and the immune system may be implicated. If postoperative liver dysfunction occurs, other aetiologies
always need to be ruled out first.
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Figure 14.21 Possible mechanisms of IAD-induced cardioprotection. Signal transduction of anaesthetic-induced cardioprotection and possible interactions through
anaesthetic drugs or drugs frequently used in the perioperative period is complex. The reader is referred to the original reference for details.
Reproduced with permission from Frassdorf, B. Anaesthesia and myocardial ischaemia/reperfusion injury. British Journal of Anaesthesia, 2009, Volume 103, Issue 1, pp. 89–98, by permission of the
Board of Management and Trustees of the British Journal of Anaesthesia.
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Obstetrics
Because IADs relax uterine smooth muscle, high concentrations
may have to be avoided when uterine contracture is needed to
minimize blood loss (e.g. Caesarean section, postpartum bleeding).

Organ-protective properties
IADs may protect organs to a certain extent against ischaemia-
induced organ damage. IADs may also exert beneficial effects if
they are administered after organ ischaemia (post-conditioning
effect). Most evidence has been collected for the myocardium.
There are many possible molecular targets (Fig. 14.21). The effect
is consistently present in animals, and also in humans biochemical markers of myocardial injury are reduced after episodes of
ischaemia that occur during coronary artery bypass grafting
(CABG). Questions remain, though, such as the optimum timing and dosage of IADs, or the extent to which these myocardial
effects in CABG patients improve clinical outcome. The clinical
beneficial effects in patients undergoing non-cardiac surgery is
even harder to establish (Frassdorf et al. 2009), for reasons that
include the difficulty of reliably documenting episodes of ischaemia, improved perioperative control of factors causing ischaemia,
and the presence of factors that may mitigate the protective effect
of IADs (e.g. propofol mitigates sevoflurane-mediated protection)
(Zaugg et al. 2012).
IADs increase the tolerance of brain to ischaemia in the lab. By
reducing brain metabolic requirements, these agents had been
expected to improve tolerance to ischaemia caused by diminished
substrate supply. However, pharmacological neuroprotection that
results in clinically meaningful attenuation of neurological damage
remains elusive (Schifilliti et al. 2010).

Interaction with CO2 absorbents

Under certain rare conditions that affect the degree of hydration of the CO2 absorbent, the interaction between the absorbent
and IADs can cause CO intoxication (desflurane) or canister fires
(sevoflurane). Good clinical practice (avoid leaving on high FGFs
over prolonged periods of time to avoid desiccation) as well as the
universal removal of KOH should virtually eliminate the risk of the
formation of breakdown products and fires. While NaOH has also
been eliminated from some absorbents (e.g. Amsorb®), the additional value remains a matter of debate, especially because the compound A issue has become moot.
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CHAPTER 15

Intravenous anaesthetics
Anthony Absalom and John Sear
Introduction
Intravenous induction of anaesthesia was first described in 1875 by
Pierre-Cyprien Ore, who used a modification of the Pravaz syringe
and needle for intravenous administration of chloral hydrate to 36
patients undergoing cataract surgery (Ore 1875). The use of the
intravenous route for induction only became commonplace many
decades later, after the discovery of suitable short-acting barbiturate hypnotics [first somnifaine, and later methohexital (methohexitone) and thiopental (thiopentone)]. Although single doses of
these agents are short-acting, they accumulate when administered
by continuous infusion causing prolonged recovery, so that inhalation maintenance of anaesthesia remained the norm for most of the
remainder of the late twentieth century.
In the decades after the discovery of the barbiturates, several
agents with more favourable pharmacokinetic profiles (for continuous infusion) were discovered and introduced into clinical practice.
Although these helped to stimulate interest in total intravenous
anaesthesia (TIVA), their use was limited by pharmacodynamic
problems. Ketamine causes excitatory phenomena, nightmares,
and hallucinations; Althesin® was associated with a high incidence
of anaphylaxis (although this may have been caused by the vehicle
Cremophor®); and prolonged infusions of etomidate were associated with multi-organ failure and death, and even single doses of
etomidate have been shown to cause adrenal suppression in critically ill patients (Absalom et al. 1999).
Although by no means a perfect agent, the discovery of propofol
has revolutionized intravenous anaesthesia. First used in 1977, it is
the only currently available intravenous hypnotic agent suitable for
induction and maintenance of anaesthesia. This interest in TIVA
has grown to such an extent that across Europe TIVA is used for
approximately 25% of all general anaesthesia, but there is considerable regional variation, and also variation within departments (e.g.
in many centres almost all anaesthesia for neurosurgery is provided
by TIVA).
Provision of accurate and stable anaesthesia with the intravenous
anaesthetic agents is perhaps more demanding than with inhalation agents. Additional equipment is required (infusion pumps,
administration lines, antireflux and antisyphon valves, etc.) with
significant cost implications, and there are also time implications
(it takes time to set up this equipment at the start of a case) which
is likely a factor that impedes more widespread use of TIVA. More
importantly, detailed knowledge of general pharmacokinetic principles and of the pharmacokinetic profile of the agent in use is necessary. The pharmacokinetics of the hypnotics is complex, as drug
distribution and metabolism involves simultaneous exponential
processes, each with a different time constant, meaning that the

contribution of each process changes over time. As elegantly shown
by Shafer and Stanski, it is very difficult for clinicians to guess or
estimate drug behaviour based on the traditional pharmacokinetic
parameters (such as volume of distribution, and distribution and
elimination half-lives) (Shafer and Stanski 1992; Stanski and Shafer
1995). For accurate estimations, simultaneous differential equations must be solved, and for this, computer technology is required.
The availability of suitable agents, coupled with the easy availability of powerful portable computers and microprocessors, stimulated several pioneers to study and elucidate the pharmacokinetic
principles of infusions, and use these to develop algorithms to predict concentrations. The theoretical foundations laid by visionaries
such as Kruger-Thiemer (1968), Vaughan and Tucker (1975, 1976),
Schwilden (1981), and Shafer and Gregg (1992) led to the development of target-controlled infusion (TCI) systems, in which computers were able to use pharmacokinetic models and algorithms to
calculate the infusion rates required to achieve user-defined ‘target’
drug concentrations with reasonable accuracy. Their work culminated in the development of the first generation of commercial TCI
pumps lead by the group of Kenny.
To understand the pharmacology of a particular drug, an accurate and valid pharmacokinetic and pharmacodynamic (PK/PD)
model for the drug is required. During the research and development phase of drug development, most pharmaceutical companies
use non-linear mixed effects modelling to generate PK/PD models
for their new drugs. This is commonly done with a software program called NONMEM® (Icon plc, Ireland), which was originally
written and developed by the NONMEM project group at the
University of California lead by Beal and Sheiner, who interestingly, were also intimately involved in advancing our knowledge
of the pharmacology of several categories of agents used during
anaesthesia (in collaboration with people such as Stanski and
Shafer).
When PK/PD models are used to guide or control hypnotic infusions for maintenance of anaesthesia, the accuracy and validity of
the models are important. Although propofol is the current agent of
choice for intravenous induction and maintenance of anaesthesia,
there is currently no consensus over which of several model best
describes the propofol PK/PDs (Absalom et al. 2009). The models
currently used for TCI are all two-or three-compartmental models
which, with the exception of the Marsh model for propofol, were
developed by non-linear mixed effects modelling analysis of the
relationship between dose administered, plasma concentration,
and clinical effect (the Marsh model was based on a pragmatic
adaptation of the Gepts model for propofol) (Marsh et al. 1991;
Schnider et al. 1998; Schnider et al. 1999; Schüttler and Ihmsen
2000). Although NONMEM® might be regarded as the industry
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standard it is important to consider the strengths and weaknesses
of this approach, and of the resulting models.
The strengths of the non-linear mixed effects modelling approach
are that it takes into account both fixed and random effects (such
as the fixed effect of weight and the effect of other, as yet unknown
sources of variability respectively), separately estimates inter-and
intra-individual variability, and uses Bayesian methods to determine the weighting that single blood-drug assays should contribute
towards development of individual models, and also the weighting
that the data from an individual should contribute towards development of the population model. This methodology is better able
to deal with outliers and errors (such as sampling errors) than more
traditional, naïve pooled data methods.
Any model will tend to work best in the population from which
it was developed. Most models have been developed from studies in
healthy adults, and thus can have limited applicability and validity in
different groups (such as in children, the elderly, the severely obese,
and those with cardiac, renal, or hepatic impairment). Also, most
models were developed from studies of subjects who received a single drug, while in real-world clinical practice, most patients receive
multiple drugs (such as opioids, benzodiazepines, β-adrenergic
blockers, anticholinergics), with potential pharmacokinetic and
dynamic interactions that will weaken the predictive accuracy of
the model. Finally, it should also be borne in mind that the modelling process involves several critical assumptions (Absalom et al.
2011). An assumption inherent in all compartmental models is that
administered drug mixes instantaneously within the central compartment (V1). This is obviously not true, and can lead to inaccuracies with the estimation of the volume of V1, when early blood
samples (taken before mixing of a bolus dose, for example) are used
in the estimation process. This source of error is probably only of
significance during the first few minutes of a TCI, as during the
maintenance phase, there will likely be compensating minor errors
in the re-distribution and metabolic clearance rate constants, and
thus in volumes of the second and third compartments.
An assumption inherent in most PK/PD models is that the brain
has zero or minimal volume and thus brain uptake of drug is not
included in mass action equations. The average human brain volume is of the order of 1.5 litres, which is quite small relative to the
volume of the peripheral compartments of the mathematical models. Thus, although most anaesthetic agents are fat-soluble, unaccounted brain uptake or release of drug is also unlikely to cause
significant inaccuracies in the other model parameters, other
than in the few minutes when there are large differences between
plasma and effect-site concentrations. Finally, PK/PD models make
important assumptions about the relationship between plasma and
effect-site concentration, and between effect-site concentration and
clinical effect. It is assumed that entry and exit of drug to and from
the brain is purely gradient driven, and therefore that the kinetics can be described by a single rate constant (typically called ke0).
While this may be true for most agents, recent evidence suggests
that this may not be completely true for some opioids, for which
protein transporters actively modulate drug uptake and efflux, and
thus may influence pharmacokinetic and dynamics (Elkiweri et al.
2009).
During the PK/PD modelling process, most groups use a sigmoidal Emax model to explain the relationship between effect-site concentration and clinical effect, and assume that the relationship is
path independent. When combining induction data from multiple

subjects, there appears to be a clear sigmoidal relationship; although
in clinical practice we most often observe a step change in processed
electroencephalogram (EEG) parameters during loss and return
of consciousness, even when plasma concentrations are changing
slowly. This suggests that changes of conscious state may not be as
smooth as suggested by such sigmoidal models, but may include
non-linear processes, which may result from a recently described
concept of neuronal inertia, which resists state changes (Friedman
et al. 2010). The group of Kelz has challenged our previously held
views that induction and recovery of anaesthesia are symmetrical,
path-independent processes, by showing that different neuronal
pathways are involved in induction and recovery (Kelz et al. 2008),
and by showing that loss and return of consciousness occur at different brain volatile concentrations in Drosophila flies and mice
(Friedman et al. 2010). There is still a long way to go before our
understanding of induction and emergence from anaesthesia is
complete. Nonetheless, putting these recent findings together, it is
possible that there is indeed a hysteresis in the relationship between
effect-site concentration and clinical effect, and if this is true then
separate ke0 values and separate sigmoidal curves for induction and
recovery would be better approximations of reality.
Despite the controversies over which model best typifies the
pharmacology of propofol, and the issues concerning faulty modelling assumptions, vast numbers of clinicians around the world
apply propofol-based TIVA to excellent effect in their daily practice. In many ways these controversies and questions are more of
academic than practical interest.

Pharmacology of the commonly used
intravenous agents
Intravenous hypnotics are used primarily for induction of general
anaesthesia, and some are also used for maintenance of anaesthesia,
or for sedation. The ideal characteristics of an intravenous hypnotic
are a rapid onset and short duration of effect terminated primarily
by rapid redistribution. While metabolism, unchanged elimination,
or both, may occur, they have comparatively little if any importance
in terminating anaesthetic effects.
There are no simple structure–activity relationships for the
behaviour of intravenous hypnotics. All agents show different
physico-chemical properties; different potencies; different pharmacokinetics and drug disposition; and different pathways for drug
biotransformation. All are either water-soluble or are solvented
in lipid solutions. However, more recent studies have produced
models showing some common features of this diverse group of
drugs when using computational chemistry analyses of molecular electrostatic and steric features. From these, models have been
defined for induction dose and anaesthetic potency, cardiovascular
depression, and drug disposition (Sear 2010, 2011, 2012). It appears
that the goal of new drug development (namely high potency with
minimal side-effects especially cardiovascular depression) may not
be readily achievable—as there is significant similarity between the
molecular models associated with high anaesthetic potency and
cardiovascular depression.
Thiopental is the oldest of the currently used intravenous anaesthetics, and remains an excellent induction agent. However, it is
unsuitable for the maintenance of anaesthesia because of slow
elimination and the potential for drug and metabolite accumulation. The basic pH of its soluble form requires caution, because it
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causes significant tissue damage if administered accidentally outside the vein or in an artery. When administered at the same time
as acidic solutions (i.e. non-depolarizing neuromuscular blocking
agents) it may precipitate in and obstruct the intravenous drip infusion tubing.
Etomidate remains an unequalled induction agent in the haemodynamically compromised patient but is unsuitable for maintenance of anaesthesia because it inhibits cortisol synthesis.
Ketamine, which is variably available in different countries as
a racemate, the single S(+)-enantiomer, or both, can be used for
anaesthetic induction and maintenance, or as an analgesic adjuvant, and may be administered as a bolus or an infusion. It can also
be given by the intramuscular route for induction of anaesthesia in
children. Ketamine has the other unique feature of being the only
presently available hypnotic induction agent with antinociceptive
properties.
Propofol is now the most commonly used intravenous anaesthetic, suitable for both induction and for maintenance of anaesthesia. It is metabolized by conjugation in both the liver and
extra-hepatic sites. The pharmacokinetics of propofol have been
extensively studied to define distribution kinetic models for use in
TCI systems. The Diprivan® propofol formulation has some stability problems, causes pain on injection, and allows bacterial growth,
so new formulations are currently under investigation.
Many of the concepts of intravenous anaesthetic pharmacology
which are widely used today were developed as a result of research
on the disposition of the intravenous induction drugs. In addition,
while pharmacokinetic studies of most drugs are primarily concerned with drug elimination, those of the intravenous anaesthetics
are concerned with the early kinetics and the onset of drug effect, as
much as those of elimination kinetics.

General pharmacology of intravenous
hypnotic agents
In reviewing the properties of the intravenous agents commonly
used for induction or maintaining anaesthesia, there are some common pharmacological effects and other features which are unique
to individual drugs.

intravenous anaesthetics

Propofol, barbiturates, and etomidate
These agents share many pharmacological effects (loss of consciousness, cardiorespiratory depression, rapid recovery), although
the different timings and magnitude of these parameters varies
between drugs. In general, the intravenous hypnotic agents cause
a slowing of the EEG, with higher doses causing burst suppression.
All three agents reduce the cerebral metabolic rate (CMRO2), and
also reduce intracranial pressure (ICP) by causing cerebral vasocontriction (Fox et al. 1992). They all have anticonvulsant properties, although pro-convulsant effects have also been reported with
all three drugs, especially with propofol where the rate of convulsions induced by the agent has been determined as 1:47 000 (based
on Medicines and Healthcare products Regulatory Agency data).
The cardiovascular and respiratory effects of the three agents
differ. The barbiturates cause myocardial depression and a reduction in systemic vascular resistance (SVR). They also cause dose-
dependent respiratory centre depression.
Propofol also causes myocardial depression and a reduction of
SVR, as a result of a reduction in smooth muscle tone leading to
vasodilation of both systemic arteries and veins. It has an additional
cardiovascular property in blunting of the baroreflex, leading to a
slower heart rate for a given decrease in arterial pressure. These
effects of propofol are exaggerated by interaction with other medications (opioids, β-blockers) and advanced age, and the presence
of concurrent diseases such as cardiac failure, chronic obstructive
lung disease, and hypovolaemia (Chamberlain et al. 1977; Gooding
et al. 1979; Grounds et al. 1985; Todd et al. 1985; Cullen et al. 1987).
Propofol produces a dose-dependent decrease in ventilatory
drive—with reduction of both tidal volume and minute volume,
and an increase in Pa CO2 . This effect is exaggerated in patients with
chronic pulmonary disease.
In contrast, etomidate has a minimal cardiovascular depressive
effect with little reduction in SVR. This lack of cardiovascular effect
is seen even in patients with cardiac dysfunction or hypovolaemia.
The comparative properties of these drugs are shown in Table 15.1.
The three groups of drugs differ in their incidence of pain on
injection: with the greatest incidence seen after etomidate > propofol > thiopental. All intravenous induction agents can cause thrombophlebitis if administered into small veins on the dorsum of the

Table 15.1 Side-effects of intravenous sedative-hypnotics
Induction side-effects

Thiopental

Methohexital

Propofol

Etomidate

Ketamine

Change in blood pressure (%)

–8

–8

–17

–2

+28

Change in heart rate (%)

+14

+15

+7

+8

+33

Induction pain (%)

0

30–50

10–30

40–60

0

Induction movement (%)

0

5

5–10

30

Very little

Induction hiccups (%)

0

30

5

20

Very little

Induction apnoea (%)

6

20

40

20

Rare

Recovery restlessness (%)

10

5

5

35

Common

Recovery nausea (%)

7–10

7–10

5

20

Common

Recovery vomiting (%)

7–10

5

5

20

Common

Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous anaesthetics’, in Anesthetic Pharmacology: Basic Principles
and Clinical Practice, ed. Evers, A. S. et al., Copyright © 2007 Cambridge University Press.

243

24

244

PART 2

applied pharmacology in anaesthesia

hand, and thiopental will cause arterial spasm and tissue necrosis if
accidentally delivered intra-arterially.
While propofol has been shown to have important antiemetic
properties, etomidate and to a lesser extent methohexital are emetogenic. Propofol also acts as an antipruritic, as a mood-altering
drug when given in subhypnotic doses, and as a cerebral neuroprotection agent (Vasileiou et al. 2009).

Ketamine
The sympathetic effects of ketamine cause increases in heart rate,
blood pressure, myocardial contractility, cardiac output, and SVR.
In contrast to propofol and thiopental, ketamine has little effect on
ventilatory drive in both the healthy patient and the patient with
chronic obstructive airway disease. Ketamine also promotes bronchodilation (through an adrenergic mechanism). Furthermore,
there is protection of the airways by preservation of airway reflexes
during ketamine anaesthesia.
Intramuscular ketamine is a useful way to induce anaesthesia in
children and in those patients where venous access is difficult; it is
associated with little pain on injection.

Pharmacokinetics of intravenous
hypnotic agents
Propofol
2,6-diisopropylphenol (propofol) is a sterically hindered phenol intravenous anaesthetic first described in 1975 by ICI
Pharmaceuticals. It is insoluble in water, and was first formulated in
Cremophor® EL (BASF, Mount Olive, NJ, USA) in 1977. However,
because of the high incidence of adverse allergic reactions, a new
formulation was developed as a lipid emulsion and introduced into
clinical trials in 1983 (Cummings et al. 1984). The propofol preparation used in these studies was the formulation later commercially
available as Diprivan®, which was an emulsion including 1% propofol (and later also 2% propofol), 10% soybean oil, and 1.2% purified
egg phospholipid (emulsifier), with 2.25% of glycerol as a tonicity adjusting agent, and sodium hydroxide to adjust the pH (Ward
et al. 2002). This makes it appear as a highly opaque white fluid. The
emulsion is isotonic and of neutral pH. Diprivan® did not initially
include any preservative to prevent bacterial growth; and as a consequence, several clusters of infections related to Diprivan® misuse
have been reported (Bennett et al. 1995). This led to the addition
of a preservative to the Diprivan® formulation in most countries
(either EDTA, sodium metabisulphite, or benzyl alcohol) (Baker
and Naguib 2005).
Propofol should be drawn up immediately before use, even when
the formulation includes a preservative. Propofol emulsions are stable at room temperature and should never be frozen. The properties
of the emulsion are not modified by exposure to light (Han et al.
2001).
Subsequent generic preparations have been formulated in various lipid emulsions including a 1% solution in long-chain/medium-
chain triglycerides, in cyclodextrins, in a co-solvent mixture of
propylene glycol in water, and as a micellar formulation. The use
of medium-and long-chain triglycerides in the lipid carrier [MCT/
LCT-propofol (B. Braun, Germany)] seems to be associated with
less discomfort on injection (Allford and Mensah 2006). The 2%
propofol formulation was developed in response to concerns about
the risks associated with prolonged lipid infusions specifically in

critical care patients (Takizawa et al. 2005). Its pharmacological
properties are similar to those of the 1% formulation.
Despite the widespread use of propofol in its current lipid formulations, some drawbacks still remain. There is a place for improvement in emulsion stability, the need for antimicrobial agents, and
problem of the development of hyperlipidaemia. The aetiology of
the pain on injection is also not clear as the lipid vector is not painful when given alone or when used to solubilize other agents, which
suggests that perhaps the pain on propofol injection may be as a
result of propofol itself (Doenicke et al. 1996).

Physicochemical properties
Propofol is an alkyl phenol, substituted with two isopropyl groups
in each of the ortho positions adjacent to the hydroxyl group, and
is a structural analogue of vitamin E (Baker and Naguib 2005). At
room temperature, propofol has the appearance of a slightly yellowish oil which freezes at 19°C. It has a neutral pH (7.4) and a pKa
of 11.0, making it 99.7% non-ionized and highly lipid soluble at
physiological pH. The octanol/water partition coefficient is 6761:1
at a pH of 6–8.

Distribution, metabolism, and excretion
Propofol is extensively bound to serum albumin with a free fraction of around 1.5% over the concentration range 0.5–32 µg ml−1
(Mazoit and Samii 1999). In addition, propofol avidly partitions
into red blood cells. Fifty per cent of blood propofol is bound to
erythrocytes (of which 40% is on the red blood cell membranes)
and 48% to serum proteins [almost exclusively human serum albumin (Mazoit and Samii 1999)]. This high red cell partitioning is one
reason that many clinical propofol pharmacokinetic studies measure whole-blood propofol concentrations rather than the usual
plasma concentration measurements.
After a bolus dose, propofol blood concentrations decrease
rapidly because of extensive redistribution to peripheral tissues.
Thus, theoretically, it possesses some potential for accumulation.
However, at the end of administration, propofol return from the
deep to the central compartment is slow, and slower than the rate of
systemic elimination. As a consequence of drug return from deep
compartments after very long infusions, blood concentrations will
decrease more slowly (with the ensuing detection of a long terminal
half-life), but the accompanying low drug concentrations will cause
only modest prolongations of clinical effect. Propofol crosses the
placental barrier (Dailland et al. 1989).
Less than 1% of administered propofol is excreted unchanged.
Propofol is rapidly metabolized mainly in the liver to inactive glucuronide (by the UGT HP4 isozyme) and sulphate conjugates,
and the corresponding quinol metabolites. It also undergoes 4-
hydroxylation by cytochrome P450 (CYP)-2B6 to 2,6-diisopropyl-
1-4-quinol, which can also undergo glucuronide conjugation (Oda
et al. 2001). These metabolites are excreted via the kidneys with
88% of the dose recoverable in the urine as hydroxylated and conjugated metabolites of propofol. The main urinary metabolite is
propofol glucuronide (accounting for about 53% of an administered
dose). Other metabolites are 1-(2,6 diisopropyl-1,4-quinol) glucuronide (18%); 4-(2,6 diisopropyl-1,4-quinol) glucuronide (13%)
and 4-(2,6 diisopropyl-1,4-quinol) sulphate (9%). Other minor
metabolites detectable in the urine include 2-(omega-propanol)-
6-isopropylphenol and 2-(omega-propanol)-6-isoropyl-1.4-quinol.
It is not known whether any of these metabolites have anaesthetic
properties. Although propofol is initially hydroxylated by CYP2B6
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(which shows wide inter-individual variability in human microsomal content), other isoforms with a high activity for propofol
hydroxylation include CYP2C9 (Oda et al. 2001).
Propofol infusions may be associated with a green discolouration
of urine (Bodenham et al. 1987). This phenomenon is as a result of
metabolism of the propofol leading to a phenolic green chromophore which is conjugated in the liver and then excreted in the
urine (Bodenham et al. 1987).
Although the liver has a high extraction ratio for propofol (ER
≥0.89), this cannot account alone for the total clearance of propofol
which is greater than hepatic blood flow. Hence there is assumed
to be extrahepatic metabolism (which will contribute about 40%
of total propofol clearance). This has been demonstrated by the
appearance of quinol and glucuronide metabolites during the
anhepatic phase of liver transplant (Veroli et al. 1992). Studies suggest this metabolism takes place mainly in the kidneys (Hiraoka
et al. 2005), and in the small intestine (Takizawa et al. 2005). In
addition, evidence for a role of the lung in the disposition and
metabolism of propofol has been provided by two studies in surgical patients. Pulmonary transit time of propofol was significantly
longer than that of indocyanine green (22.4 s compared with 2.7
s) although there were no differences in the area under the curves
(AUCs) (0–60 min) for propofol concentrations in the pulmonary
and radial arteries, indicating that any propofol undergoing pulmonary uptake during the first pass returns to the circulation by ‘back-
diffusion’ (He et al. 2000). There was no evidence of pulmonary
propofol metabolism in this study, nor in another study (Chen et al.
2006). However, greater propofol concentrations were found in the
pulmonary compared with the radial artery, together with formation of the metabolite 2,6-diisopropyl-1,4-quinol (Dawidowicz
et al. 2000; Grossherr et al. 2006). Although the lungs do not contribute significantly to propofol clearance, tiny amounts of propofol are eliminated through the lungs. End-tidal concentrations of
propofol can be measured using appropriate analytical methods,
and may provide a technique for monitoring propofol administration (Grossherr et al. 2006).

intravenous anaesthetics

infusions in 18 male adult patients of normal weight. A two-stage
pharmacokinetic analysis was performed. This failed to identify
any significant covariates, possibly because of the narrow weight
range in the population.
The ‘Marsh’ model (Marsh et al. 1991) was developed from the
Gepts model, but introduced total body weight as a covariate. For a
70 kg patient, the model parameters are very similar to those published by Gepts et al. (1987) (Table 15.2). The ‘Marsh’ model was
used in the first commercially available TCI system, the Diprifusor®
(AstraZeneca, Macclesfield, UK) (Glen 1998). The Diprifusor® and
other TCI delivery systems for propofol have been prospectively
validated in a variety of settings (Coetzee et al. 1995; Frolich et al.
2005) and these studies have demonstrated the suitability of the
‘Marsh’ model to describe propofol kinetics in most adult patients.
The main criticism of the ‘Marsh’ model is the lack of covariates
apart from total body weight. It is therefore not very suitable to
describe propofol disposition in elderly patients, the very young,
and the morbidly obese.
The ‘Schnider’ population pharmacokinetic model (Schnider
et al. 1998, 1999) was developed with data from normal weight
26–81-year-old volunteers who received first a bolus dose of
propofol, then an hour-long continuous infusion. Frequent early
arterial sampling soon after dosing ensured an adequate estimate
of the apparent volume of the central compartment, which is the
smallest of all four propofol kinetic models. The ‘Schnider’ model
includes age and lean body mass (LBM) as significant covariates,
and is therefore recommended for use to predict concentrations in
elderly patients. Unfortunately, the formula used to estimate LBM
in this model (James 1976) appears erroneous in the obese (leading
to decreased and even a negative value of the LBM in patients with
high body mass index). As a consequence, the current Schnider
model does not seem appropriate for use in the morbidly obese
patient.
The ‘Schüttler’ model (Schüttler and Ihmsen 2000) is a
population-based kinetic model derived from the pooled data of
five research groups. It includes data from children and elderly
patients (3–88 years old), and adults of normal weight. The model
Pharmacokinetic modelling
contains a number of significant covariates such as total body
Although the disposition of all hypnotic agents can be described in
weight, age, administration mode (bolus or infusion), and site of
terms of simple non-compartmental models, use of more complex
blood sampling. Unfortunately, the presence of those two last varimethods of describing drug behaviour allows a greater understandables, albeit very informative from a kinetic point of view, make it
ing of the clinical differences between drugs, and provides model
less convenient for use in TCI systems.
data for the delivery of TCIs (Absalom et al. 2009).
To date, two of these models have been implemented in comCompartmental analysis
mercially available TCI devices: namely the ‘Marsh’ and ‘Schnider’
The disposition of propofol is best described by a three- models. A number of paediatric models have also been established
compartment mammillary model. The main model characteristics (Marsh et al. 1991; Kataria et al. 1994; Schüttler and Ihmsen 2000;
are a high elimination clearance and extensive distribution to both Absalom et al. 2003); the ‘Kataria’ and ‘Paedfusor’ models being
shallow and deep peripheral compartments, with a large apparent included in one approved TCI device.
Eleveld et al. (2014) recently performed a pharmacokinetic analvolume of distribution at steady state. Four main propofol compartmental models have been published. These are summarized ysis of PK data from numerous studies. They showed there are significant differences in propofol pharmacokinetics among patients
in Table 15.2, and are typically referred to using the name of the
author who reported them (Kay et al. 1986; Gepts et al. 1987; Marsh and volunteers, and were able to produce a model suitable for use
et al. 1991; Kataria et al. 1994; Schnider et al. 1998, 1999; Schüttler in a wide range of subjects—from small children, through to the
and Ihmsen 2000). The four models differ mainly by the size of the elderly and obese. Interestingly, when used to predict blood propocentral compartment and complexity of the model (i.e. the inclu- fol concentrations in children and the obese, their ‘general purpose
model’ generally performed better than the models specifically
sion or not of a number of covariates).
The ‘Gepts’ model (Gepts et al. 1987) was the first reported, developed for these patient groups. Further prospective studies of
and was based on data from continuous constant rate propofol the predictive performance of this model are now required.
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Table 15.2 Main compartmental propofol PK models
Gepts et al. (1987)
n = 18

Marsh et al.
(1991)

Schnider et al. (1998)
n = 24

Schüttler et al. (2000)
n = 270

V1 (litres)

16.9

0.228 × TBW

4.27

9.3 × (TBW/70)0.71
× (age/30)−0.39
× (1+bol*1.61)

V2 (litres)

35

0.472 × TBW

18.9–0.391 × (age − 53)

44.2 × (TBW/70)0.61
× (1 + bol × 0.73)

V3 (litres)

215

2.91 × TBW

238

266

CL1
(litres min−1)

2.011

0.027 × TBW

1.89 + 0.0456 × (TBW − 77)
−0.0681 × (LBM − 59)
+ 0.0264 × (HT − 177)

If age ≤60 1.44 × (TBW/70)0.75
If age >60 1.44 × (TBW/70)0.75
− (age − 60) × 0.045

CL2
(litres min−1)

1.927

0.026 × TBW

1.29–0.024 × (age − 53)

2.25 × (TBW/70)0.62
× (1 − ven × 0.40)
× (1 + bol × 2.02)

CL3
(litres min−1)

0.708

0.0096 × TBW

0.84

0.92 × (TBW/70)0.55
× (1 − bol × 0.48)

TBW, total body weight; LBM, lean body mass; HT, height; bol = 1 for bolus data, 0 for infusion data; ven = 1 for venous samples, 0 for arterial samples.
Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous anaesthetics’, in Anesthetic Pharmacology: Basic Principles and
Clinical Practice, ed. Evers, A. S. et al., Copyright © 2007 Cambridge University Press. Data from various sources, see references.

Effect of co-morbidities on propofol kinetics
The main difference in propofol kinetics in the elderly patient is
a reduction of the fast inter-compartmental clearance and as a
consequence an increased early concentration for the same dose
(Schnider et al. 1998, 1999). This fact can falsely be interpreted
as an increased sensitivity to propofol in the elderly. Indeed, the
propofol concentration–effect relationship is modified in the
elderly, but only moderately so (Schnider et al. 1999). In the morbidly obese patient, drug delivery is most likely to approximate the
target concentrations if propofol kinetic parameters are scaled to
total body weight (Servin et al. 1993); the ‘Marsh’ model has been
shown to perform adequately in this population (Albertin et al.
2007).
The influences of obstructive jaundice, and liver and renal dysfunction on the disposition kinetics of propofol have also all been
studied in adult and paediatric patient groups (Servin et al. 1988,
1990, 1993). Propofol kinetics are only modestly modified by liver
cirrhosis (Servin et al. 1990). In the intensive care unit (ICU)
patient, propofol elimination is slowed mainly by increases in the
unbound fraction and the apparent volumes of distribution, and by
alteration in effective hepatic blood flow (Albanese et al. 1990; Barr
et al. 2001). During prolonged infusions, the key parameter for a
stable concentration is clearance, and consequently, TCI systems
with models validated during anaesthesia ensure better control of
target concentrations (Bailey et al. 1996; McMurray et al. 2004).
Cardiopulmonary bypass also modifies propofol kinetic parameters, but the changes observed are moderate, and of little clinical
importance (Bailey et al. 1996).

Context-sensitive half-time and decrement time
In clinical anaesthesia, particularly after drug infusions, the terminal half-life of multicompartmental drugs is a parameter of little

value, as it is unable to describe the time course of termination of
effect. The latter is dependent on two (or three) separate exponential processes: distribution (fast, slow, or both) and elimination.
Thus, a drug with a short elimination half-life will not necessarily be a short-acting drug (and vice versa) as distribution will also
affect the time course of the dynamic effects.
In 1992, a new parameter was defined to describe the initial
decay of drug concentrations after the stopping drug administration. The ‘context-sensitive half-time (CSHT)’ is an estimated time
for the plasma concentration to decrease by 50% after the end of an
infusion. For propofol, the CSHT remains around 20 min even after
8 h of infusion (Hughes et al. 1992). However, this parameter, while
of great use to compare drugs or assess their cumulation potential,
is of little clinical utility as context-sensitive half-time is the same
regardless of the concentration at the end of infusion, and does not
relate the change in concentration to the thresholds for different
clinical effects.
A further elaboration of the concept was provided by Youngs
and Shafer (1994) who modelled the effects of varying infusion
duration on not just the 50% decline in plasma drug concentration, but also those for 20% and 80% declines (termed the 20, 50,
and 80 percentile ‘decrement times’). The parameter includes both
kinetic (to calculate the decrease in concentration) and dynamic
(to define the concentration associated with 50% recovery) information, and is currently used in some TCI devices to predict the
recovery time.
Another index of recovery is the ‘mean effect time’ (Bailey
1995). This depends on the probability of a patient responding to a
given stimulus. Whereas the ‘50% decrement time’ is the ‘median’
recovery value for a given population of patients receiving a given
drug regimen, the ‘mean recovery index or effect time’ (of Bailey)
is based on the probability of an event occurring (i.e. recovery or
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non-recovery) at a given drug concentration (Bailey 1995; Sear
1996). If the relationship between concentration and response (the
γ coefficient (slope) of the Hill equation) is steep, then the mean
effect time and the 50% decrement times will be similar. However
for drugs with a flatter concentration–response plot, the mean
effect time will be increasingly greater as the duration of drug delivery increases. The γ coefficient for propofol has been determined as
3.27 (Wessen et al. 1993).

The transfer of propofol to the effect site
TCI of propofol is considered by some authorities to be a significant improvement in the method of propofol delivery. However,
blood is not the site of effect. Studies have been conducted to
establish the propofol transfer time to the effect site, and time
course of propofol effects. A so-called effect compartment of
trivial volume was theorized, represented mainly by its output
rate constant ke0 (Stanski et al. 1984). The ‘effect site concentration’ can be estimated from the blood concentration–clinical
effect relationship by mathematically collapsing the hysteresis
loop. In addition to this non-parametric approach, the transfer
rate can also be estimated by mathematically linking this effect
site compartment to a traditional compartmental model. When
the Diprifusor® TCI system was launched, the clinical value of
this effect site concentration was underestimated and a non-
parametric value of ke0 was used in the ‘Marsh’ pharmacokinetic
model without further adjustment. This arose because the kinetic
and dynamic indices had not been determined simultaneously in
the same patients.
Schnider was the first to publish a PK/PD model for propofol
with a transfer to the effect site described at the same time as the
pharmacokinetics using an EEG parameter (semilinear canonical
correlation) as the measure of propofol’s hypnotic effect (the classical PK/PD model) (Schnider et al. 1999). He also described the
propofol time to peak effect which was estimated as 1.6 min. This
concept, of ‘time to peak effect’, a physiological parameter independent from pharmacokinetic modelling (Minto et al. 2003),
allowed the calculation of an estimate for the propofol ke0 to be
linked to the Marsh model so that it reached the peak effect at the
same time as described by Schnider (Struys et al. 2000). The difficulty in modelling the initial phase of both pharmacokinetics (and
hence the initial volume of drug distribution, Vc) and pharmacodynamics (the use of EEG parameters with an inherent computation
lag time, together with the validity of the assumed sigmoid Emax
model) led to discrepancies in the estimation of ‘time to peak effect’
after a bolus dose or a continuous infusion (Doufas et al. 2004;
Struys et al. 2007).

Physiologically based pharmacokinetic models
Propofol kinetics are influenced by cardiac output and regional
blood flows, including cerebral blood flow. Complex physiological models remain difficult to construct and require much
information on organ blood flows and tissue/blood partition
coefficients not readily accessible in humans. Extrapolations from
animal studies may not always be appropriate. A physiologically
based recirculatory model of propofol kinetics and dynamics
combining information from both compartmental analysis and
blood flows has been published (Upton and Ludbrook 2005). It
combines detailed descriptions of blood flows to the lungs and
brain, and a more global description for flows to the rest of the
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body, reproducing the usual fast and slow distributions. Thus, the
physiological features that are paramount to propofol induction
(vascular mixing, lung kinetics, and cerebral kinetics) are considered as factors that may affect drug disposition. The global model
requires more complex but manageable computational analysis.
So far, this model has not provided substantially new information on propofol kinetics, but published kinetic values are in good
agreement with those observed after compartmental modelling
(Kazama et al. 2003). At present, the utility of physiologically
based pharmacokinetic (PBPK) models lies in teaching and simulation. In the future they may lead to further clinical research and
TCI improvements.

Pharmacokinetic-based drug interactions
There is good laboratory evidence that propofol at concentrations ranging between 25 and 1000 μM inhibit drug metabolism
(Janicki et al. 1992; Baker et al. 1993; Chen et al. 1995, 2000).
The relevance of these findings is uncertain as the concentrations studied exceeded clinical concentrations (5–10 μM). More
recently in vivo data have indicated drug interactions with propofol leading to reduced concomitant drug clearance. For example,
propofol decreased alfentanil elimination clearance by 15%, rapid
distribution clearance by 68%, slow distribution clearance by
51%, and the lag time accounting for venous sampling by 62%
(Mertens et al. 2001). Because mean arterial pressure and SVR
were also significantly lowered by propofol, scaling to a common
mean arterial pressure improved the model. One interpretation
may be that the haemodynamic effects of propofol influenced
alfentanil kinetics (Mertens et al. 2001), but this interpretation is
at variance with that of other studies showing a lack of effect of
liver blood flow on alfentanil clearance (Henthorn et al. 1989a).
Propofol–remifentanil interactions have also been described,
but most are pharmacodynamic rather than pharmacokinetic in
nature (Mertens et al. 2003; Bouillon et al. 2004; Kern et al. 2004;
Johnson et al. 2008). Some interactions may be kinetic in part
(through a reduction in cardiac output) (Ludbrook and Upton
2003); nevertheless, in the absence of significant haemodynamic
changes, remifentanil does not modify propofol pharmacokinetics (Bouillon et al. 2002). In general, glucuronide conjugation is a
robust metabolic pathway, and studies in vitro with UDPG transferase inhibitors do not show any significant change in in vitro
propofol clearance (Ethell et al. 2001).

Administration and propofol formulations; dosing
and concentration–effect relationships
Effective plasma propofol concentrations for various clinical situations and populations are now well established. Loss of consciousness requires effect-site concentrations of 4–8 µg ml−1. The absolute
value depends on patient factors and the use or not of pre-or co-
medication, and whether the patient is pre-medicated with opioids,
α2 agonists or benzodiazepines. During anaesthesia maintenance,
the target concentration required depends on the intensity of surgical stimuli and co-administration of analgesics. It usually remains
between 2 and 8 µg ml−1. As a general rule, after the end of a propofol infusion, the patients open their eyes when the predicted propofol concentration is between 0.8 and 1.5 µg ml−1, depending on the
residual concentrations of co-administered drugs and the physiological status of the patient. When using TCI for conscious sedation, either under control by the anaesthetist or in studies using
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patient-controlled TCI, the average effect-site concentration associated with anxiolysis and conscious sedation is 1–1.5 µg ml−1. This
corresponds at pseudo-steady state to a 1–3 mg kg−1 h−1 infusion
rate.

Barbiturates
Barbiturates are formed through the ‘interaction’ of malonic acid
and urea to form the barbiturate ring structure (Fig. 15.1). There
are four main groups of barbiturates:
1. Oxybarbiturates with hydrogen at N1 and oxygen at C2 (these
have a delayed onset and prolonged duration of action)
2. Thiobarbiturates with hydrogen at N1 and sulphur at C2 (e.g.
thiopental)
3. Methylbarbiturates with a methyl group at N1 and oxygen at C2
(e.g. methohexital)
4. Methylthiobarbiturates—although these are very potent, they
show marked excitatory effects and are not used clinically.

Thiopental
Thiopental was introduced into clinical practice in 1934 and is presently the oldest intravenous anaesthetic agent still in clinical use.

Structure and stereochemistry
Thiopental is a thiobarbiturate, with a sulphur atom on the C2 position of the heterocyclic ring. It has an asymmetric carbon atom at
C5, and therefore is a racemic mixture of two enantiomers. The
effects of the isomers on γ-aminobutyric acid (GABA)-induced
currents have been investigated in mouse fibroblast cells (Tomlin
et al. 1999). The degree of stereoselectivity (defined as the ratio of
GABA current potentiation by the S and the R isomers) was 1.8,
and was constant over the range of clinically relevant concentrations (Tomlin et al. 1999). In addition, S(−)-thiopental plasma
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Adverse effects
The incidence of pain on injection is 30–70% depending on the
site of drug administration. Higher incidence rates occur when
small veins on the dorsum of the hand are used, and in children. A number of strategies have been assessed to reduce the
incidence—the most effective being application of a tourniquet
for 30–120 s before injection and pre-dosing with 40 mg intravenous lidocaine (Doenicke et al. 1996; Picard and Tramer 2000).
The interaction of propofol with other vagotonic drugs (especially
the opioids) or in patients with hypovolaemia can lead to bradycardia and hypotension—this can be prevented by pre-treatment with
an anticholinergic such as atropine or glycopyrrolate. Induction of
anaesthesia with propofol is also accompanied by apnoea in up to
40% of patients (especially in the elderly and those with chronic
respiratory diseases).
Propofol is contraindicated in two groups of patients—those who
have shown an allergic or hypersensitivity response to propofol or
related phenolic compounds (the incidence during anaesthesia
being estimated as between 1: 80 000 and 1: 100 000 patients); and
patients with disorders of fat metabolism.
The other problems with propofol are bacterial growth—in the
absence of preservative the drug short be prepared shortly before
administration—and the propofol infusion syndrome (PRIS, see
‘Propofol infusion syndrome’ section).
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Figure 15.1 Molecular structures of thiopental, methohexital, propofol,
ketamine, and etomidate. * chiral centre.
Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous
anaesthetics’, in Anesthetic Pharmacology: Basic Principles and Clinical Practice, ed.
Evers, A. S. et al., Copyright © 2007 Cambridge University Press.

concentrations are about 24% higher than those of R(+)-thiopental
(Zaugg et al. 1999). Thus the clinical effects of thiopental derive
primarily from the S(−)-enantiomer. The commercially available
thiopental sodium also contains a small amount (6% of total drug)
of a congener with a 1-ethyl-propyl side chain at C5 instead of a
1-methylbutyl side chain. The pharmacokinetic and pharmacodynamic properties of this congener are similar to that of thiopental
(Stanski et al. 1983).

Physicochemical properties and formulation
Thiopental is a weak base (pKa 7.45–7.6 at 25–27°C) (Bush et al.
1966). It is almost insoluble in aqueous media, with an oil/water
partition coefficient around 60:1 (Mark et al. 1957). The rapid
onset of hypnosis after an intravenous dose of thiopental is caused
by its swift uptake across the blood–brain barrier (as a result of its
high lipid solubility and a low degree of ionization at physiological
pH). Thiopental is formulated as a pale yellow powder to which
6% anhydrous sodium carbonate is added in an ampoule containing an inert atmosphere of nitrogen. Although poorly soluble in
water, thiopental dissolves in the alkaline solution of the sodium
carbonate, where a 2.5% solution has a pH of 10.5. There is no
added preservative, but the alkaline solution is bacteriostatic. This
solution will cause significant tissue damage if administered accidentally outside the vein or in an artery. Thiopental should not
be dissolved in Ringer’s lactate, as this decreases the alkalinity of
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the solution and reduces thiopental solubility leading to the risk
of precipitation of the free acid. The solution in water or saline is
stable when kept at 4°C for well over 7 days (Haws et al. 1998). The
usual recommended dilution for thiopental is 2.5% in adults and
1% in children to limit the consequences of an accidental extravascular injection.

Protein binding
Thiopental is extensively bound (about 80%) to plasma albumin (Christensen et al. 1983). This binding has been described
as non-linear, with the possibility of a greater unbound fraction and therefore an enhanced effect at high concentrations
(Morgan et al. 1981). Nevertheless, when systematically evaluated using an appropriate study design (early and frequent arterial blood sampling) this result could not be reproduced, and
thiopental protein binding was linear over the concentration
range expected after an induction bolus dose (Burch and Stanski
1983). Similarly, the simultaneous administration of drugs
which might compete with thiopental for albumin binding sites
did not lead to clinically significant changes in the unbound
fraction (Russo et al. 1993).

Distribution
Early studies suggested that the short duration of the hypnotic
effects of thiopental was the result of redistribution to peripheral tissues rather than metabolism (Brodie and Mark 1950; Price
1960). After intravenous injection, thiopental is distributed to the
various tissues according to their local blood flow, tissue partition
coefficients, and blood–tissue concentration gradients. The brain
is initially exposed to high thiopental concentrations because of its
high blood flow and the lipid solubility of the drug. Blood–brain
equilibration is rapid, explaining the rapid onset of effect. Other
peripheral tissues are also exposed to thiopental at an early stage;
but as their volume of distribution is high and their regional blood
flow is proportionally lower, thiopental concentrations in these
tissues increase more slowly, and continue to increase while brain
concentrations are already decreasing. This description of drug
behaviour, which is a precursor of our modern pharmacokinetic
models, explains both how thiopental has a rapid onset and short
duration of effect after a bolus dose, and how it may accumulate
after an infusion.

intravenous anaesthetics

Elimination
Thiopental is almost completely metabolized in the liver, with a
very small percentage excreted unchanged in urine (Brodie and
Mark 1950). It is primarily oxidized by hepatic CYP (although
the specific isoforms responsible for metabolism have not been
identified) to a carboxylic acid derivative, with a low hepatic
extraction coefficient (around 0.1) (Burch and Stanski 1983;
Stanski et al. 1983). As a consequence, thiopental clearance is
dependent on intrinsic clearance and independent of hepatic
blood flow. At high thiopental concentrations, clearance is no
longer linear, but instead assumes zero-order Michaelis–Menten
elimination. This is as a result of saturation of the hepatic
enzymes systems (Stanski et al. 1980), the Km for thiopental
metabolism being about 30 µg ml−1 (Turcant et al. 1985). This
saturable elimination is one reason why thiopental is unsuitable
for maintenance of anaesthesia.

Compartmental models
The first mammillary pharmacokinetic model to describe the fate
of thiopental in humans was a three-compartment model resulting from a two-stage analysis in 12 young adult patients with
normal weight and hepatic function (Burch and Stanski 1983).
It confirmed rapid redistribution from the central compartment, extensive metabolism, slow systemic elimination, and that
hepatic metabolism contributed little to the initial rapid decline
in plasma drug concentrations. A later population pharmacokinetic analysis was conducted using pooled data obtained from 64
patients recruited for various studies with a number of covariates
(age, alcohol consumption, etc.) and administration modes (bolus,
continuous infusions) (Stanski and Maitre 1990). Table 15.3 summarizes the results obtained with both approaches. The main difference between the two analyses was the estimation of the initial
volume of distribution.

Early mixing
As a result of the difficulties in characterizing the initial (central) volume of distribution of thiopental using a traditional
(three-) compartmental approach to modelling, a more precise
description of the early disposition of thiopental was attempted.
The focus was on thiopental mixing in blood and tissues immediately after injection, and this was studied by simultaneous

Table 15.3 Kinetic data for a three-compartment mammillary model and population model
for thiopental
Parameter

Value (mean ± sd)

Rapid distribution half-life (min)

6.8 ± 2.8

Slow distribution half-life (min)

59 ± 24

Terminal distribution half-life (min)

719 ± 329

889

V1 (litre kg−1)

0.53 ± 0.18

0.079 (48%)

2.34 ± 0.75

2.73

3.4 ± 0.4

3.07 (30%)

Vdss

(litre kg−1)

Cl (ml kg−1 min−1)

Population value
(interindividual variability %)

Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous anaesthetics’, in Anesthetic
Pharmacology: Basic Principles and Clinical Practice, ed. Evers, A. S. et al., Copyright © 2007 Cambridge University Press. Data
from Burch and Stanski, 1983; Stanski and Maitre, 1990, see references.
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administration of thiopental and a physiological marker which
remained in the intravascular space (indocyanine green). This
led to a model in which the initial volume of distribution was
split into two separate compartments: one corresponding to the
very rapidly circulating and central blood pools, and the other
to the peripheral blood pool in rapidly equilibrating tissues
(Henthorn et al. 1989b). Nevertheless, considering the role of
distribution of the cardiac output in drug disposition, the limits of compartmental analysis remain in this approach, and it
rapidly became obvious that some relationship with cardiac output in a quasi-physiological modelling would be necessary to
describe the early non-steady-state kinetics of thiopental (Hull
1990).

Recirculatory and physiologically based
pharmacokinetic models
PBPK models (Price 1960) describe the time course of blood and
tissue drug concentrations by considering the fraction of cardiac
output distributed to each individual organ, blood–tissue distribution coefficients, and drug solubility.
Data for a PBPK model are based on two distinctive subsets of
information:
1. Drug-independent data based on underlying physiological
processes
2. Drug-specific data characterizing the kinetic properties of the
particular molecule under investigation. The features of a whole-
body physiological model can be described as a ‘closed circulation loop’. A major concern of these models is whether or not
the lumping together of several groups of tissues or organs into a
single unit affects the accuracy of the model.
One useful purpose of these models is that they allow the researcher
to demonstrate the influence of pathophysiological states involving circulation (i.e. age or hypovolaemia) on pharmacokinetics

(A)

(Wada et al. 1997). PBPK models are often first evaluated in animals, and then scaled up using allometric models to predict human
drug disposition. However, there are also important limitations of
PBPK models. They need the input of large amounts of data (in
terms of tissue drug concentrations, tissue or organ blood flows);
they cannot be used to characterize drug behaviour in a particular
individual; nor can they input data for measured drug concentrations in either blood or tissues in the first minutes after drug dosing
(Stanski 1981; Sear 1993).
With frequent early arterial blood sampling, recirculatory models have been delineated which describe more precisely the early
fate of a drug in the vascular space (Krejcie et al. 1996). Those models combined advantages of both compartment and PBPK models.
Like compartmental PK models, recirculatory models can also
examine blood concentrations vs time data in a variety of situations
and species, and like PBPK models, they consider the influence of
cardiac output and organ flows on disposition. Their main feature
is the ability to add, to the traditional PK model, ‘delay elements’
which represent a type of ‘pharmacokinetic shunt’ (Fig. 15.2)
(Krejcie and Avram 1999).
This innovative description of intravenous anaesthesia induction, termed ‘front end kinetics’ has direct implications in clinical
practice. For example, using thiopental as a demonstration drug
in a canine model, thiopental’s early distribution and Vc could be
more precisely estimated, so improving the initial accuracy of a
thiopental TCI in dogs (Avram and Krejcie 2003). The volume of
the central compartment including the delay elements was about
half the Vc estimated from traditional pharmacokinetic modelling
with blood sampling at 1, 2, 3 min and all subsequent data. TCI
models based on compartmental kinetic models tend to generate
plasma drug concentrations that are significantly above the target
concentration until long after the infusion phase for maintenance
has started (Wada et al. 1998), as over-estimation of the initial
volume of drug distribution will result in drug concentrations

(B)
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Figure 15.2 (a) Three-compartment mammillary pharmacokinetic model and (b) Multi-compartment recirculatory model; VT-F and VT-S are the fast and slow
compartments of a three-compartment model, while the ‘tank in series’ compartments (delay elements) included within the dotted circle are the expanded components
of Vc. CLe, elimination clearance; CLF, fast inter-compartmental clearance; CLs, slow inter-compartmental clearance; Vc, central volume of distribution; Vf, fast equilibrating
volume of distribution; Vs, slow equilibrating volume of distribution.
Reproduced with permission from Krejcie TC, Avram MJ. What Determines Anesthetic Induction Dose? It’s the Front-End Kinetics, Doctor! Anesthesia & Analgesia, Volume 89, Issue 3, pp. 541,
Copyright © 1999 International Anesthesia Research Society and Wolters Kluwer Health.
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higher than the target concentration being achieved immediately after the start of the TCI infusion (Avram and Krejcie 2003).
When recirculatory kinetics are used to control the behaviour
of TCI systems, the drug concentrations after the initial rapid
intravenous infusion will tend not to exceed the target concentration because of the better and more accurate characterization
of the initial volume of drug distribution and hence, early drug
distribution.
Not only is drug disposition better characterized by the PBPK
models, but also the pharmacodynamics parameters such as the
ke0 (the first-order rate constant linking the central kinetic compartment and the effect site) and the EC50 (the drug concentration associated with a half-maximal drug effect). Values obtained
from a recirculatory tend to model differ significantly from those
generated from a traditional compartment model (Kuipers et al.
2001).

Transfer to the effect site
When the time course of arterial thiopental concentrations
after a bolus dose is compared with the time course of effect (as
measured by the EEG), there is a delay in the onset and offset of
effect compared with plasma concentrations. This delay, termed
a hysteresis, corresponds to the duration of all the events which
occur between the movement of the drug from the arterial
blood to the start of pharmacological effect (Avram and Krejcie
2003) (Fig. 15.3). This hysteresis can be represented by a transfer
rate constant ke0 (Stanski et al. 1984). The ke0 for thiopental is
around 0.58 min−1, yielding a transfer half-time of 1.2 (sd 0.3)
min (Avram and Krejcie 2003).

Pharmacokinetic-based drug interactions
Thiopental is mainly used for induction, when the intensity and
termination of effect after a bolus dose are mainly driven by
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Figure 15.3 Pharmacokinetic modelling of thiopental showing the effect of
‘hysteresis’. Venous thiopental serum concentrations vs spectral edge hysteresis
plot for two subjects. The solid line represents data during infusion of thiopental
and the dashed line represents post-infusion data. The subject on the right shows
greater hysteresis.
Adapted from Springer and Journal of Pharmacokinetics and Biopharmaceutics, Volume
12, 1984, pp. 223–240, Pharmacodynamic modeling of thiopental anesthesia, Stanski, D.R.,
Hudson, R.J., Homer, T.D., Saidman, L.J. & Meathe, E., with kind permission from Springer
Science and Business Media.
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distribution processes (see Chapter 12). As a consequence, there
are few PK-based interactions of significant impact on thiopental
effect kinetics, apart from changes in cardiovascular function. For
example, β-adrenergic blockers may modify early drug distribution
through a reduction in cardiac output (Avram et al. 2004); and volatile agents, through their haemodynamic impact, may also modify
thiopental pharmacokinetics (Avram et al. 1997, 2000). However,
the usual sequence of drug dosing during anaesthesia reduces the
importance of the volatile anaesthetics on the early-phase kinetics
of induction agents.

Drug dosing; administration and concentration–effect
relationships
The usual induction dose requirements for an adult patient are
5–7 mg kg−1. Much of the inter-patient variability may be accounted
for by equation (15.1) (Avram et al. 1993):
Thiopental dose ( mg ) = 350 + weight ( kg )
− (2 × age in years )
− ( female subjects )

(15.1)

With such doses, loss of consciousness is obtained in about 1 min
and lasts 3–7 min. A similar duration of anaesthesia may further be
obtained by a second injection of about 20 to 25% of the initial dose
(50–100 mg). Further bolus doses are not recommended because
of increased risk of delayed recovery. If used for maintenance of
anaesthesia, its cumulative properties may lead to delayed and
unpredictable recovery.
Thiopental induction dose should be reduced in the elderly
(Homer and Stanski 1985), due mainly to haemodynamic changes
in old age modifying the early distribution of the drug (Stanski
and Maitre 1990; Wada et al. 1997). However, the concentration–
effect relationship seems to be little affected by ageing (Stanski
and Maitre 1990). Neonates (Kingston et al. 1990) and patients
with renal failure (Burch and Stanski 1982; Christensen et al.
1983) also need lower doses because of decreased protein binding and therefore an increased unbound fraction of the drug.
Hypovolaemia and haemorrhagic shock also reduce thiopental
requirements because of a preferential redistribution of blood
flow to the brain (Wada et al. 1997). In all frail patients, the
appropriate induction dose should be determined by progressive
titration to effect, as these elderly patients may lose consciousness
with as little as 100 mg thiopental. The dose of thiopental should
also be reduced where there is co-induction with benzodiazepines
or opioids.
The kinetics of the barbiturates thiopental and methohexital in
the presence of renal failure, cirrhosis, alcoholism, and morbid
obesity are summarized in Table 15.4 (Ghoneim and Van Hamme
1978; Burch and Stanski 1982; Jung et al. 1982; Christensen et al.
1983; Pandele et al. 1983; Couderc et al. 1984).
For the management of refractory status epilepticus or raised
ICP, doses of 1.5–3 mg−1 kg−1 may be administered, repeated as
necessary, and followed by either 25–50 mg boluses or an infusion
of the barbiturate titrated (3–10 mg kg−1 h−1) according to clinical status, the EEG (aiming for an absence of epileptiform activity
and burst suppression respectively) or a reduction in ICP. Because
of altered kinetics and dynamics of thiopental, dosing adjustments
may be needed in the critically ill patient with either liver or renal
failure.
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Table 15.4 Pharmacokinetics of thiopental and methohexital; and the effect of disease states and obesity [mean (SD)]
Healthy subjects

Disease states

T½

Vdss

CLp

T½

Vdss

CLp

Morgan et al. (1981)

690 (96)

97.5 (40)

150 (63)

Burch and Stanski (1982)

719 (329)

170 (54)

246.5 (29)

Volunteers

344 (47)

105.6 (0.11)

242.5 (0.02)

Patients

308 (18)

126.7 (0.38)

292.1 (0.06)

Christensen et al. (1983)

508

98

Burch and Stanski (1982)

611 (130)

144 (36.3)

189

1069

194.2+

240

232 (43.5)

583 (158)

216 (72)

324 (79)+

529 (97)

159 (34.5)

269.1 (83)

714 (252)

224 (122)

529 (97)

750 (212)

199 (58)

255 (62)

684 (168)

220.5 (139)

340.2 (139)+

378

80.4 (26.4)

198 (61)

1671

650.9 (377)

416 (248)+

Hudson et al. (1983)

234 (126)

168.5 (54)

835 (228)

Breimer (1976)

96.8 (23)

76.8 (13)

826 (176)

2304 (146)

163 (97)

2710 (1240)

Thiopental

Ghoneim et al. (1978)

Renal failure

Cirrhosis
Pandele et al. (1983)
Alcoholism
Couderc et al. (1984)
Obesity
Jung et al. (1982)
Methohexital

Lange et al. (1992)

1304 (168)

Cirrhosis
Duvaldestin et al. (1991)

151 (44)

183 (87)

2390 (860)

T½, elimination half-life (min); Vdss, apparent volume of distribution at steady state (litres); CLp, plasma clearance (ml per min).
Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous anaesthetics’, in Anesthetic Pharmacology: Basic Principles and
Clinical Practice, ed. Evers, A. S. et al., Copyright © 2007 Cambridge University Press. Data from various sources, see references.

Methohexital
Methohexital, first synthesized in the late 1950s, was designed as a
rapidly eliminated barbiturate suitable for short-duration surgery.
It was the agent of choice for this purpose until the introduction of
propofol, which had even more favourable pharmacokinetic properties. Use of methohexital has thus declined, and the drug is no
longer available worldwide.

Structure and stereochemistry
Methohexital is an oxybarbiturate, with an oxygen substitution
on the position C2 of the heterocyclic ring (Fig. 15.1). It has two
asymmetric carbon atoms, and thus consists of four isomers,

two diastereometric pairs of enantiomers (α, β-d,l-methohexital)
(Brunner 2001). Because the β enantiomers are associated with
extensive motor activity, methohexital is marketed as racemic
α-d,l-methohexital.

Physicochemical properties
Methohexital has similar physicochemical properties to thiopental. It is highly lipid-soluble with a slightly alkaline pKa 7.9, and
therefore at physiological pH, it is predominantly unionized (75%).
It is also manufactured as a sodium salt to maintain water solubility. The aqueous solution is strongly alkaline and can therefore
also cause tissue damage and precipitation with weak acids. The
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aqueous solution of the methoxybarbiturate is bacteriostatic. It is
used and stored as a 1% solution.

Distribution, metabolism and excretion, and pharmacokinetic
modelling
Methohexital is extensively bound to serum albumin (around 80–
85%) (Girard and Ferry 1996). It readily crosses the placenta barrier
(Herman et al. 2000). Like thiopental, methohexital is metabolized
in the liver by CYP enzymes (again, the specific isoforms responsible for metabolism have not been identified). The main metabolite,
4-OH methohexital, is pharmacologically inactive. Methohexital
metabolic clearance is much higher than that of thiopental, with
a hepatic extraction ratio of between 52% and 70% (Hudson et al.
1983; Lange et al. 1992). As a consequence, methohexital clearance depends on hepatic blood flow rather than intrinsic clearance, and the elimination half-life is shorter than that of thiopental.
The pharmacokinetics are best described by a three-compartment
mammillary model (Hudson et al. 1983). The main difference from
thiopental is the magnitude of methohexital metabolic clearance
which reaches 700 ml min−1 as compared with 200–250 ml min−1
for thiopental (Breimer 1976; Hudson et al. 1983).
A consequence of this higher clearance of methohexital, which
is dependent primarily on liver blood flow, is that elimination is
enhanced in the hyperkinetic state of sepsis (Redke et al. 1991;
Redke and Bjorkman 1994). There are only limited data on the
disposition of methohexital in patients with cirrhosis (Duvaldestin
et al. 1991), and none in patients with renal failure (Table 15.4).
Methohexital was the first intravenous anaesthetic agent to be
implemented in a model-based closed-loop controlled anaesthesia
delivery system using quantitative EEG as a measure of drug effect
(Schwilden et al. 1987; Schwilden and Stoeckel 1990).

Drug dosing, administration, and concentration–effect
relationships
The induction dose of methohexital (1.5–2.5 mg kg−1) should be
administered over at least 30 s to decrease the likelihood of involuntary excitatory movements. After a single bolus dose, the duration of loss of consciousness is similar to that of thiopental, which is
a reason why methohexital as an induction agent offers few advantages over thiopental. Infusions of methohexital have been used to
maintain anaesthesia with either 67% nitrous oxide or opioid supplementation, at rates between 50 and 150 μg kg−1 min−1 (Breimer
1976; Prys-Roberts et al. 1983).

Adverse effects of barbiturates
Thiopental and methohexital both cause varying incidences and
severities of excitatory side-effects after induction of anaesthesia.
Induction with methohexital may also cause pain on injection.
Porphyria is an absolute contraindication to use of the barbiturates, as the latter can induce porphyric crises in susceptible individuals. The other contraindication is allergy to one or other of the
barbiturate induction agents (incidence of thiopental being about
1:14 000 and methohexital 1:7000). Methohexital is also contraindicated in patients with a proven history of epilepsy.
Airway obstruction is a relative contraindication. In patients
with marked hypovolaemia, cardiovascular collapse, severe uraemia, history of severe asthma or severe hypertension, the agents
should either be avoided or administered in reduced dose.
Both barbiturates are safe drugs for use in patients with a family
or past history of malignant hyperpyrexia.

intravenous anaesthetics

Ketamine
Ketamine produces ‘dissociative sedation/anaesthesia’ via its antagonist effect on the N-methyl-D-aspartate (NMDA) receptor. Unlike
the other intravenous hypnotic agents, it provides both supra-
spinal and spinal analgesia. Other centrally mediated drug effects
include nystagmus and increased salivation.
The cardiovascular effects of ketamine are different to the other
intravenous hypnotic agents. It increases sympathetic tone through
an increased central sympathetic outflow, causing an increase in
cardiac output in patients with normal catecholamine stores. In the
presence of catecholamine blockade or store depletion, it has similar features to other intravenous agents having myocardial depressant properties in vitro and in vivo. The increased sympathetic tone
results in an increase in SVR; hence systemic blood pressure does
not decrease during anaesthesia leading to improved cerebral perfusion and increased ICP (the latter may be deleterious in patients
with traumatic brain injuries).
Ketamine also has beneficial effects on the respiratory and ventilatory systems, causing bronchodilation and preservation of the
respiratory drive during anaesthesia or sedation.

Structure and stereochemistry
Ketamine (2-0-chlorophenyl-2-methylaminocyclohexanone HCI)
is a phencyclidine derivative (Fig. 15.1) that was first synthesized in
1963 (Corssen and Domino 1966). As a result of a chiral centre in
the C2 position of the molecule, it is a racemic mixture of two enantiomers R(–) and S(+) which exhibit different affinities to receptors and different clinical potencies. The anaesthetic potency of the
S(+) enantiomer is three to four times higher than that of the R(−)
enantiomer (White et al. 1980). The more potent S(+)-ketamine has
a better therapeutic index than the R(−)-ketamine, and is commercially available as a single pharmacological entity in some countries. The differences between ketamine enantiomers are mainly
pharmacodynamic, and concentrations of the two enantiomers in
blood and brain after administration of the racemate in animals are
very similar (Ryder et al. 1978). Some moderate pharmacokinetic
differences nevertheless exist (Ryder et al. 1978).

Physicochemical properties
Ketamine hydrochloride is a white crystalline salt soluble in
aqueous solutions and is marketed in concentrations of 10, 50,
and 100 mg ketamine base per ml. The solution is stable at room
temperature, and is clear and colourless. The pH values of pharmaceutical solutions range from 3.5 to 5.5. Ketamine is highly
lipid-soluble, has a pKa of 7.5, and is 44% non-ionized at physiological pH.

Distribution, metabolism, and excretion
Ketamine is minimally bound to plasma proteins (12–3 5%)
(Dayton et al. 1983). This property, in conjunction with very
high lipid solubility (five times higher than thiopental) ensures
extensive distribution. A compartmental pharmacokinetic analysis of ketamine disposition has calculated an initial volume of
distribution around 70 litres, and an apparent volume of distribution at steady state around 200 litres (White et al. 1985;
Schüttler et al. 1987).
Ketamine distribution is not stereo-specific, and a specific
active transfer across endothelial barriers seems therefore unlikely
(Henthorn et al. 1999). It undergoes N-demethylation by microsomal enzymes (CYP) to the primary metabolite norketamine, which
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retains about 20% of the activity of the parent drug (Marietta et al.
1976). The metabolism of ketamine is complex (Fig. 15.4) (Lau
and Domino 1977). Although chiral inversion may occur during
metabolism in animals [with R(−)-ketamine being transformed
into S(+)-ketamine (Edwards and Mather 2001)], there is no evidence for chiral inversion of ketamine in humans in vivo. Ketamine
has a high metabolic clearance (between 1 and 1.6 litres min−1).
This clearance is therefore dependent on organ blood flow and not
on intrinsic metabolic capacities (Schüttler et al. 1987). Ketamine
and its metabolites undergo hydroxylation and conjugation before
renal excretion; and in cases of renal failure, the weak active metabolite 5-hydronorketamine may accumulate (Koppel et al. 1990).
The main excreted metabolites are norketamine and hydroxynorketamine glucuronides—only 2.5% of a ketamine dose is excreted
unchanged.
The pharmacokinetics of racemic and S(+)-ketamine have
been compared in young male volunteers and surgical patients
(Table 15.5) (Geisslinger et al. 1993; Ihmsen et al. 2001; Persson
et al. 2002). The clearance of S(+)-ketamine was found to be significantly higher when this isomer was administered alone than in
the racemic mixture, suggesting an inhibition of S(+) clearance by
the R(−) isomer (Ihmsen et al. 2001). In the racemic mixture, the
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pharmacokinetic parameters of both isomers were similar with a
slightly (22%) higher clearance and larger apparent volume of distribution for S(+)-ketamine (Ihmsen et al. 2001). These findings
corroborate the results of an in vitro study on human liver microsomes whereby the rate of S(+)-ketamine demethylation was found
to be 20% greater than that of R(−)-ketamine and 10% greater than
that of the racemate (Koppel et al. 1990). At clinically relevant ketamine concentrations, the rate of racemate demethylation is always
less than the sum of the rates for the individual enantiomers, reflecting inhibition of metabolism of one enantiomer in the presence of
the other. This interaction seems to work in two ways: R(−) inhibits
the metabolism of S(+), and vice versa, probably through competitive interaction on the same enzymes. Each ketamine enantiomer
undergoes demethylation to norketamine by a high-affinity–low-
capacity enzyme which accounts for 80% of ketamine metabolism
at usual clinical hypnotic concentrations, and by a second low-
affinity–high-capacity enzyme. S(+) demethylation is significantly
faster than R(−), hence the higher clearance.
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Figure 15.4 A proposed metabolic biotransformation pathways of ketamine in humans. Metabolite III is also termed dehydronorketamine; IV, 5-hydroxynorketamine;
V, 5-hydroxyketamine; VI, 6-hydroxyketamine; VII, dehydroketamine.
Adapted with permission from Lau SS. & Domino EF, Gas chromatography mass spectrometry assay for ketamine and its metabolites in plasma, Biomedical Mass Spectrometry, Volume 4, Issue 5,
pp. 317–321, Copyright © 1977 John Wiley and Sons Ltd.
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Table 15.5 Pharmacokinetics of racemic ketamine and S(+) ketamine [mean (SD)].
T½, elimination half-life (min); Vdss, apparent volume of distribution at steady state
(litres); CLp, plasma clearance (ml per min)
T½

Vdss

CLp

Ihmsen et al. (2001)

196 (73)

172 (64)

1169 (134)

Geisslinger et al. (1993)

149 (47)

230 (90)

1340 (500)

146 (33)

213 (54)

2078 (277)

80 (25)

112 (33)

1620 (300)

143 (76)

199 (111)

1150 (400)

Source
Ketamine (racemic)

Ketamine (S+)
Ihmsen et al. (2001)
Persson et al. (2002)
Geisslinger et al. (1993)

Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous anaesthetics’,
in Anesthetic Pharmacology: Basic Principles and Clinical Practice, ed. Evers, A. S. et al., Copyright © 2007
Cambridge University Press.

volunteers, which also estimated ketamine transfer to the effect site,
are provided in Table 15.6 (Dayton et al. 1983; White et al. 1985;
Koppel et al. 1990; Kharasch and Labroo 1992; Geisslinger et al.
1993; Ihmsen et al. 2001; Persson et al. 2002). The PK/PD data suggest that S(+) ketamine offers better titratability than the racemic
mixture because of the absence of the R(−) enantiomers and hence
the aforementioned metabolic enantiomeric interaction, its higher
clearance, and steeper concentration–effect curve.
Some studies suggest that norketamine may contribute to overall ‘ketamine clinical effects’. Norketamine is detected in plasma
2–3 min after a ketamine bolus, and peaks at about 30 min, but
the pharmacokinetics of norketamine itself are not well characterized. Nevertheless, norketamine shows slower elimination than
ketamine and thus the potential for accumulation (Malinovsky
et al. 1996). Because of this accumulation, when administered as a
continuous infusion, ketamine requirements decrease over time, as
the increasing norketamine concentrations also cause sedative and
analgesic effects (Idvall et al. 1979).

Concentration–effect relationships of ketamine
The mean effective hypnotic plasma concentration (EC50) for
the racemate in the presence of 67% nitrous oxide is 1.1 µg ml−1
(range 0.5–1.8 µg.ml−1) (White et al. 1983, 1985). Table 15.6 shows
the arterial EC50s for the racemate and S(+) enantiomer for various end-points (Ihmsen et al. 2001). Ketamine impairs memory
at concentrations as low as 70 ng ml−1, and important psycho-
mimetic effects are seen at around 500 ng ml−1 (Hartvig et al. 1995).
‘Psychedelic’ effects (hallucinations, loss of the notion of time, exultation, unreal feeling) may appear at concentrations as low as 50
ng ml−1, and their intensity increases with concentration from 50
to 200 ng ml−1 (Bowdle et al. 1998; Moore et al. 2011). Anxiety
and paranoid feeling are much reduced at these higher concentrations. Nystagmus appears at concentrations around 200 ng ml−1,
and patients may also complain of nausea and vomiting. Analgesia
occurs at plasma concentrations greater than 100 ng ml−1 (Clements
and Nimmo 1981). However, after oral administration, lower ketamine concentrations were associated with analgesia (40 ng ml−1),
as a result of the effects of first-pass ketamine metabolism and an
enhanced contribution of the metabolite norketamine to the overall analgesia (Grant et al. 1981). Plasma ketamine concentrations

greater than 100 ng ml−1 are required to attenuate hyperalgesia and
allodynia after nerve damage (Leung et al. 2001).

Pharmacokinetic-based drug interactions with ketamine
When a short ketamine infusion is followed by an alfentanil infusion, ketamine clearance and volumes of distribution are increased
in rats. The norketamine AUC is also reduced because of enhanced
elimination (Edwards et al. 2002). It seems that alfentanil might be
able, through its vasodilator properties, to facilitate the entrance
of ketamine in the liver, the kidneys, and the gut where most of
the metabolism takes place. Conversely, ketamine has no influence on alfentanil pharmacokinetics. When taken at the same time
as cocaine, ketamine may lower cocaine concentrations in rats
through an increase in cocaine metabolism (Rofael and Abdel-
Rahman 2002).

Extravascular administration routes
The bioavailability of intramuscular ketamine is high (93%),
with peak plasma concentrations obtained in 5 min. Oral ketamine effects are limited because of first-pass metabolism, and a
low systemic bioavailability (about 17%) (White et al. 1983). In
children, ketamine has been administered by both the rectal and
intranasal routes. Rectal ketamine is associated with a low bioavailability (25%), in part because of first-pass metabolism; while
the intranasal route is more efficient with a higher bioavailability
(50%) (Malinovsky et al. 1996). Intranasal dosing is not suitable for
induction of anaesthesia, as it requires high volumes which are in
part swallowed, leading to major inter-individual variability both in
onset time and effect.

Drug dosing and administration
The recommended intravenous induction dose is 1–4.5 mg kg−1 (a
2 mg kg−1 dose usually provides surgical anaesthesia for 5–10 min).
Maintenance of anaesthesia can be achieved using an infusion at a
rate of 10–45 µg kg−1 min−1. For S-ketamine, induction doses are
0.5–1.0 mg kg−1 intravenously or 2–4 mg kg−1 intramuscularly.
Maintenance can be achieved by repeated boluses of 50% of the
induction dose or infusion of 0.5–3.0 mg kg−1 h−1. For analgesia,
doses of 0.1–0.25 mg kg−1 intravenously followed by an infusion of
0.2–1.0 mg kg−1 h−1 are needed.
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Table 15.6 PK parameters and effective arterial concentrations of ketamine (racemic mixture) and S(+)
ketamine (according to Ihmsen et al, 2001)
Parameter

Racemic mixture (mean ± sd)

S(+)-ketamine (mean ± sd)

Cl (ml kg−1 min−1)

14.8 ± 1.7

26.3 ± 3.5

V1

(litre kg−1)

0.31 ± 0.05

0.41 ± 0.05

k12

(min−1)

0.096 ± 0.010

0.096 ± 0.0014

k21 (min−1)

0.023 ± 0.003

0.026 ± 0.003

ke0 (min−1)

1.03 ± 1.61

1.02 ± 0.58

Gamma

2.76 ± 0.49

1.42 ± 0.29

CE50 EEG (median frequency) (µg ml−1)

1.32 ± 0.57

2.08 ± 0.41

CE50 LOC (µg ml−1)

2.41 ± 0.90

1.11 ± 0.30

CE50 ROC (µg ml−1)

1.48 ± 0.46

0.75 ± 0.21

CE50 LER (µg ml−1)

3.68 ± 1.43

1.56 ± 0.32

CE50 RER (µg ml−1)

2.42 ± 0.84

1.14 ± 0.33

CE50 loss orientation (µg ml−1)

1.84 ± 0.73

0.98 ± 0.34

CE50 recovery of orientation (µg ml−1)

1.10 ± 0.35

0.52 ± 0.16

Cl, elimination clearance; V1, initial volume of distribution; k12, transfer constant from V1 to periphery; k21, transfer constant from
periphery to V1; ke0, transfer constant from plasma to effect; gamma, slope of the sigmoid; CE50, concentration associated to the
effect in 50% of the subjects; LER, loss of eyelash reflex; LOC, loss of consciousness; RER, recovery of eyelash reflex; ROC, recovery of
consciousness.
Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous anaesthetics’, in Anesthetic Pharmacology: Basic
Principles and Clinical Practice, ed. Evers, A. S. et al., Copyright © 2007 Cambridge University Press. Data from Ihmsen, H., Geisslinger, G.
& Schuttler, J. 2001, ‘Stereoselective pharmacokinetics of ketamine: R(−)-ketamine inhibits the elimination of S(+)-ketamine’, Clinical
Pharmacology and Therapeutics, vol. 70, no. 5, pp. 431–438.

Adverse effects
Recovery from ketamine anaesthesia is associated with emergence
phenomena including hallucinations. These effects can be limited
by co-treatment with a short-acting benzodiazepine, or by allowing the patient to recover undisturbed in a darkened environment.
Use of ketamine is accompanied by a high incidence of nausea
and vomiting, and excessive salivation (which can be obtunded by
pre-treatment with atropine).
Ketamine is contraindicated in patients with raised intracranial
or intraocular pressure, and in patients with severe cardiac disease
(stage 2 arterial hypertension; ischaemic heart disease or valvular heart disease). It is best avoided in patients with a history of
psychotic disorders (although it may be an effective antidepressant). Two cases of true hypersensitivity to ketamine have been
reported—one involving immunoglobulin E and the other non-
immune mechanisms.
Ketamine is a safe drug for use in patients liable to malignant
hyperpyrexia, and probably also in patients with porphyria.

Etomidate
Etomidate (R(+)- e thyl-  1 -  ( methyl-  b enzyl)-  1 H-  i midazole-  5 -
carboxylate) is a short-acting, non-barbiturate intravenous anaesthetic agent first described in 1964 (Fig. 15.1).

Structures and stereochemistry
Etomidate is optically active, existing as two enantiomers. Only
the dextro (R) isomer has significant anaesthetic properties (the
approximate potency ratio of the enantiomers being R:S 10:1).

Etomidate was one of the first drugs to be marketed as the single
enantiomer of a racemic mixture (Tomlin et al. 1998).

Physicochemical properties
Etomidate has a pH of 8.1 and pKa of 4.24. It is a base with about
99% of the drug unionized in the blood. The imidazole ring renders etomidate water-soluble at acidic pH and lipid-soluble at
physiological pH. The drug is formulated in either propylene glycol (pH solution 5.6, osmolarity 4600 mOsm kg−1) or in a lipid
emulsion of long-chain and medium-chain triglycerides with a
pH of 7.6, and osmolarity 400 mOsm kg−1. This latter formulation
has a decreased incidence of pain on injection, myoclonus, local
thrombophlebitis, and less red cell haemolysis (Doenicke et al.
1997, 1999). Some data are currently available on a new formulation of etomidate in an aqueous solution using sulphobutyl ether-
7 beta-cyclodextrin (SBE-CD, Captisol®) as a solubilizing agent
(Doenicke et al. 1994).

Distribution, metabolism and excretion,
and pharmacokinetic-dynamic modelling
Etomidate is about 75% bound to serum albumin (Bright et al.
2007). Metabolism occurs in both the liver and plasma by esterase hydrolysis to pharmacologically inactive metabolites. Only
2% is excreted unchanged in the urine (Heykants et al. 1975).
Etomidate pharmacokinetics can be described by a two-or three-
compartment mammillary model (Van Hamme et al. 1978; Fragen
et al. 1983; Arden et al. 1986) with an elimination clearance in
excess of 1000 ml min−1, an apparent volume of distribution at
steady-state around 3.5–4.5 litres kg−1, and a terminal elimination
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half-life of 1.5–5 h depending on the method of dosing and the
duration of blood sampling (Table 15.7).
Ageing reduces the central volume of distribution of etomidate,
or more probably, as demonstrated with propofol, reduces fast
intercompartmental clearance. Etomidate’s metabolic clearance is
high, being close to liver blood flow, and thus depends on cardiac
output more than enzyme function for drug clearance. Etomidate
pharmacokinetic studies in the elderly (a population with reduced
liver blood flow) do not demonstrate any reduction in clearance
(Arden et al. 1986). Similarly, moderate haemorrhagic shock in
swine produced only minor changes in etomidate pharmacokinetics (Johnson et al. 2003). Clearance was shown to be unchanged
in cirrhotic patients—although it showed a prolonged half-life
mainly through increased apparent volumes of distribution (van
Beem et al. 1983). These anomalies may be explained in part by
‘extrahepatic (plasma) clearance’ of etomidate. There are significant increases in the unbound free fraction of etomidate in patients
with both hepatic cirrhosis and renal failure, although there are no
formal disposition studies to date in this latter group of patients
(Carlos et al. 1979). Etomidate transfer to the effect site is rapid,
with an estimated transfer rate constant (ke0) of round 0.43 min−1
(mean half time for blood/brain equilibration of 1.6 min) (Arden
et al. 1986)

Dosing requirements and drug administration
The relationship between concentrations and hypnotic effect are well
established, with anaesthetic concentrations of 300–500 ng ml−1,
and EEG burst suppression at concentrations exceeding 1 µg ml−1
(Arden et al. 1986). The recommended induction dose is 0.3 mg kg−1,
but is reduced in the elderly to 0.15–0.2 mg kg−1. Nevertheless, as
etomidate induction has modest haemodynamic effects, the clinical consequences of an overdose are minimal. In children younger
than 15 years, doses up to 0.4 mg kg−1 may be needed.

Adverse effects
Etomidate is associated with significant excitatory side-effects (especially myoclonus) after induction of anaesthesia. Administration of
the propylene glycol formulation is associated with the highest incidence of pain on injection, venous sequelae, and severe myoclonus
especially in the unpremedicated subject. Use of ‘lipid emulsion
Table 15.7 Pharmacokinetics of etomidate [mean (SD)]. T½,
elimination half-life (min); Vdss, apparent volume of distribution
at steady state (litres); CLp, plasma clearance (ml min−1)
Data source

T½

Vdss

CLp

Arden et al. (1986)
(aged <60 yrs)

252 (58)

366 (111)

1843 (369)

Van Hamme et al.
(1978)

276 (156)

339 (166)

860 (230)

Schüttler et al. (1987)

68.5 (5 7)

118.6 (22 5)

1660 (271)

Fragen et al. (1983)

174 (66)

183 (64)

1278 (400)

Reprinted with permission from Servin, F.S. and Sear, J. ‘Pharmokinetics of intravenous
anaesthetics’, in Anesthetic Pharmacology: Basic Principles and Clinical Practice, ed.
Evers, A. S. et al., Copyright © 2007 Cambridge University Press. Data from various
sources, see references.
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formulations’ show no difference in the drug’s pharmacological,
kinetic, or dynamic effects; but they are associated with a lower
incidence of pain on injection and fewer venous sequelae. The
cyclodextrin formulations also show a reduced incidence of pain
on injection and myoclonus, and thrombophlebitis. There is also a
reduction in the incidence of red cell haemolysis as a result of the
osmolality of the cyclodextrin solution.
Of more importance, adrenal cortical suppression is found as a
result of inhibition of the enzyme 11β-steroid hydroxylase (which
in humans is responsible for the conversion of 11 deoxycortisol to
cortisol). These suppressive effects are seen after both induction
doses and infusions of etomidate, with maximum cortisol suppression at 4 h after induction. When etomidate is given by continuous
infusion, the suppressive effect was seen to persist for up to 24 h
after surgery. The drug is no longer licensed for administration by
continuous infusion for the maintenance of anaesthesia or the provision of ICU sedation.
Etomidate is best avoided in patients with a history of porphyria. Allergic responses are very rare—about 10 cases have been
described in the literature. This gives an incidence of between
1:50 000 and 1:450 000 patients.

Midazolam
Although it is not usually considered a classical hypnotic agent,
midazolam can be used for induction of anaesthesia and for maintenance by continuous infusion.
In contrast to many other benzodiazepines, it is water-soluble
as a result of its substituted imidazole ring structure. The imidazole nitrogen has a pKa of 6.2 making the molecule protonated and
water-soluble at pH 3–4. At pH 7.4, more than 90% of midazolam
exists in an unprotonated, lipid-soluble form. The suggestion that
the water solubility property is because of ring opening is probably
incorrect, as all benzodiazepines have an open-ring structure at low
pH. Hence ring-opening can only be partly responsible for midazolam’s water solubility in the vial, and cannot be at all responsible
at pH 7.4.
Hydroxylation of the methyl group in the imidazole ring produces a metabolite with decreased pharmacological activity. This is
the main route for biotransformation by hepatic CYP3A4, and drug
clearance may be reduced in the presence of other drugs metabolized by this isoform (such as cimetidine, erythromycin, calcium
channel blocking drugs, and the antifungals). Although this main
metabolite (1-hydroxymidazolam) is pharmacologically active, it is
removed from the body by the kidney after glucuronide conjugation. However, in the presence of renal failure, the administration
of repeat bolus doses or continuous infusions of midazolam may
lead to significantly elevated plasma concentrations of the 1-OH
midazolam glucuronide which has been shown to have synergistic
sedative effects with those of the parent drug (Bauer et al. 1995).
Midazolam has an increased half-life in the elderly because of a
decrease in drug clearance, and in the obese patient because of an
increased apparent volume of distribution at steady state (Vdss). In
severe liver disease, there is an increased free fraction and hence
unbound Vdss and a decreased systemic clearance. There is also
some evidence that the clearance of midazolam is reduced during co-administration of opioids such as fentanyl (Olkkola and
Ahonen 2008).

257

258

258

PART 2

applied pharmacology in anaesthesia

When used for short-term sedation (or induction of anaesthesia), midazolam has a terminal half-life of 5–6 h, and a clearance
rate of 300–350 ml min−1; after its use for longer-term sedation,
clearance is slower and the terminal half-life prolonged. The apparent volume of distribution of midazolam is unaltered by dose or
duration of infusion—at 130–160 litres. The context-sensitive half-
time of midazolam increases significantly, from about 20 min after
a bolus dose, to 80 min after an 8 h infusion. Normally midazolam
is 95% plasma protein bound. In patients with hypoalbuminaemia,
there is an increased free fraction and increased sensitivity to normal doses. This may be as a result of the rapid uptake of drug into
the neural tissues.
After an induction dose of 0.3 mg kg−1, midazolam causes a rapid
loss of consciousness but recovery is slower than after equipotent
doses of propofol or thiopental. At subhypnotic doses, midazolam
causes anterograde amnesia. Midazolam has anxiolytic effects, and
seldom causes perioperative nausea and vomiting (PONV).
The effects of midazolam on the cardiovascular and respiratory
systems are broadly similar to those of thiopental and propofol;
however, midazolam has little effect on myocardial contractility but
produces venodilation so reducing venous return. In anaesthetic
doses, midazolam causes a dose-dependent decrease in hypoxic
ventilatory drive. However, while subhypnotic doses of midazolam
do not tend to cause apnoea in the absence of co-administered opioids, hypnotic doses produce apnoea as often as does thiopental.
There is good evidence of synergy between midazolam and other
central depressant drugs (such as opioids and ethanol) in their
effects on ventilatory depression; and a greater sensitivity to the
depressant effect of midazolam in patients with chronic obstructive
airway disease. Midazolam also depresses airway muscle reflexes
and tone.
Like thiopental and propofol, midazolam reduces both CMRO2
and ICP but to a lesser extent than thiopental. Midazolam also has
marked anticonvulsant activity. When given in high doses, it does
not cause burst suppression of the EEG or an isoelectric trace. In
common with other benzodiazepines, it does not have the neuroprotective effects seen with propofol, etomidate, and the barbiturates. In vitro, midazolam has been shown to depress cellular
immunity; whether this is of significance during clinical anaesthesia is unclear.

Dose requirements and drug administration
For induction of anaesthesia, doses of 0.1–0.3 mg kg−1 are required;
these should be given slowly until loss of the eyelash reflex, response
to commands, and voluntary movements. A reduced dose is indicated in patients aged more than 55 years, in those with coexisting
cardiovascular or respiratory disease, and in the presence of opioid drugs. Sedation in adults can be achieved by administration of
doses of 2 mg over 30 s, followed if needed by increments of 0.5 mg.
Again reduced doses are required by elderly patients.
Maintenance doses of 0.03–0.2 mg kg−1 h−1 can be used for sedation in the operating theatre or the ICU, with the dose decreased in
the hypovolaemic, vasoconstricted, or hypothermic patient. Again,
in the presence of opioids, lower doses (0.01–0.1 mg kg−1 h−1) are
required.

Adverse effects
Unlike ketamine, midazolam is safe for use in the patient with a history of malignant hyperpyrexia. Midazolam can also be used with
safety for induction and maintenance of anaesthesia in porphyric

patients. To date, there are no reports of hypersensitivity reactions
to the benzodiazepine.
The cardiovascular effects of midazolam (bradycardia and hypotension) are modest at usual doses. At higher doses (>0.15 mg kg−1)
respiratory depression can occur, especially when midazolam is co-
administered with other drugs with respiratory depressant effects,
such as opioids.
In contrast to the other induction agents, the effect of midazolam
can be reversed by the antagonist flumazenil. This has a short duration of action, and its use may be followed by re-sedation. When
given by itself to volunteers, flumazenil causes mild anxiety and
symptoms similar to those seen during panic attacks. If given to
patients on chronic benzodiazepine therapy, acute withdrawal
responses (including seizures) may be seen.

New drugs and formulations
New propofol formulations
The goals of development of new propofol formulations are to
improve the pharmacological profile by reducing the incidence of
pain on injection, by using a lipid formulation less likely to cause
PRIS (Wysowski and Pollock 2006), by achieving a faster onset of
effect, and by reducing the risk of bacterial contamination. The
support of bacterial growth can be obtunded by addition of benzyl alcohol, sulphite, or EDTA. The problem of pain on injection is
more debatable as the lipid solvent is not associated with pain when
given alone or when used to solubilize other agents (Doenicke et al.
1999) suggesting that the pain may be as a result of the propofol
itself. New formulations have focused either on the choice of lipid
or other solvent used to solubilize propofol, or on the formulation
of water-soluble preparations of the drug.
The Lipuro® formulation of propofol is solubilized in medium-
chain triglycerides rather than long-chain triglycerides. It has an
identical PK/PD profile to the Diprivan® formulation, but is associated with less pain on injection. This formulation is not available in the United States, however, because of the lack of EDTA in
the solvent. At the time of writing, propofol emulsions contain oil
droplet average sizes of 0.15–0.5 µm (fine macroemulsions) (Baker
and Naguib 2005). When the droplet size is less than 0.1 um, the
emulsion is known as a microemulsion. These microemulsions
are highly stable (Kim et al. 2007)—more than those with bigger
droplets—but they require the addition of surfactants to retain
the drug in solution. Aquafol® (Daewon Pharmaceutical Co., Ltd,
Seoul, Korea) is one such propofol microemulsion containing 1%
propofol, 8% polyethylene glycol 600 hydroxystearate (solutol HS
15; BASP Co. Ltd., Seoul, Korea) as a non-ionic surfactant and
5% Glycofural® (Roche, Basel, Switzerland) as a cosurfactant. Its
use has been compared with Diprivan® 1% in volunteers, and
demonstrated similar pharmacokinetic and pharmacodynamic
properties and similar safety profiles to Diprivan® (Kim et al.
2007). However the doses of surfactant and cosurfactant used in
this formulation limited its administration to a maximum of 100
ml Aquafol® per day. As a consequence, the microemulsion was
reformulated with another, better tolerated cosurfactant (purified polaxamer 188; PP188) (Lee et al. 2008). This formulation
has been investigated in rats, where the kinetics were found to
be non-linear (Lee et al. 2008). There are no studies to date in
humans of pain on injection to this formulation. It has been suggested that this might increase with microemulsion formulations
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because of a greater amount of free propofol in the aqueous phase
(Dubey and Kumar 2005).
Three aqueous formulations of propofol solubilized using cyclodextrins have been studied in various animal species (Trapani et al.
2004). These use hydroxypropyl-γ-cyclodextrin; hydroxypropyl-
β-cyclodextrin (HP-βCD); or sulfobutyl-β-cyclodextrin as the
solvent. The hydroxypropyl-β-cyclodextrin formulation showed
favourable physicochemical and biological properties as a water-
based formulation. Early porcine studies show an equivalent PK/
PD profile to Diprivan®. There are no reported studies in patients
to date. However, when formulations were used containing large
amounts of the complexing agent (20% w/v), intravenous dosing
of the complex of propofol-hydroxypropyl-β-cyclodextrin in rats
caused immediate bradycardia of variable duration while the solvent alone had no effect (Bielen et al. 1996). Hence safety issues
were highlighted which might be improved by minimizing the
amount of the cyclodextrin. The sulfobutyl-β-cyclodextrin is more
soluble and safer than hydroxypropyl-β-cyclodextrin, and, while
many of these formulations showed improved pharmacodynamic
profiles, there was often an increased duration of effect and stability
problems.
Other propofol formulations use co-solvent mixtures with
propofol solubilized in propylene glycol:water (1:1 v/v) or the prolinate ester of propofol and its water-soluble derivative dissolved in
water at equimolar concentrations. Studies with the prolinate ester
in rats showed the formulation to have a longer induction time and
longer duration of action.
A more recent water-based formulation of propofol is in a
poly(N-vinyl-2-pyrrolidone) block polymer (Labopharm Inc.,
Quebec, Canada) in which propofol is dissolved inside micelles
which are 30–60 nm in diameter (Ravenelle et al. 2008a, 2008b).
This solution is then lyophilized to form Propofol-PM (propofol
polymeric micelle) that instantaneously reconstitutes to a clear
solution upon addition of an aqueous medium. This formulation
does not support the growth of microorganisms (Ravenelle et al.
2008a). Micellar propofol has been examined in rats, and shown to
produce anaesthesia. There were no differences in propofol kinetics
compared with the Diprivan® formulation (Ravenelle et al. 2008b).
There are few reported data on its use in higher species.

Propofol analogues and pro-drugs
Other approaches have also been used to overcome some of the
major disadvantages of propofol; specifically its hydrophobicity,
cardiovascular and respiratory depression especially when given in
association with opioids, and pain on injection. The physicochemical features of several propofol pro-drugs have been described
(Banaszczyk et al. 2002). The first attempt was a propofol sodium
hemisuccinate prodrug but this was unsuitable for commercialization as a stable aqueous solution. A phosphate ester formulation
was studied in mice, rats, rabbits, and pigs (Banaszczyk et al. 2002).
Metabolism by phosphatases yielded inorganic phosphate and
propofol with a similar kinetic profile to the parent compound.
Propofol concentrations greater than 1 μg ml−1 were associated with
sedation in rats and pigs. The median hypnotic dose of the propofol
phosphate in mice was about 10 times that seen when using propofol alone; and there was a similar increase in median lethal dose.
Other highly water-soluble derivatives of propofol, formulated
as cyclic amino acid esters, have been described (Altomare et al.
2003). The anaesthetic properties of the most promising of these,
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the prolinate, have been described after intraperitoneal injection in
rats, and showed a faster loss of righting reflex than Diprivan®.
Fospropofol (previously known as GPI-
15715, Aquavan®,
Lusedra®) is the only clinically approved propofol analogue. It is a
water-soluble phosphate ester of propofol (phosphono-O-methyl-
2,6-diisopropylphenol). It is moderately rapidly and completely
broken down in vivo to propofol, inorganic phosphate, and formaldehyde by alkaline phosphatases which are widely distributed
in the body. Based on the molecular weights of propofol and fospropofol, 1 mg of the latter should liberate 0.54 mg of propofol.
The formaldehyde is further broken down to formate which has not
been shown to date to be associated with systemic toxicity.
Administration of fospropofol is associated with a slow onset of
effect (over 4–13 min depending on the dose used; and much slower
than the parent compound propofol—about 40 s). In humans, the
in vitro hydrolysis of fospropofol has a half-life of about 8 min. One
of the issues to date is the absence of reliable pharmacokinetics
(because of assay methodological problems). However, preliminary
data have suggested a short half-life (as might be expected from
a drug undergoing plasma hydrolysis) and small apparent volume
of distribution. The effective dose is about 6.5 mg kg−1 while the
maximum recommended dose (12.5 mg kg−1) produces loss of
consciousness in about 4 min.
The side-effect profile of the drug is interesting—it has a lower
incidence of hypotension, respiratory depression, and apnoea, and
loss of airway patency than is seen with propofol at similar levels of
sedation or anaesthesia. This probably relates to the slower onset
of effect of the drug. Although there have been no reports of pain
on injection, a major side adverse effect is the onset of transient
paraesthesiae and pruritus in the perineal region at the start of the
infusion. Not surprisingly, these burning sensations were accompanied by a transient increase in heart rate (Gibiansky et al. 2005).
A multicentre phase III trial has used lower doses of fospropofol
(6.5 mg kg−1 instead of 5–14 mg kg−1) to produce moderate procedural sedation, followed by subsequent titrated doses (Campion
and Gan 2009). Fentanyl (50 µg) was given before the dose of fospropofol. Paraesthesiae occurred in about 50% of subjects, together
with pruritus and perineal itching (although there was no apparent recall of the pain or discomfort). With this dose strategy, there
was rapid recovery (with a median time to full alertness of 5 min;
and an Aldrete Score >9 by 10 min) and improved patient outcome.
In studies to date, fospropofol has been associated with a low incidence of PONV.
At the doses described, 95% of subjects have a blood propofol
concentration less than 2 µg ml−1. A single dose of fospropofol has a
longer duration of effect compared with the same dose of propofol.
It is not known to date whether prolonged use of fospropofol for
sedation might lead to the propofol infusion syndrome.
Fospropofol has some apparent advantages over propofol and
is associated with a lower risk of bacterial contamination and the
absence of the infused lipid load that has been associated with organ
toxicity during long-term infusions of Diprivan®. Fospropofol was
approved by the US FDA in December, 2008 for use in monitored
anaesthesia care sedation in adult patients undergoing diagnostic or therapeutic procedures, and only by persons trained in the
administration of general anaesthesia and not involved in the conduct of procedure. Because of the slow-onset kinetics, the utility of
fospropofol will probably be for sedation in the ICU; for procedural
sedation outside of the operating room; and for sedation during
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monitored anaesthesia care or regional anaesthesia per se where its
slow onset is less critical.

Other new chemical entities studied (to date)
in humans
PF0713
PF0713 is new induction agent which is a novel water-insoluble
2,6-dialkylphenol formulated as a 1% lipid emulsion. It has undergone some phase I clinical testing. The actions of PF0713 have been
examined at the molecular level using rat cerebral cortex binding
assays, with the greatest effect found on the chloride channel (as
has been shown for propofol), and a lack of interaction with α2,
NMDA, PCP, benzodiazepine or opioid receptors (Siegel and Wray
2008). In a comparison with propofol on the CA1 populations of
pyramidal neurons, both drugs potentiated the effects of muscimol
at the GABAA receptor, suggesting that the agent acts via the picrotoxin binding site on the chloride binding channel.
When given to rats by the intravenous route, there is rapid onset
of loss of the righting response, with a duration that was dose
related over the range 1.9–15.2 mg kg−1. The drug appeared to be
more potent than propofol in the rat, with the maximum tolerated
dose being greater than that for propofol. However after high doses
(>7.0 mg kg−1), PF0713 may be accompanied by a prolonged recovery time (Siegel et al. 2008).
When PF0713 was administered to human subjects at doses
from 0.0156 to 2.0 mg kg−1, there were no notable adverse events.
At 1.0 mg kg−1 and 2.0 mg kg−1, PF0713 produced rapid induction
of general anaesthesia without injection pain or agitation. When
the depth and duration of anaesthetic effect were assessed by the
Bispectral Index™ (BIS™, Covidien, now Medtronic Minimally
Invasive Therapies, Minneapolis, MN, USA) and the Richmond
Agitation-Sedation Score, the drug showed dose-related effects,
with maintenance of blood pressure and heart rate. Preliminary
kinetics suggest the drug has a high plasma clearance (Siegel and
Konstantatos 2009).

JM-1232(−)
JM-1232(−) is one of a series of water-soluble sedative-hypnotics
under evaluation by the Maruishi Pharmaceutical Company
(Osaka, Japan) (Kanamitsu et al. 2007). The lead compound [JM-
1232(−)] is an isoindolin-1-one derivative which was shown to be
active in mice. It has a wide margin of safety—with a hypnotic ED50
of 3.1 mg kg−1 and LD50 of >120 mg kg−1 (therapeutic index > 35).
In vitro binding data suggest that the compound has a high affinity
for the benzodiazepine receptor, but has a different binding site than
midazolam. In vitro studies examining the effects of JM-1232(−)
in a brainstem-spinal cord preparation of neonatal rats showed no
effect on the C4 burst rate and amplitude at concentrations between
10 and 500 μM; but at higher concentrations there was depression
of central respiratory activity which could be reversed by the addition of 100 μM flumazenil (Kuribayashi et al. 2010).
Recent studies have also examined the effects of the drug when
given intrathecally to the rat, where it produces antinociception
by an action thought to be on synaptic transmission at spinal
nerves in the substantia gelatinosa. Experiments in vitro suggest
that JM-1232 enhances inhibitory transmission by prolonging the
decay phase of the GABAergic sIPSCs. This effect might either be
through benzodiazepine receptor activation, increasing the spontaneous release of GABA and glycine from nerve terminals, or both.

This enhancement of the GABAergic effect could contribute to the
antinociception seen in these animals (Uemura et al. 2012).
JM-1232 has undergone clinical evaluation. When given as a
10 min infusion to male volunteers, it had a rapid onset and short
duration of action (Sneyd et al. 2012). Doses between 0.05 and
0.8 mg kg−1 caused sedation, with the higher doses producing a
deeper and longer reduction in the BIS™. There was no significant
excitation associated with the onset of hypnosis (a common feature of neurosteroids and some other sedative-hypnotic agents).
When given as a 1 or 10 min infusion at doses between 0.025 and
0.8 mg kg−1, there were minimal effects on heart rate and blood
pressure.
A population PK/PD model demonstrates that the drug produces dose-dependent sedation with rapid onset and recovery;
some volunteers showed upper airway obstruction at deeper levels
of sedation. Typical population kinetic parameters are clearance
654 ml min−1 (for a 70 kg male); and apparent Vdss of 91.6 litres
(70 kg)−1. The plasma drug concentration associated with sedation
was about 200 ng ml−1, and the t½ ke0 5.1 min (Sneyd et al. 2012).
Simulated context sensitive half times suggest a similar profile to
propofol.
One unanswered question is whether the main metabolite of
JM-1232 (metabolite 3) has any hypnotic properties—especially at
higher doses or during prolonged infusion.

Remimazolam (CNS 7056)
Remimazolam is an ultra-short-acting benzodiazepine hypnotic
hydrolysed by plasma esterases to the metabolite CNS 7054. The
parent compound has a very predictable offset of effect in animals
with a low risk of oversedation, and is reversible by the benzodiazepine antagonist flumazenil. In vitro, CNS 7056 binds to brain
benzodiazepine sites with high affinity; while the metabolite has a
300 times lower binding affinity. Neither has any affinity for other
receptors, nor selectivity (just as midazolam) for specific GABAA
subtypes. Remimazolam causes dose-dependent inhibition of neuronal firing of the substantia nigra pars reticularis. Metabolism of
the agent occurs rapidly in human, rat, mouse, and mini-pig liver
tissue, yielding CNS 7054 as the major metabolite. Rapid metabolism also occurs in organs other than the liver (kidney, lung, brain),
but there is no metabolism by plasma in human, mini-pig, or dog.
This metabolite profile is in keeping with remimazolam being a
substrate for carboxylesterases rather than butyrylcholinesterase
(Tilbrook and Kilpatrick 2006). When given intravenously, 25 mg
kg−1 midazolam and remimazolam both produced immediate loss
of righting reflex in rats, but recovery of the righting reflex was
faster with remimazolam (25 vs 10 min respectively) (Kilpatrick
et al. 2007). The effect of remimazolam is inhibited by pre-treatment
with flumazenil.
In a kinetic and dynamic comparison with midazolam in pigs
(Mutter et al. 2006), both drugs rapidly induced sedation, but
recovery was faster after remimazolam. Midazolam was eliminated
more slowly (33 vs 18 min half-life) and was more widely distributed (1038 vs 440 ml kg−1 Vdss).
Some of the first human studies with remimazolam have been
reported. It is well tolerated in doses between 0.05 and 0.35 mg kg−1,
although episodes of hypoxia are seen with higher doses. There is no
significant hypo-or hypertension. Plasma drug clearance is about
three times that of midazolam, and the kinetics are linear. There
was rapid onset of sedation (after 1 min with a peak at 4 min), and
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also rapid recovery (10 min compared with about 40 min for equipotent doses of midazolam). At higher doses (>0.20 mg kg−1), studies have reported episodes of desaturation (Antonik et al. 2012). In
a recent PK/PD assessment of remimazolam in doses from 0.01 to
0.3 mg/kg−1 given by infusion over 1 min, the population kinetic
model showed a clearance of 66.7 litres h−1, and apparent Vdss of
37.3 litres, terminal half-life of 0.92 h, and mean residence time of
0.57 h (Wiltshire et al. 2012). The t½ ke0 was 0.25 min−1 for remimazolam (compared with 0.05 min−1 for midazolam). The IC50 for
BIS™ was 0.26 μg ml−1. Over the wide dose range, there is a linearity
between dose and AUC to infinity.
On the basis of present knowledge, the CSHT for remimazolam
appears to be short (15–16 min) for infusions lasting up to 3 h; this
compares with values of 45–50 min for midazolam. Assessments of
kinetics and dynamics in patients with liver and renal disease are
awaited.

AZD3043
AZD3043 (previously known as THRX-918661 and TD4756) is
another water-soluble drug which is a congener of the hypnotic
agent propanidid, with about twice the potency. It is that of an acetic
acid propyl ester which is broken down by tissue and plasma esterases. AZD 3043 undergoes rapid hydrolysis in vitro in whole blood
of rat and guinea pig with half-lives of 0.4 and 0.1 min respectively.
There are no reported data on the activity of any metabolites.
When given intravenously to rats, doses of 5–30 mg kg−1 caused
dose-dependent loss of righting reflex and short-lived EEG suppression. After infusions ranging from 20 min to 5 h, the time to
recovery of the righting reflex was about 3 min. In contrast, the
recovery from propofol anaesthesia ranged between 30 and 60 min.
Faster recovery when compared with propofol has also been demonstrated in the pig (Beattie et al. 2003). In the rat, an infusion of
2.5 mg kg−1 min−1 (in conjunction with remifentanil) maintained
a surgical plane of anaesthesia. After a 3 h continuous infusion in
rats, kinetic studies demonstrated there to be rapid loss of the parent compound with none detected after about 5 min. Studies in
the pig revealed that after a 3 h continuous infusion, clearance was
about 3.4 litre kg−1 h−1 and the elimination half-life 0.4 h. Recovery
was faster than after propofol when given at equipotent doses
(Egan et al. 2012). However it appears to have a low potency with
doses for maintenance of anaesthesia in the pig of the order of
1.5 mg kg−1 min−1.
In a single-centre open volunteer study, doses of 1–81 mg kg−1 h−1
were associated with rapid onset of sedation or anaesthesia (in
doses >12 mg kg−1 h−1). All doses were accompanied by equally
rapid and complete recovery, although dosing was associated with
some involuntary movements and hypertonus. Preliminary kinetic
studies in humans indicate a high clearance and small apparent volume of distribution, with metabolism occurring through the action
of plasma and tissue (mainly hepatic) esterases.

Drugs presently in the preclinical development phase
Etomidate congeners
Etomidate is a useful intravenous anaesthetic agent but has the
adverse effects of adrenocortical suppression, myoclonus, and
PONV. A series of novel etomidate derivatives [methoxycarbonyl-
etomidate (MOC-E); carboetomidate and MOC-carboetomidate]
are subject to rapid ester hydrolysis (and are thus termed ‘soft’)
which limits the duration of effect of the MOC compounds.
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Adrenocortical suppression is minimized either by ester hydrolysis
or by structural change within the etomidate molecule. At present,
these and other compounds are being evaluated both in vitro and in
a rat model (Cotten et al. 2009).
MOC-E was the first soft analogue to be evaluated (Cotten et al.
2009). It has been designed to maintain the critical properties
of the parent compound, but has the advantage of being rapidly
metabolized by esterases in different tissues. The aim is therefore
to retain etomidate’s beneficial properties, but to avoid prolonged
adrenocortical depression after bolus dose administration. The
ester moiety attached to etomidate is both sterically unhindered
and electronically isolated from the pi electron systems in the imidazole ring.
In Xenopus oocytes, MOC-E enhanced submaximal GABA-
evoked currents in α1, β2, γ2L GABAA receptors; but was less potent
than etomidate. MOC-E had an in vitro metabolic half-life of 4.2
min in liver homogenate, compared with little effect on the breakdown of etomidate even after 40 min incubation. In tadpoles, the
EC50 for loss of the righting reflex (LORR) was 8 μM (compared
with 2 μM for etomidate). In the rat, the ED50s for LORR were 5.2
mg kg−1 for MOC-E, 1.00 mg kg−1 for etomidate, and 4.1 mg kg−1
for propofol. The decrease in mean blood pressure was similar for
etomidate and MOC-E at two times the ED50 dose; but the duration
of significant effect was less (about 30 s) with MOC-E.
There was no suppression of adrenocorticotropin hormone-
stimulated corticosterone production at 30 min after dosing,
whereas there was 58% suppression by etomidate. After administering an intravenous bolus or a continuous infusion of MOC-E,
adrenocortical function is predicted to recover more rapidly than
after etomidate. Studies have shown that doses of etomidate needed
to produce hypnosis could lead to adrenocortical suppression persisting for more than 4 days after discontinuing a prolonged infusion, and even a single induction dose can cause suppression for 24
h or more (Ledingham and Watt 1983; Wagner and White 1984;
Absalom et al. 1999; Watt and Ledingham 1994). Whether MOC-E
will affect other adrenocortical enzyme systems apart from the 11β-
steroid hydroxylase is unknown at present.
Recent data show that recovery may be delayed after prolonged
infusions. The exact mechanism involved here is not clearly known,
but may be as a result of an increased flux of a metabolite into the
central nervous system, but this and other issues limit the potential
for further development of this agent (Ge et al. 2012).
A second congener is carbo-etomidate where the removal of one
nitrogen atom from the imidazole ring reduces adrenocortical suppression by about three orders of magnitude compared with etomidate (Cotten et al. 2010). In comparison with MOC-E, which is a
kinetic solution to the adrenocortical suppressive effects of etomidate, carbo-etomidate offers a dynamic solution.
An even more promising congener is the second-generation
etomidate analogue cyclopropyl-methoxycarbonyl metomidate
(CPMM). In a rat study, infusions of the agent were associated with
minimal adrenocortical suppression and rapid recovery (Ge et al.
2013). A study in dogs has been completed, and a phase I study in
humans has recently been completed.

Pregnane steroid anaesthetics
The hypnotic properties of steroid molecules were first recognized
in 1927 by Cashin and Moraval, who induced anaesthesia in cats
using a colloidal suspension of cholesterol. There was no apparent
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relationship between the hypnotic (anaesthetic) and hormonal
properties of the steroids, with the most potent anaesthetic steroid being pregnan-3,20-dione (pregnanedione) which is virtually
devoid of endocrine activity. Over the past 80 or more years, the
anaesthetic properties of a large number of steroids have been
assessed in vitro and in vivo in laboratory animals and man. One of
the main problems with steroid agents has been their lack of water
solubility (Sear 1997). Most steroids show high therapeutic indices
in animals, but a variable effect in humans on the onset of hypnosis,
and the rapidity and completeness of recovery.
Althesin® (a mixture of alfaxalone and alfadolone acetate) is
the only steroid anaesthetic which achieved widespread clinical
use, and then only in certain countries. Some of the advantages of
Althesin® included minimal cardiovascular and respiratory depression, and a low incidence of PONV and venous sequelae. Minor
side-effects of Althesin® for induction of anaesthesia were a dose-
related incidence of hiccoughs, coughing, laryngospasm, and
involuntary muscle movements. However, a major adverse effect
of Althesin® was the development of perioperative allergic reactions, with an incidence of between 1:1000 and 1:18 000 (Sear and
Sanders 1984).
The pharmacokinetics of the Althesin® steroids have been studied
in humans (Sear and Sanders 1984). Alfaxalone has an elimination
half-life of about 30 min, a systemic clearance of approximately 20
ml kg−1 min−1, and apparent Vdss of 0.79 litres kg−1. The kinetics
of alfadolone acetate in humans does not differ from that of alfaxalone. Protein binding of alfaxalone and alfadolone is mainly to
albumin, but alfaxalone, which is 96.8% protein bound, also binds
to β-lipoproteins (Visser et al. 2002).
Althesin® was withdrawn from clinical use in 1984. More recently,
other solvents have been assessed for alfaxalone when administered
alone in some animal species. Using 2-hydroxypropyl β cyclodextrin as the solubilizing agent, studies in the dog show alfaxalone-
cyclodextrin to have a high clearance (48–64 ml kg−1 min−1) and
an apparent Vdss of 2.5–3.0 litre kg−1. No adverse effects have been
associated with injection of the steroid, although some excitation
was seen at the time of awakening (Ferre et al. 2006). Repeat dosing shows no apparent accumulation in the dog. Studies in the cat
(Whittem et al. 2008) and in the horse (Goodwin et al. 2011) confirm similar kinetics for alfaxalone; but a slower recovery profile
for the cat.

Benefits and disadvantages of total intravenous
anaesthesia
Induction
In modern clinical practice, the intravenous route is chosen for
induction of anaesthesia in the majority of patients. Inhalation
induction is usually reserved for distressed, uncooperative babies
or children, for adults who are needle-phobic or in whom intravenous cannulation is difficult, and for patients with an anticipated difficult or obstructed upper airway. Most clinicians prefer
the security of intravenous access before starting anaesthesia—to
facilitate administration of other agents that may be necessary, such
as anticholinergics or neuromuscular blocking agents—and once
intravenous access is present, the arguments in favour of intravenous induction of anaesthesia are generally persuasive.
The pharmacological profiles of the available agents have been
discussed in detail. In the first world, the most commonly used

agent is propofol. Less commonly used, are etomidate, thiopental, methohexital, and ketamine, and then usually only when their
specific pharmacodynamic characteristics offer clear benefits when
compared with propofol or inhalation induction. Thus etomidate
and ketamine have a role in induction of anaesthesia in critically
ill or hypovolaemic patients, ketamine can be a sensible option
in patients with respiratory failure caused by status asthmaticus,
and barbiturates may be chosen in patients with status epilepticus,
or when a rapid loss of consciousness is required during a rapid
sequence induction.
In general, except for pain on injection with propofol [which may
be attenuated by a vast array of measures (Jalota et al. 2011)] and
etomidate, and occasional involuntary movements with propofol
and etomidate, induction of anaesthesia with all of these agents is
usually smooth, rapid, and pleasant. The loss of consciousness with
standard doses is of relatively short duration which can be beneficial in some circumstances, such as in ‘cannot intubate, cannot ventilate’ situations. This short duration of action can sometime cause
unwanted return of consciousness if a maintenance agent is not
started soon after the induction dose.
Induction dose requirements are highly variable, and are influenced by very many factors such as age, gender, anxiety, pharmacokinetic and pharmacodynamic interactions with other agents
with sedative properties, co-morbidity, cardiac output, and pharmacogenomics. Thus, in the elderly or unwell, cautious and prudent
practice necessitates careful prior consideration of these factors and
then titration to clinical effect by means of slow administration of
divided doses. Because of the rapid kinetics of all current agents,
they are eminently ‘titratable’, as the peak effect of an intravenous
bolus dose should occur within a few minutes, allowing accurate
titration to clinical effect if sufficient patience is exercised. This caution should at least attenuate the adverse cardiovascular effects of
propofol and the barbiturates.
Loss of consciousness with propofol, etomidate, and the barbiturates is often associated with a period of apnoea, even when no
opioid agent is administered, which is why inhalation induction is
usually preferred when apnoea is considered unsafe (such as with a
potentially difficult or obstructed airway).
A major benefit of using propofol for induction of anaesthesia
is that it is associated with a lower incidence of PONV, when compared with inhalation induction of anaesthesia. This applies even
when propofol induction is followed by inhalation maintenance of
anaesthesia (Smith et al. 1999).

Maintenance of anaesthesia
The pharmacokinetics and pharmacodynamics of propofol
lend propofol-based anaesthetic maintenance several benefits.
Intraoperatively, the depth of anaesthesia is easily titratable, especially when TCI technology is used. Propofol results in dose-related
cerebral metabolic suppression, with matched reductions in cerebral blood flow (‘flow-metabolism coupling’ is maintained) resulting in beneficial effects on cerebral blood volume and intracranial
pressure. Propofol-based maintenance of anaesthesia, especially
when administered in combination with short-acting opioids, or
modest doses of longer-acting agents, is usually associated with a
rapid, clear-headed recovery of consciousness and psychomotor
function, early recovery, and discharge from the post-anaesthesia
care unit (Doze et al. 1988; Lim and Low 1992). For day surgery
procedures, propofol-based TIVA is associated with short times
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to ‘home-readiness’ (Suttner et al. 1999). Propofol may possess
antiemetic properties (Borgeat et al. 1992), and thus the recovery
period is further enhanced by a low incidence of PONV (Hartung
1996; Raeder et al. 1997; Smith et al. 1999; Suttner et al. 1999).
TIVA is beneficial in specific situations, where volatile anaesthesia is relatively or absolutely contraindicated, such as in patients
with a history of PONV, or history or risk factors for malignant
hyperpyrexia. In all patients, there are more general potential reasons to avoid volatile agents. Nitrous oxide and the volatile agents
pose potential risks to operating theatre staff who may even be
harmed by chronic occupational exposure to low doses (Hoerauf
et al. 1999). Further, nitrous oxide and all the volatile anaesthetic
agents add to the burden of atmospheric pollution. They all deplete
ozone, and are all greenhouse gases (Ishizawa 2011). The global
warming potential of desflurane is particularly high (Ryan and
Nielsen 2010). Although TIVA does not directly result in release
of gases, its manufacture, transport, and administration, requires
energy which also results in carbon dioxide emissions, but the total
greenhouse gas impact from propofol use is negligible when compared with that of desflurane or nitrous oxide (Sherman et al. 2012).
Disadvantages of propofol-based TIVA include the purchase and
maintenance costs of infusion pumps, and the purchase costs of
intravenous administration lines. At the start of any TIVA case,
time is required to set up, and check the pumps and administration lines. Two further disadvantages, discussed in greater detail
in the following sections, are the propofol infusion syndrome and
the perceived increased risk of awareness during propofol-based
anaesthesia.

Propofol infusion syndrome
One of the most feared complications of propofol-based sedation
and anaesthesia is the propofol infusion syndrome, a rare, but frequently fatal problem (Kam and Cardone 2007; Otterspoor et al.
2008).
This syndrome is characterized by refractory bradycardia and cardiac failure in association with metabolic acidosis [usually a lactic
acidosis (Fudickar et al. 2008)], rhabdomyolysis, hyperlipidaemia,
and fatty liver. It involves a failure of lipid metabolism, resulting in
intracellular energy failure, and lipid accumulation. The ECG often
shows changes similar to those in the Brugada syndrome (widened
QRS complex, convex curved ST elevation in leads V1 to V3). ECG
changes such as reversal of T-waves may occur before the onset of
circulatory failure (Mijzen et al. 2012). Vigilance for the signs of the
syndrome are important as prompt cessation of propofol administration at an early stage is often associated with recovery (Kam and
Cardone 2007).
The first recorded fatal case in a child was in 1990 and in an adult
in 1998. The number of reported cases and fatalities appears to be
somewhat higher in children than in adults. Although the majority of cases have been described in patients undergoing prolonged
sedation on an ICU, some cases have developed during anaesthesia
(Kam and Cardone 2007).
Usually, PRIS occurs in patients who have received doses exceeding 4–5 mg kg−1 h−1 for more than 48 h. Other associations include
concomitant catecholamine infusions, low carbohydrate intake,
high fat intake, and inborn errors of mitochondrial fatty acid oxygenation. It is unclear whether the association with high catecholamine infusions is causal, symptomatic, or both. Catecholamine
infusions can increase hepatic blood flow and metabolism, thereby
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increasing propofol requirements and resulting in higher doses and
a greater administered lipid load. On the other hand, escalating catecholamine requirements may be a result of cardiac failure associated with the syndrome.
Many of the cases of the syndrome have occurred in patients with
traumatic head injury. Propofol is commonly used in these patients
because of its beneficial effects on cerebral blood flow (matched
reductions in cerebral blood flow and metabolism) and intracranial
pressure. Although the neuronal injury may play a direct pathogenetic role, the association probably exists because higher doses of
propofol are commonly administered to head injury patients.
The apparent higher incidence in children has led to ‘black box’
alerts warning against the use of propofol infusions for paediatric
ICU sedation. Propofol is thus now very seldom used for this indication. There are several reasons why younger age may be associated with PRIS. The first is that children are more reliant on fat
metabolism, as they have smaller glycogen stores, and thus a failure
of lipid metabolism has more significant consequences. Second,
children require bigger propofol induction doses, and higher maintenance infusion rates than adults, because of pharmacokinetic
(larger central compartment volume and a larger overall volume
of distribution) (Absalom et al. 2003) and pharmacodynamic differences. Although the use of propofol infusions for anaesthesia
in children has not been prohibited, anaesthetists doing so during
long surgical procedures should remain alert to the possibility of
PRIS, and should consider performing regular arterial blood gas
analyses to measure the arterial pH and lactate concentrations.
When propofol is used for sedation of adults on ICU, pragmatic
guidelines usually recommend a maximum infusion rate of 5 mg
kg−1 h−1. Since the offending agent may be the lipid vehicle, it is
also wise to limit the lipid load by administering 2% rather than 1%
propofol, and to regularly measure arterial pH and lactate concentration. Where available, it may be beneficial to assay plasma acyl or
malonyl carnitine concentrations, as these are raised early on in the
time course of the syndrome (Kam and Cardone 2007).
The pathophysiology of PRIS has not yet been conclusively
demonstrated. Current evidence suggests that it is caused by a
combination of impaired mitochondrial uptake of the long-chain
fatty acids, and also inhibition of the flow of electrons along the
mitochondrial respiratory chain. Biochemical data from a fatal
case of PRIS suggested that propofol mediates an increase in malonylcarnitine concentrations, causing inhibition of carnitine palmityl transferase I, a transport protein for long-chain fatty acids
on the outer mitochondrial membrane, resulting in impaired
mitochondrial uptake and oxidation of long-chain fatty acids
(Wolf et al. 2001). The latter are an important substrate for skeletal and myocardial muscle oxidative metabolism. Medium-and
short-chain fatty acid uptake is not affected, and these fatty acids
and accumulated metabolic intermediaries appear to inhibit the
mitochondrial respiratory chain at complex II, leading to impaired
electron transport and ATP production, and increases in C5, C4,
and C2-acylcarnitine.
In vitro studies using animal cardiac myocytes suggested that
propofol causes dose-dependent inhibition of electron flow along
the mitochondrial electron chain (Schenkman and Yan 2000),
and studies in rat hepatic mitochondria showed that propofol
caused uncoupling of oxidative phosphorylation, and inhibited
complex I and at higher doses complex II (Branca et al. 1991a,
1991b; Rigoulet et al. 1996). In two victims of PRIS, skeletal muscle
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analyses showed impaired complex intravenous and cytochrome
oxidase activity (Cray et al. 1998; Mehta et al. 1999).
Overall the features of PRIS are probably the result of a combination of the toxic effects of accumulated fatty acids and metabolic
by-products, and failure of electron transport and ATP production
causing intracellular energy failure and a vicious circle of worsening acidosis. Much work remains to be done. At present there is
no clear evidence indicating whether the precipitating factor is the
propofol molecule itself, a metabolite, or the lipid carriers used in
commercially available propofol formulations.
Although many victims show no evidence of a known underlying
metabolic disorder, a genetic predisposition for the syndrome has
been proposed (Kam and Cardone 2007), and indeed some of the
features of the syndrome are similar to those found with genetically
determined cytochrome oxidase deficiencies (Cray et al. 1998).
Some fatal cases have occurred in patients with genetic defects
(such as in a patient with a deficiency of complex I of the oxidative
phosphorylation pathway), and not surprisingly it is recommended
that propofol should be avoided in patients with known defects in
mitochondrial fatty acid metabolism (Steiner et al. 2002; Farag et al.
2005).
Recommendations for prevention of the syndrome vary widely
(Kam and Cardone 2007; Otterspoor et al. 2008; Diedrich and
Brown 2011). Among all patients receiving propofol infusions, vigilance is essential. If early signs of the syndrome develop (such as
unexplained ECG changes and lactic acidosis), PRIS should be considered. In general, propofol is best completely avoided in children
with known defects in mitochondrial fatty acid metabolism (Steiner
et al. 2002; Farag et al. 2005), and propofol should generally also
not be used for long-term ICU sedation of children. Otherwise, the
recommendations for prevention concern avoidance of known risk
factors, and include recommendations to limit the lipid load (use
of 2% rather than 1% propofol formulations) and propofol dose
(maximum infusion rate of 4–5 mg kg−1 h−1 is recommended), and
especially in children, maintenance of an adequate carbohydrate
intake (6–8 mg kg−1 min−1) to suppress fatty acid metabolism.
Once the syndrome occurs or is suspected, propofol administration should be discontinued immediately, and an alternative
sedative started. Some groups advocate haemodialysis to eliminate
propofol and its metabolites, and for correction of acid–base abnormalities. Further management is largely supportive. Circulatory
support may include pacing for bradyarrhythmias, fluids, vasopressors, and catecholamines (or if the response to these is poor
then calcium, phosphodiesterase inhibitors, and glucagon may be
considered). Renal support includes management of rhabdomyolysis, optimization of fluid status, and where necessary, renal replacement therapy (haemofiltration, dialysis, or both). Extracorporeal
membrane oxygenation may be considered when combined cardiac
and respiratory failure is present.

Awareness
It is commonly believed that TIVA is associated with a higher incidence of awareness than with volatile maintenance of anaesthesia.
Indeed, it is interesting that independent surveys of anaesthetists in
Australia, the United Kingdom, and the United States, all showed
that approximately 40% of anaesthetists believed this to be true
(Myles et al. 2003; ASA Task Force on Intraoperative Awareness
2006; Lau et al. 2006). Despite this, there is no scientific evidence to
support this belief. In the very early days of propofol-based TIVA,

one study reported 5 cases out of 1757 patients (an incidence of
2.8%) (Sandin and Norstrom 1993), but this was a retrospective,
uncontrolled trial, and the authors concluded that these 5 cases
were caused by lack of experience. More recently a large prospective study in Spain showed a high incidence of awareness among
all patients, with the incidence higher among TIVA patients (1.1%)
than among those who received inhalation anaesthesia (0.59%), but
only very limited conclusions can be drawn because of the observational, uncontrolled study design. There are no published reports
of prospective, controlled trials showing a difference in incidence of
awareness between TIVA and inhalation anaesthesia (Sandin and
Norstrom 1993).
Despite the lack of evidence of a higher incidence of awareness
with TIVA, it should be recognized that during TIVA, interruptions
to the administration of the anaesthetic may more easily go unnoticed than during volatile anaesthesia. With the latter, the anaesthetist is usually (but not always) readily rapidly alerted to the presence
of an airway disconnection or obstruction by standard airway pressure alarms, and to the presence of a faulty or empty vaporizer
by falling measured end-tidal concentrations. With intravenous
administration, disconnection or obstruction alarms, when present, rely on detection of low or high pressures in the administration lines, but these changes may take some time to become evident.
Likewise, perivascular migration of an intravenous catheter, or retrograde flow of drug when intravenous fluids are administered via
the same cannula but without an antireflux valve, may not always be
immediately detected. Thus it is advisable for anaesthetists to apply
some simple practical rules to reduce the risks of undetected interruption of anaesthetic administration. Ideally, anaesthetic drugs
should be administered via a dedicated intravenous cannula that
is visible (or is checked regularly). Administration sets should contain antireflux valves when intravenous fluids are co-administered,
and antisyphon valves to prevent accidental emptying of the drug
syringes should the infusion pumps be higher than the infusion
site. Administration lines should be made of low-compliance materials to improve accuracy of administration, should have low internal volume, and limited dead space in components where drugs,
fluids, or both, mix, and all connections in the administration sets
should be secure.
A source of concern for many opposed to, or unenthusiastic
about, TIVA is the lack of an equivalent of the volatile anaesthetic
end-tidal concentration monitor. At the very least, despite the
omnipresent gradient between end-tidal and arterial concentrations, which varies according to the amount of pulmonary shunt
(Frei et al. 1991), an end-tidal monitor provides some reassurance that the patient is receiving the drug. Particularly given the
absence of an equivalent of the ‘end-tidal concentration monitor,’ concerns also exist about the inter-individual pharmacokinetic variability found with the intravenous agents. Although
this inter-individual variability is not quantitatively different to
that found with other drugs, including the volatile anaesthetic
agents, the problem with the intravenous anaesthetic agents
is that should this variability result in inadequate or excessive
plasma (and effect-site) concentrations, then the consequences
can be significant (such as awareness and cardiorespiratory
depression respectively). Theoretical work provided some reassurance by showing that when TCI is used, inter-individual variability is reduced compared with bolus administration (Hu et al.
2005). More recently several groups have been working towards
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development of monitors capable of real-time or near real-time
measurement of propofol (or metabolite) concentrations in
venous blood (Hu et al. 2005) and in exhaled air (Hornuss et al.
2007; Grossherr et al. 2009; Hornuss et al. 2012).
Although online measurements or estimates of achieved plasma
propofol concentrations will remove some of the uncertainty
concerning pharmacokinetics, and may possibly lead to systems
capable of real-time development of individual pharmacokinetic
models and administration regimens, these will only deal with a
portion of the uncertainty in the dose–response relationship. Just
as with the volatile anaesthetic agents, the problem of pharmacodynamic variability remains. With intravenous and inhalation
anaesthetic agents, there is variability in the achieved concentrations required for adequate anaesthesia. As with the MAC value,
the equivalent metric for the intravenous agents, the EC50 (effective concentration in 50% of patients), represents only one point
in a broad dose–response curve, so that titration to clinical effect
is always required, and a case can be made for depth of anaesthesia
monitoring on this basis.
A study published in 2008 showed that in patients at high risk
of awareness, receiving volatile anaesthesia, targeting the dose to
between 0.7 and 1.3 MAC was as effective at preventing awareness
as BIS™ monitoring with a target BIS™ between 40 and 60 (Avidan
et al. 2008, 2011). More recently the same group showed that in an
unselected group of surgical patients, BIS™-based alarms were no
more effective than anaesthetic concentration alarms at preventing awareness (Mashour et al. 2012). These studies suggest that
BIS™ monitoring is not necessary during volatile anaesthesia; but
a closer look at the studies reveals several weaknesses. Generally
opiate doses were not controlled, and in both groups relatively deep
anaesthesia was maintained (mean time-average BIS™ values of 40).
Moreover, the main outcome of these studies was subsequent recall
of intraoperative events, meaning that it relied on a subsequent
behavioural output critically dependent on intact memory function. Thus, the main weakness of all the studies is that the majority
of patients received midazolam, an agent known to cause amnesia,
thereby weakening the case for reliance on recall as a marker for
intraoperative awareness.
If one believes that TIVA is associated with a higher risk of awareness than volatile anaesthesia, then it might be tempting to conclude from the previously described work that the best and most
cost-effective way to avoid awareness is to use volatile anaesthesia
with end-tidal concentration monitoring (which is already a routine part of modern practice). It would, however, be unwise to deny
patients the benefits of TIVA on this basis, as both study protocols
were not consistent with routine clinical practice—in the BAG-
RECALL study (Avidan et al. 2011), for example, in both groups
the mean volatile dose was 0.9 × age-adjusted MAC, and mean BIS™
values were approximately 41, indicating higher doses than many
clinicians would use in high-risk patients also receiving opiates.
In summary, there is a widely held belief that awareness is more
likely during intravenous anaesthesia. Anaesthetists administering
intravenous anaesthesia should take measures to reduce the risks
of undetected interruption of drug administration, and should
consider using an EEG-based depth of anaesthesia monitor, to
reduce the risk of awareness. If there is a higher risk of awareness
with TIVA, the difference in incidence is likely to be small, and is
unlikely to justify denying patients the benefits of TIVA.
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Future perspectives
The imperfections of the currently available intravenous anaesthetic
agents are stimulating the efforts to discover and bring to market
better formulations of existing agents and newer intravenous agents
with better PK/PD profiles. Some of the agents currently in the
research and development ‘pipeline,’ discussed earlier, show great
promise. Even if problems are encountered with those agents during phase III testing, increasing use of the intravenous anaesthetics
seems likely, given the environmental and other concerns with the
volatile agents, the clear benefits of intravenous anaesthesia with
regard to PONV, and the fact that for some medical disorders, such
as malignant hyperthermia, intravenous anaesthesia is the method
of choice as none of the current volatile agents are safe. In addition,
new formulations and uses of existing agents are likely to maintain
interest, as will the application of technology which lends itself to
use with intravenous agents, for patient-controlled sedation, and
closed-loop computer-controlled anaesthesia.

New formulations and new uses of existing agents
There has been a recent resurgence of interest in some of the older
intravenous agents. As mentioned earlier, new formulations of etomidate and propofol show promise. There has been recent interest
in some of the interesting non-anaesthetic effects of ketamine, for
which it is likely to be increasingly used in future. It may be neuroprotective (Himmelseher et al. 1996; Himmelseher and Durieux
2005; Hudetz and Pagel 2010), and even small doses may provide
some protection against delirium and postoperative cognitive dysfunction (Hudetz et al. 2009a, 2009b; Hudetz and Pagel 2010).
Other reasons to use ketamine as an anaesthetic adjuvant are that
it may reduce acute postoperative pain and opioid requirements
(and reduce the incidence of PONV) (Bell et al. 2006), especially
in patients with chronic pain (Angst and Clark 2010; Loftus et al.
2010). Oral (Blonk et al. 2010) or intravenous (Sigtermans et al.
2010; Dahan et al. 2011) ketamine may also have a role in the treatment of chronic pain problems such as the complex regional pain
syndrome. Finally, and perhaps most excitingly, ketamine appears
to be a rapidly acting (within hours) and highly effective antidepressant (effects of a single intravenous dose of 0.5 mg kg−1 last
approximately 1 week) (Liebrenz et al. 2009; Price et al. 2009; aan
het Rot et al. 2010; Li et al. 2010; Larkin and Beautrais 2011).

Patient-controlled sedation
Sedation is increasingly required for unpleasant diagnostic and
therapeutic procedures. Optimal titration of sedation is desirable
in these patients, as they are often unwell, and elderly, and thus very
susceptible to the adverse effects of the existing sedative agents.
There are three main problems with current provision of sedation. The first problem concerns assessment of the need for sedation. Patients differ in the amount of discomfort they experience
during procedures, in their ability to tolerate discomfort, in their
responses to standard doses of sedative agents, and in their tolerance of adverse effects of sedatives and analgesics. It is not always
possible for a healthcare provider to accurately assess the amount
of anxiety or discomfort a patient is suffering (Dell 1996), as they
must rely on observation of the patient and clinical signs, and on
the answers of the patient, which may be influenced by factors such
as cultural differences, and the respective genders of the provider
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and patient. Complicating this all is the fact that the nature and
severity of the stimulus is not constant but changes throughout the
course of a procedure. At the same time, as most of the patients are
elderly, unwell, or both, they are usually very sensitive to the agents,
making it difficult to judge the required dosage.
A second problem is that none of the currently available agents is
perfect. With the exception of dexmedetomidine, none of the currently available sedatives has analgesic effects. If no analgesics are
administered during painful procedures, then high doses of sedatives may be required to suppress patient movement. This compromises safety, because after cessation of painful stimuli, decreased
consciousness and loss of airway reflexes are possible despite
declining drug concentrations. If, on the other hand, an opiate is
co-administered, the degree of synergy with regard to depression
of consciousness, airway reflexes, and cardiorespiratory control is
variable, difficult to predict, and may be profound.
There are problems too with the pharmacokinetics of the available sedative agents. Midazolam is commonly used but has a far
from ideal pharmacokinetic profile. The elderly can be remarkably
sensitive to small doses, and accurate titration requires patience and
time, as the peak clinical effect occurs after as much as 10–15 min
after an intravenous bolus (Zomorodi et al. 1998), and may even
occur after the procedure, when the patient is being less intensively
monitored. Short-acting agents such as propofol have both benefits
and risks. They may be safer to use because the adverse effects are
of shorter duration, but even so, some of the pharmacodynamic
effects (such as the propensity towards apnoea and loss of airway
reflexes with deeper sedation) can impair safety and are a cause
for concern, especially when propofol is administered by non-
anaesthetists. A recent guideline providing a framework for training and standards for non-anaesthetist administration of propofol
during gastrointestinal endoscopy in Europe (Dumonceau et al.
2010), provoked a storm of protest (by anaesthetists), sufficient
to eventually force the European Society for Anaesthesiology to
retract its endorsement (Pelosi and Board of the European Society
of Anaesthesiology 2012).
In the past, procedural sedation was commonly administered
by the physician or surgeon performing the procedure (so-called
operator-administered sedation). It is difficult for an operator to
concentrate on performing a procedure while assuming responsibility for the safety of the patient. Patient monitoring, and drug
administration, was thus often delegated to a non-medically
trained staff member, with limited training in pharmacology and
in the recognition and management of the complications of sedation. Although it has never been proved, provision of sedation by
anaesthetists may improve safety, but unfortunately, there are usually insufficient manpower resources to provide anaesthetic cover
for all procedures under sedation.
Patient-controlled analgesia (PCA) systems have been widely
implemented, and are a very successful solution to the analogous
problems with the provision of postoperative intravenous analgesia. A patient using a PCA system represents a closed-loop system,
which may improve safety if the system design has sufficiently
robust inbuilt safety controls, while improving patient satisfaction.
PCA technology has thus been applied to enable patient control
of sedative administration. An early system enabled the ventilated
ICU patient to self-administer boluses of midazolam (Loper et al.
1988). Thereafter several studies of patient control of propofol
administration (bolus or short infusions) during procedures were

performed and showed that they provided reasonably safe, light
sedation, and that patients expressed a preference for being in control (Osborne et al. 1991, 1994; Rudkin et al. 1991, 1992).
A problem with repeated propofol bolus dose administration is
that it is associated with large swings in blood propofol concentration, with the potential for the patient to vacillate between oversedation, with potential adverse effects, and undersedation, with
poor patient cooperation and satisfaction. This problem can be
solved by combining TCI technology and patient control, to enable
so-called patient-maintained sedation (PMS), to enable the patient
to optimize the (blood or effect-site) sedative blood concentration according to their perceived level of discomfort and their own
expectations, and wishes.
The Glasgow group of anaesthetists, led by Kenny, was very active
in the development of a PMS system. An anaesthetist must choose
the drug and model to be used, a starting concentration, a lockout
time, and a target concentration increment. On starting the system the patient was allowed control once the blood and estimated
effect-site concentrations were close to equilibrium. Thereafter
the patient was able to increase the target blood concentration if
they were able to perform two consecutive presses of an activating
handset button within 1 s. If a validated press occurred, the target
blood propofol concentration increased by the pre-set increment.
If no validated presses occurred, the system initially kept the target
propofol concentration unchanged, but if after 6 min no further
presses occurred it would reduce the target concentration by the
incremental amount. The system was used successfully for ‘instant
premedication’ in patients awaiting surgery (Murdoch and Kenny
1999) and for sedation during orthopaedic surgery under local or
regional anaesthesia (Irwin et al. 1997). In the former study, and in
further safety studies in volunteers, safety was not deemed optimal,
as in the patient study two patients required supplementary oxygen
because of desaturation, and in volunteer studies, despite tweaks to
the safety settings, some volunteers were able, by repeatedly pressing the button, to render themselves unconscious (Murdoch et al.
2000; Henderson et al. 2002).
It clear that with a lockout time shorter than the time required
for blood–effect-site concentration equilibration, overzealous use
of the activating handset will always be a risk with a blood-targeted
system (Henderson et al. 2002), and thus a logical next step was the
use of effect-site targeting although even this step did not prevent a
volunteer from being able to anaesthetize himself (Anderson et al.
2005; Chapman et al. 2006).
It is possible that safety could be improved further, particularly
if one adds a test or measure of responsiveness to a stimulus, and
incorporates into the control algorithm the facility to stop the infusion should the response be inadequate. The Glasgow group has
developed and tested a system that incorporates a simple response
time measurement into the algorithm deciding whether or not to
continue an infusion. In 20 dental patients it provided safe and
adequate sedation (O’Brien et al. 2013).
The Sedasys® system (Ethicon Endo-Surgery, Cincinnati, OH,
USA) has received regulatory approval in Canada, United States,
Australia, and Europe, making it the first commercially available
PMS system. It incorporates a TCI-like algorithm for bolus and infusion propofol administration, with additional propofol available on
demand (with bolus sizes and infusion rates limited to comply with
ASA guidelines and with those in the US FDA-approved propofol package insert). The system incorporates auditory and tactile
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stimuli, and in-built capnography and pulse oximetry. If responses
to stimuli are inadequate, the infusion rate increases and is limited;
whereas if apnoea or haemoglobin oxygen desaturation is detected,
then the infusion is stopped and additional oxygen administered.
After a successful feasibility study (Pambianco et al. 2008), the system was then used in a large randomized study of sedation during
upper gastrointestinal endoscopy and colonoscopy, and was found
to be associated with a reduced incidence of adverse events compared with standard care (5.8 vs 8.7% respectively) (Pambianco
et al. 2011). However, in early 2016, Ethicon Endo-Surgery decided
to halt sales of the Sedasys® system for economic reasons.
With the ageing patient population, and absolute and relative
increases in the numbers of elderly patients presenting for uncomfortable procedures, the requirement for safe and professional
sedation services is likely to increase. PMS is one possible solution
that may assist with the provision of safe and accurate sedation;
and thus it is likely that there will be further developments in this
sphere in the near future.

Closed-loop control of anaesthesia
Key aspects of the function of a surprisingly large number of
appliances and machines we use on a daily basis are controlled by
automated control systems. Yet, despite the omnipresence of such
control technology in our daily lives, and our unquestioning reliance on such technology for control of some quite complex processes, the prospect of computer control of anaesthesia has only
recently become a real possibility. Although there were pioneering
efforts in the 1950s (Bickford 1951) and again in the 1980s and early
1990s (Schwilden et al. 1987, 1989; Schwilden 1989), developments
in this field were hampered by the lack of a reliable, automated control variable that correlates monotonically with anaesthetic depth.
During the last decade of the twentieth century, great progress
was made with the development of objective, automated, and
validated monitors of anaesthetic depth, with the development
of systems using auditory-evoked potentials (Mantzaridis and
Kenny 1997; Struys et al. 2002), and analyses of the spontaneous
EEG activity such as the BIS™ (Rampil 1998) and later spectral
entropy (State Entropy and Response Entropy, GE Healthcare,
Helsinki, Finland) (Viertio-Oja et al. 2004). Several groups developed and tested computer-controlled anaesthesia systems capable
of automatic control of propofol anaesthesia based on changes in
auditory-evoked potentials (Kenny and Mantzaridis 1999) or the
BIS™ (Mortier et al. 1998; Morley et al. 2000; Struys et al. 2001;
Absalom and Kenny 2000, 2003; Absalom et al. 2002; Leslie et al.
2002). These so-called single-input single-output (SISO) systems
were able to accurately and safely control sedation and anaesthesia, but by definition such systems are focused only on one aspect
of anaesthesia—hypnosis—and thus have limited applicability to
routine clinical practice. Nonetheless, the developments were sufficiently encouraging to result in support and encouragement for
a multicentre and multidisciplinary collaboration, from the then
BIS™ manufacturer, Aspect Medical Systems, culminating in the
publication by senior employees of Aspect of an article on the
potential regulatory challenges to the goal of making such a system
a commercial reality (Manberg et al. 2008).
Since then, a few other groups have also developed SISO systems
(Puri et al. 2007; Agarwal et al. 2009). However, an ideal computer-
controlled anaesthesia system is likely to be a dual-loop system,
capable of controlling hypnotic and analgesic infusions, based on
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real-time measurements of the hypnotic state (depth of anaesthesia
monitors) and analgesic state (the nociception vs anti-nociception
state) respectively. At present there is no well-validated, universally
accepted objective measure of the analgesic state.
Liu et al. (2006, 2010, 2011) in Paris have developed a system capable of using the BIS™, and more recently spectral entropy, to control
both propofol and remifentanil infusions. Their system uses a combination of a proportional-integral-differential control algorithm, and
a set of rules, to determine the order and magnitude of adjustments
to propofol and remifentanil infusions. It has been rigorously tested
and shows great promise, having performed well in a large, multicentre randomized controlled trial. Although one might argue that it
is not strictly a dual-loop system (Absalom et al. 2011), it performs
remarkably well and represents the current state of the art.
It is highly likely that in the future, control technology will play
an increasing role in making the practice of anaesthesia safer, more
accurate, and less prone to human error. Further developments are
likely in the field of control of the anaesthetic state, particularly
once a reliable measure of the analgesic state is available.

Addendum
Since the time of writing this chapter, there have been no apparent
plans for further development of three agents (PF0713, JM-1232,
and AZD3043). There have been recent publications (2015/16) of
the clinical profiles of CPMM (ABP-700) and Phaxan-CD (alfaxalone in 13% 7-sulfobutylether-betacyclodextrin).
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Neuromuscular
blockade and reversal
Jennifer M. Hunter and Thomas Fuchs-Buder
History of neuromuscular blockade
and reversal
The introduction of neuromuscular blocking agents (NMBAs)
in the 1940s revolutionized anaesthetic practice: until that time,
major surgery was carried out under deep inhalation anaesthesia
with agents such as diethyl ether. Such deep anaesthesia did provide
some neuromuscular blockade, although access to the abdominal
cavity was still difficult. But recovery from sleep was prolonged
and often accompanied by inhalation of gastric contents; only the
healthy were able to survive such techniques. The use of neuromuscular blocking drugs allowed the depth of anaesthetic to be lightened and hence a more rapid recovery to be obtained. It led the way
to the development of cardiac, neuro-, and neonatal anaesthesia,
and of critical care.
The first reported use of paralysing agents came from travellers
to South America. They noted that South American Indians used
poisons from the Indian rubber plant, Chondrodendron tomentosum, to kill their prey. They dipped the tips of their arrows in this
poison to shoot animals. In 1812, Waterton, an Englishman from
a wealthy background, was roaming the Amazon Delta on a donkey with local tribesmen he had hired. In a subsequent monologue
he reported how he shot his own donkey with one of these poison
arrows and performed a tracheotomy on it. He then ventilated the
donkey with a bellows for 24 h, before it recovered sufficiently to
stand and they continued on their journey! American travellers
regularly reported similar findings which were read by the famous
French scientist, Claude Bernard. In 1844, he demonstrated in vitro
that these arrow poisons were able to paralyse the neuromuscular
junction.
At that time, neuromuscular transmission was considered to be
an electrical phenomenon. But in a series of elegant experiments in
the Cavendish Laboratories in Cambridge, United Kingdom, in the
1920–1930s, Dale was to demonstrate that acetylcholine was the
chemical transmitter at the neuromuscular junction. For this work,
he was awarded a Nobel Prize in 1932. By this time, extracts of
Chondrodendron tomentosum, known as curare, had been used in
animals to treat tetanus by Demme in France. Curare was first used
in humans during electroconvulsive therapy in Cambridge in 1935.
Harold King (London, United Kingdom) was the first to isolate
curare from its natural product and define its structure in 1935, and
an American named Gill approached Squibb in the United States at
that time to produce it commercially. Gill had visited Ecuador and

returned with large amounts of curare obtained from the natives.
He hoped that curare would prove to be a treatment for multiple
sclerosis. Squibb’s first product was a standardized mixture of the
natural alkaloids of Chondrodendron tomentosum, and was known
as ‘Intocostrin’.
In 1942, Harold Griffith and Enid Johnson, anaesthetists in
Montreal, Canada, reported their use of curare in a series of 19
patients, all of whom progressed well. They had the concept of
potentiating the relaxant effect of the potent inhalation agent by
using small doses of ‘Intocostrin’: they had no plan to take over
respiration but only to gently support it if necessary by inflating the
rebreathing bag by hand.

The Liverpool anaesthetic technique
During World War II, T. Cecil Gray was a general practitioner in
Liverpool, United Kingdom, providing an anaesthetic service in the
community with a visiting role in the local hospitals. He was taught
his anaesthetic skills by R.J. Minnitt, the inventor of the Gas and
Air Machine, which provided analgesia for women in labour. Gray
had heard of the use of ‘Intocostrin’ at anaesthetic meetings and
had read Griffith and Johnson’s work in Anesthesiology. He wrote to
Griffith asking for some ‘Intocostrin’. It was brought by a Canadian
airforce pilot during World War II to an American airforce base
outside Liverpool, where one of Gray’s anaesthetic colleagues, John
Halton, collected it. Gray took the powder to Burroughs Wellcome,
who then had a factory in Liverpool, asking them to prepare it
for clinical use. Burroughs Wellcome had already produced d-
tubocurarine for laboratory use by physiologists in Liverpool such
as Frank Roberts. Roberts had used small quantities of it to perform
electrophysiological studies on patients with myasthenia gravis and
other neuromuscular disorders.
Burroughs Wellcome produced the d-tubocurarine which Gray
and Halton used in more than 1000 patients undergoing various
surgical procedures, reported in 1946. For the first time, it was
suggested that fully paralysing doses of d-tubocurarine (dtc)
should be used and respiration supported manually at all times.
Gray recommended that only one large dose of dtc be given, 45 mg
to all adults, together with N2O:O2 70%:30% and an intravenous
opioid, usually morphine or pethidine. No potent inhalation agent
was used and only two of the cases received an antagonist to residual block—pyridostigmine with atropine to reduce its muscarinic
effects. Gray advised that neuromuscular block would be prolonged
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in the presence of renal dysfunction and that dtc should not be used
in patients with myasthenia gravis.
T. Cecil Gray was to travel the world demonstrating ‘The
Liverpool Technique’, but in the early 1950s, it fell into disrepute.
In 1954, two American surgeons, Beecher and Todd, published a
large series demonstrating that death was 35 times more likely in
Massachusetts with relaxant anaesthesia, than with ether or local
anaesthesia, even in healthy people. The lack of any attempt to
reverse residual block was probably allowing aspiration of regurgitated stomach contents and respiratory failure. From then on,
antagonism of residual block at the end of surgery using anticholinesterases such as neostigmine (with atropine) became a routine
part of the Liverpool technique.
d-Tubocurarine had side-effects including histamine release
which caused vasodilation and flushing, lowering the arterial blood
pressure. A compensatory tachycardia could occur. The excretion
of tubocurarine in the urine caused its duration of action to be very
variable, and particularly prolonged in the presence of renal dysfunction. Synthetic derivatives of tubocurarine such as alcuronium
bromide (diallyl nortoxiferine, 1961) were introduced. Although
popular, as it produced less cardiovascular change, alcuronium was
also long-acting and dependent on renal excretion. Gallamine, a
tris-quaternary amine introduced in 1947, had marked sympathomimetic effects and was also excreted entirely in the urine. The
search for an ideal NMBA had begun.

For example, anaesthetic-induced changes in blood vessel tone and
changes in skin temperature can alter skin resistance. To guarantee
that all muscle fibres are reliably activated despite these confounding factors, the muscle is stimulated with a current that is above the
peak threshold of 40–50 mA. Typically, the supramaximal current
is deduced by increasing the maximum current by 20%.

Monitoring neuromuscular block

It is important to ensure that the target motor nerve is stimulated
without any direct stimulation of the muscle. Direct muscle stimulation can be identified by the weak contractions of the muscle that
occur without the fade commonly observed after administration
of non-depolarizing neuromuscular blocking agents (NDNMBAs).
These weak contractions can also be detected during profound
muscle blockade. There is always a risk of direct muscle stimulation
whenever the stimulation electrodes are attached directly over the
muscle to be assessed. To prevent this, it is recommended that a
nerve–muscle unit is chosen so that the nerve stimulation and the
subsequent twitch response are distinct.

Peripheral nerve stimulation
To assess the effect of a NMBA in present day practice, neuromuscular monitoring is used. The response of a peripheral muscle to
electrical stimulation of its corresponding motor nerve is assessed.
When a single muscle fibre responds to stimulation, it follows the
‘all-or-none principle’. In contrast, the number of muscle fibres activated in total determines the extent to which the muscle twitches.
The muscle’s strength progressively increases with an increasing
electrical current and develops its maximum possible strength as
soon as the stimulation current is sufficiently great to stimulate all
the muscle fibres. Once this plateau has been reached, no matter
how much higher the current is raised, it will not induce any further
increase in muscle strength. This threshold is termed the ‘maximal
current’ and differs slightly between nerves. Empirical data has
shown that this threshold is approximately 40–50 mA for the ulnar
nerve, which is frequently used for neuromuscular monitoring.

Supramaximal current
To enable the intraoperative comparison of each stimulatory
response, and hence to assess the extent of neuromuscular block, a
comparable number of muscle fibres in a muscle must be stimulated
during every nerve stimulation. In clinical practice, this is achieved
by ensuring that the electrical stimulation activates all muscle fibres
in the target muscle and thereby triggers the maximum possible
response. After administration of a NMBA, the muscle response is
diminished as a function of the number of muscle fibres blocked.
If the stimulation of the motor nerve is maintained at a constant
current, the reduction in the muscle response directly reflects the
extent of neuromuscular blockade. However, during surgery, many
different factors can affect the intensity of the electrical stimulation and thereby directly influence the ensuing muscle response.

Submaximal current
Stimulation with a lower current (i.e. 10–30 mA: submaximal stimulation) is much less painful and therefore better tolerated by the
awake patient. However, when a submaximal current is used, the
accuracy of the measurements declines and the response is more
variable. Submaximal stimulation is of limited value in clinical
practice.

Stimulation electrodes
The skin should be cleaned using an alcoholic solution and the
electrodes placed correctly to ensure that the current stimulates the
target nerve appropriately. It is not of importance whether Ag/AgCl
ECG electrodes or special neuromuscular monitoring electrodes
are used. When using ECG electrodes, the distance between both
electrodes should be less than 6 cm. In addition, it is recommended
that the negative electrode be placed at the distal site.

Stimulation site/test muscle
Muscle stimulation

Ulnar nerve/adductor pollicis muscle
One way to ensure this topographic separation is to stimulate the
ulnar nerve running along the median side of the arm, and to assess
the twitch response at the adductor pollicis muscle (located on the
lateral side of the hand). This nerve–muscle unit is easily accessible intraoperatively, if the arm is placed in an outstretched position
(Fig. 16.1). The stimulatory response can be evaluated by tactile,
visual, and objective means concurrently.
Typically, the distal electrode is attached at the ulnar head directly
over the groove containing the ulnar nerve (sulcus nervi ulnaris),
and the second stimulation electrode is positioned along the course
of the nerve, around 2–4 cm proximal to this groove (Fig. 16.1).
Stimulation of the ulnar nerve triggers flexion of the metacarpal
heads and also leads to adduction of the thumb and the little finger,
although adduction of the thumb is usually the sign used for neuromuscular monitoring. Assessment of the thumb’s motor response is
more effective when the other four fingers are restrained.

Posterior tibial nerve/flexor hallucis brevis muscle
This nerve–muscle unit consists of the posterior tibial nerve—a
branch of the sciatic nerve—and the flexor hallucis brevis muscle
which can be used for monitoring of the lower extremity (Fig. 16.1).
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with significantly lower currents: 25–30 mA is often sufficient to
elicit a response.
The orbicularis oculi and the corrugator supercilii muscles vary
in their responses to NMBAs. While the block at the orbicularis
oculi muscle is similar to that of the adductor pollicis muscle, the
corrugator supercilii muscle is more resistant and its blockade is
consistent with that observed in the laryngeal adductor muscles
or the diaphragm. Stimulation of these two muscles is technically difficult and the result is frequently unsatisfactory in clinical
practice.

Stimulation patterns
Posterior tibial nerve
Negative electrode

Facial nerve

Negative electrode

The earliest nerve stimulator specifically developed to monitor the
effect of NMBAs was the ‘St. Thomas’s Hospital Nerve Stimulator’
in 1958. Whereas this device could only deliver a single twitch,
modern relaxometers offer several stimulation patterns: train-of-
four (TOF) stimulation, double-burst stimulation (DBS), tetanic
stimulation, and the post-tetanic count (PTC). These stimulation
modes differ in their stimulation frequencies and the interval
between the individual components of the stimulation pattern.
Common to all stimulation patterns are the form and duration of
the individual stimulus: a square wave of 200 µs and supramaximal stimulation.

Single twitch response
Figure 16.1 Different stimulation sites for neuromuscular monitoring.

For this purpose, the posterior tibial nerve is stimulated in the
region of the medial malleolus and the degree of neuromuscular
block is assessed by noting flexion of the big toe. The profile of the
neuromuscular block produced in the flexor hallucis brevis muscle
is consistent with that of the adductor pollicis muscle. However,
monitoring adduction of the big toe is technically not as easy as
monitoring adduction of the thumb, which is why this unit is less
suited for objective neuromuscular monitoring.

Facial nerve/orbicularis oculi muscle and facial nerve/
corrugator supercilii muscle
Some of the facial (or mimic) muscles are also suitable for neuromuscular monitoring. Two muscles are of interest in this context: the orbicularis oculi muscle and the corrugator supercilii
muscle. The orbicularis oculi muscle encircles the orbital opening.
Stimulation through the zygomatic branches of the facial nerve
causes the eyelids to close. In contrast, the corrugator supercilii
muscle is innervated by the temporal branch of the facial nerve and
draws the medial end of the eyebrow downward, producing wrinkling of the brow.
The main argument favouring use of the facial nerve as a stimulation site for neuromuscular monitoring is that it normally allows
the anaesthetist unimpaired intraoperative access. However,
because this neural plexus is in direct proximity to the intrinsic
mimic muscles, the risk of direct muscle stimulation is significant.
Care must be taken that the correct stimulatory response is assessed
(eyelid closure or wrinkling at the superciliary arch), and any other
twitching muscle in the direct proximity of the stimulation electrode is not falsely interpreted. Compared with the ulnar nerve,
supramaximal stimulation of the facial nerve can be accomplished

A single supramaximal electrical stimulus is applied to the target motor nerve and the subsequent muscle response is evaluated. The frequency with which the single stimuli are applied
varies between 1 Hz (i.e. one stimulus per second) and 0.1 Hz
(one stimulation every 10 s). The twitch response can fade as
soon as a stimulation frequency of 0.15 Hz is exceeded: decrement (i.e. fatigue of the muscle response) can be observed. The
higher the stimulation frequency, the more pronounced the fade
becomes. As a result, the degree of neuromuscular blockade may
be overestimated. Most devices apply a frequency of 0.1 Hz in
the single twitch mode. Some use 1 Hz stimulation, but only for
automatically measuring the supramaximal current. The extent
of the muscle response to a single twitch stimulation can only be
assessed in comparison with a reference value recorded before
administration of a NMBA. In clinical practice, it is only used
as a component of TOF stimulation, the PTC, or both. However,
in conjunction with a monitoring device, this stimulation mode
continues to be used in scientific trials specifically to study the
time to onset of block.

Train-of-four twitch response
The need to develop a clinical tool that would deliver reproducible results with a simple nerve stimulator, without the need for
sophisticated monitoring and throughout the phases of neuromuscular blockade (i.e. during onset of block, surgical blockade, and
neuromuscular recovery) was recognized by Ali, Utting, and Gray
in Liverpool. In 1970–1971, they described the TOF twitch technique for use in clinical practice. This mode involves four stimuli
applied to the motor nerve every 0.5 s. The stimulation frequency
is thus 2 s−1, or the equivalent of 2 Hz. A stimulation-free interval
of at least 10 s should be allowed between successive TOF stimulations to avoid fade during measurement (Fig. 16.2a). The TOF
count describes the number of identifiable responses after a TOF
stimulation; in the absence of a non-depolarizing block all four
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responses are of equal amplitude. Loss of the fourth response represents 75–80% neuromuscular blockade: disappearance of responses
three, two, and one is associated with a block of about 85%, 90%
and greater than 95%, respectively. An adequate degree of neuromuscular blockade for most surgical procedures can be assumed
until reappearance of the second TOF response. The TOF ratio is
obtained by dividing the amplitude (height) of the fourth response
by the amplitude of the first response of the TOF sequence and is
taken as a measure of recovery after non-depolarizing blockade.
Tactile estimation is accurate in detecting fade during TOF stimulation only if the TOF ratio is less than 0.4. An objectively measured
TOF ratio of 0.7 represents acceptable diaphragmatic recovery, but
to ensure sufficient recovery of pharyngeal muscle function and to
avoid upper airway obstruction, a TOF ratio of greater than 0.9 is
necessary.

(A)

0.5 s

Stimulation

Twitch

Double-burst stimulation
DBS was developed by Viby-Mogensen’s group in Denmark in
1989. It consists of two short 50 Hz bursts of tetanus separated by
a 750 ms interval. In the DBS 3,3 mode, there are three impulses
in each of the two bursts, whereas in the DBS 3,2 mode, only the
first burst had three impulses with the second consisting of two
impulses (Fig. 16.2b). Due to the high stimulation frequency of 50
Hz, the individual twitches elicited by one burst blend together and
are detected as one muscle contraction, which is why fade is easier
to detect with DBS than with TOF. Tactile estimation is accurate
in detecting fade during DBS only if the TOF ratio is less than 0.6,
which is better than the TOF response, but still insufficient to reliably exclude residual paralysis.

10 s

T1

T4

T1
Onset of
action

Injection of
NMBA

T4

T1

T1

Intraoperative
monitoring

T4
Recovery

(B)
750 ms

Stimulation

Tetanic stimulation
Tetanic stimulation is a high-frequency (50–200 Hz) stimulation pattern usually applied for 5 s. When no block is present, the
response is perceived as a single, forceful, and sustained contraction. With incomplete recovery from non-depolarizing block, fade
of the response can be observed after stimulation. The sensitivity
of tetanic stimulation in detecting residual curarization after a
NDNMBA is about 70% but with a low specificity of 50%. It is too
painful for most conscious patients to tolerate.

Post-tetanic count
PTC allows the tactile or visual evaluation of profound non-
depolarizing neuromuscular block that does not respond to TOF
stimulation. PTC stimulation consists of a 5s, 50 Hz tetanic stimulation followed—after an interval of 3 s—by 1 Hz single stimuli
(Fig. 16.2c). The PTC describes the number of detected single stimulus responses and allows monitoring of deep non-depolarizing
block. The PTC should be less than 2 if a very deep block is desired;
if more than 7 responses are present, return of the TOF response is
imminent.
PTC is based on a phenomenon called ‘post-tetanic potentiation’: tetanic stimulation induces a transient, exaggerated release
of acetylcholine which briefly shifts the ratio of acetylcholine and
NMBA at the motor endplate in favour of acetylcholine. Even if no
twitch response has been discernible, noticeable muscle contractions will occur briefly after tetanic stimulation. Recommendations
for the choice of stimulating pattern, dependent on the stage of
neuromuscular block, are given in Table 16.1.

20 ms

DBS3,3

DBS3,2

Response

(C)

Tetanus
50 Hz
3s

Post-tetanic
count (PTC)

5s
Response
3

Figure 16.2 Stimulation patterns. (a) Train-of-four (TOF) twitch technique.
(b) Double-burst stimulation (DBS). (c) Post-tetanic count (PTC). In the lower
half of the figure, a PTC of 3 is demonstrated.
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Table 16.1 Recommendations for use of individual stimulation patterns. Deep block: TOF
count = 0; moderate blockade: TOF count > 0
Stimulation form

Onset of action

Deep blockade

Moderate
blockade

Neuromuscular recovery

TOF

Suitable

Unsuitable

Suitable

Conditionally suitablea,b

DBS

Conditionally
suitable

Unsuitable

Unsuitable

Conditionally suitable

PTC

Conditionally
suitable

Suitable

Unsuitable

Unsuitable

Unsuitable

Unsuitable

Conditionally suitable

Tetanus (50/100 Hz) Unsuitable
a TOF by visual/tactile assessment.
b TOF measured objectively.

Republished with permission of Springer, from Neuromuscular monitoring in clinical practice and research, Fuchs-Buder T
(editor), ‘Principles of neuromuscular monitoring’, Fuchs-Buder T, 2010; permission conveyed through Copyright Clearance
Center, Inc.

Equipment
Depending on the response, nerve stimulators are classified into
two types: simple nerve stimulators which allow only subjective
estimation of the muscular response, and quantitative nerve stimulators which objectively measure the extent of the neuromuscular
blockade (Checketts 2016).

Simple nerve stimulators
These are not equipped with a readout, and only allow stimulation
of the target nerve. The ensuing response is assessed subjectively
by the investigator’s senses, be they tactile or visual. When applying TOF stimulation and evaluating the TOF count, these devices
may deliver clinically useful information about the onset of neuromuscular block or the need for an incremental dose of relaxant.
Moreover, timing and dosing of reversal agents may be guided by
them. It is in the determination of full neuromuscular recovery
where these devices are limited, when the need is to reliably detect
residual block. A simple nerve stimulator only acts as a guide and
should not be considered as a diagnostic tool to exclude residual
paralysis.

Quantitative nerve stimulators
These permit the anaesthetist to objectively measure (i.e. to quantify) the muscular response, and hence to more reliably detect
residual paralysis using the TOF mode. Various methods can be
used to objectively measure the degree of neuromuscular block.
Whatever the method used, careful skin preparation and maintenance of a constant skin temperature is necessary to improve the
quality of the signal.

Mechanomyography
Mechanomyography measures the isometric contraction of a muscle after stimulation of the corresponding nerve. A transducer converts the force of an isometric contraction into an electrical signal.
Ulnar nerve stimulation and measurement of the force of contraction of the adductor pollicis muscle are the most frequently used
sites for this technique. A preload of 200–300 g must be applied to
the thumb, and the limb needs to be immobilized and the signal

stabilized. Mechanomyography remains the ‘gold standard’ for
research, but it is not routinely used in clinical practice.

Electromyography
Electromyography (EMG) is the oldest technique used for quantification of neuromuscular blockade. The device records the electrical activity of the stimulated muscle after stimulation of the
corresponding nerve (i.e. the compound muscle action potential).
Electromyographic recordings show good correlation with mechanomyography but cannot be used interchangeably. EMG can be
used not only on the limbs but also at other sites of clinical interest
(e.g. the diaphragm or the larynx). The equipment required is not
as bulky as for mechanomyography recordings.

Acceleromyography
Acceleromyography (AMG) was developed for clinical use and
is widely practised. It measures the isotonic acceleration of the
stimulated muscle. The basis of the method is Newton’s Second
Law (force = mass × acceleration). The movement of the end-
organ (e.g. the thumb) generates a voltage in a piezo-electric element that correlates with the acceleration of the muscle: at constant
mass, the force of muscle contraction can be calculated by measuring the acceleration. Acceleromyography can only be performed
on muscles whose movement after stimulation is easily measured. Usually, the ulnar nerve is stimulated and the acceleration is
measured with a piezo-electrode fixed to the thumb. This allows
assessment of the force developed in the adductor pollicis muscle.
Acceleromyography can also be applied to the nerve–muscle unit
consisting of the posterior tibial nerve and the flexor hallucis brevis
muscle on the foot; the facial nerve and orbicularis oculi muscle;
or the facial nerve and corrugator supercilii muscle. In addition to
the force generated in the stimulated muscle, acceleration is also
affected by the direction of movement against gravity, the initial
position, and the elastic components of the muscle investigated. For
reliable measurements, the hand must be restrained in a supinated
position, and the thumb must only move in a horizontal direction
in order to keep the effects of gravity constant. In order to reliably
exclude minimal residual blockade, the nerve stimulator must be
calibrated—a step that has to be carried out before the NMBA is
administered.
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Kinemyography
Kinemyography, like acceleromyography, is also based upon the
piezo-electric effect. Unlike acceleromyography, however, with
kinemyography the electrical current is generated by deformation
of a mechanosensor that contains an integrated piezo-electric element. The mechanosensor consists of a moulded plastic device that
is placed into the groove between the thumb and index finger: no
additional restraint of the hand is necessary. Stimulation of the
ulnar nerve triggers adduction of the thumb which in turn causes
deformation of the mechanosensor. The hand can be placed in
any position as long as it does not impair movement of the thumb
or cause deformation of the mechanosensor. In contrast to other
methods, supination of the hand is not necessary.
This method of neuromuscular monitoring is available for routine
clinical application, with a size available for neonates and infants
(PediSensor) in addition to the one-size-fits-all mechanosensor for
adults. However, the only muscle that can be monitored intraoperatively with current devices is the adductor pollicis muscle.

The NMT module
The neuromuscular transmission (NMT) module is one of the few
devices that permits neuromuscular block to be monitored as part
of an ‘integrated solution’. A kinemyograph is integrated into a
monitoring system. The data are displayed on the patient’s monitor together with the other intraoperatively monitored variables.
Alarm limits can be defined, for example, to signal recovery of the
first two responses of the TOF. The NMT module features a selection of stimulation modes: single twitch, TOF, DBS, and PTC.

Clinical signs to assess neuromuscular recovery
Frequently in anaesthetic practice, only clinical signs are used to
assess neuromuscular recovery. Although these tests do deliver useful information that may help the anaesthetist make the decision to
extubate, they do not provide accurate detail about the degree of
neuromuscular recovery and cannot always be performed in anaesthetized patients. They do not allow detection of residual paralysis.
In addition, poor understanding of which clinical signs are
reliable or unreliable limits their usefulness. In 1961, Dam and
Guldmann proposed that the head-lift test could be used as a reliable test for assessing neuromuscular recovery. A head-lift sustained

Injection of
NMBA

Level of block
Response to TOF

Onset
TOF-count ≤1

Response to PTC

for 5 s is considered equivalent to a TOF ratio of 0.5–0.7. But in
clinical practice the test is limited by the fact that it is rarely performed for 5 s. The shorter the test interval, the less powerful is the
veracity of its findings.
The tongue-depressor test is currently regarded as the most sensitive clinical sign for assessing neuromuscular recovery. A TOF
ratio greater than 0.8 is required to perform this test. This test is
difficult to implement routinely as the patient is often sleepy and is
asked to press a tongue depressor against the roof of their mouth
while the anaesthetist tries to retract it.
Asking the patient to open their eyes, protrude their tongue, or
lift their arms are used in clinical practice, as are measurement of
respiratory volume, vital capacity, and maximal inspiratory pressure (<25 cm H2O). However, they are all unreliable in assessing
neuromuscular recovery and should not be applied.

Classification of neuromuscular block
Characteristics of a non-depolarizing block
◆

◆

◆

◆

◆

As a NDNMBA takes effect, all four TOF responses will demonstrate fatigue or fade, starting with the fourth twitch (T4), then
the third (T3), second (T2), and first (T1), before they disappear
completely (Fig. 16.3).
During intense (profound) block, there are no responses to either
TOF or PTC stimulation (Fig. 16.3).
During deep block, a response to PTC reappears before a response
to TOF stimulation. Intense block and deep block constitute the
period of no response to TOF stimulation (Fig. 16.3).
The reappearance of the first response to TOF stimulation heralds recovery to moderate block, which can be quantified by the
TOF count.
When all four responses to TOF stimulation are present and a
TOF ratio can be measured, the recovery period has begun.

Characteristics of a depolarizing block
◆

All four responses after TOF stimulation, DBS, or tetanic stimulation are suppressed to the same extent. The ratio of the fourth
to the first twitch of the TOF (TOF ratio) equals 1, regardless of

PTC-stimulation
during deep block

Intense block
TOF-count 0
PTC 0

Deep block Moderate block
TOF-count 0 TOF-count 1–3
PTC ≥ 1

Recovery
TOF-ratio

Figure 16.3 Degrees of block after a NDNMBA.
Reproduced with permission from Fuchs-Buder et al. Good clinical research practice in pharmacodynamic studies of neuromuscular blocking agents II: the Stockholm revision. Acta
Anaesthesiologica Scandinavica, Volume 51, pp. 789–808, Copyright © The Acta Anaesthesiologica Scandinavica Foundation.
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the extent of neuromuscular blockade. No fade is observed after
TOF, DBS, or tetanic stimulation.
◆

◆

The TOF count is always either 4 or, in the case of complete
block, 0, making this stimulation pattern ill-suited for the classification of depolarizing block and recovery after suxamethonium
(succinylcholine).
No post-tetanic potentiation occurs after a depolarizing block, so
use of a PTC is inappropriate.

Thus, no clinically appropriate stimulation pattern exists for monitoring depolarizing block.
Overdosing with suxamethonium either by continuous infusion
or repeated administration can lead to a phase II block. This is characterized by fade of the TOF response after repeated stimulation.
Post-tetanic potentiation can also occur. Hence, a phase II block is
similar to a typical non-depolarizing block.

The impairment of forced vital capacity (FVC) from the effects of
neuromuscular blockade is significant in the immediate postoperative period (Table 16.2):
◆

At a TOF ratio of 0.5, FVC is reduced by 20–30%.

◆

Full recovery of the FVC only occurs at a TOF ratio of 0.8.

◆

Inspiratory obstruction of the upper airway can occur in the presence of residual neuromuscular blockade (Table 16.2):
◆

◆

Residual paralysis

Pathophysiological implications of residual paralysis
In the past 10–15 years, new evidence has emerged about the pathophysiological implications of incomplete neuromuscular recovery.
Not only are the pulmonary muscles functionally impaired by this
state, but respiratory control is also affected, particularly under
hypoxic conditions. Residual paralysis endangers the coordination
of the pharyngeal muscles and the integrity of the upper airway.
Patients report discomfort even when the TOF ratio is 0.8. These
factors have led to a rethinking of the ‘complete’ neuromuscular
recovery paradigm.

When the TOF ratio has recovered to 1.0, any residual effects of
NMBA-induced impairment of FVC are eliminated.

Upper airway

Residual block
The clinical duration of action of an NMBA ends when T1 has
recovered to 25% of its initial value. The recovery phase starts at this
point and ends with complete neuromuscular recovery. Given the
safety margin at the neuromuscular endplate, however, any residual
neuromuscular block is no longer detectable by the usual monitoring methods when up to 70% of acetylcholine receptors are still
occupied by a NDNMBA (Paton and Waud 1967). The TOF ratio
at this point is 1.0, even during objective monitoring. Thus, ‘complete’ recovery should not be interpreted to mean that the NMBA
has stopped blocking acetylcholine receptors at the endplate, but
only that the healthy patient is no longer endangered by any existing residual blockade.

neuromuscular blockade and reversal

◆

◆

At a TOF ratio of 0.5, there is marked impairment of inspiratory
flow to around 50% of baseline.
The mean ratio of expiratory to inspiratory flow at 50% of vital
capacity (MEF50/MIF50 ratio) is significantly elevated during
partial neuromuscular blockade and, at a TOF ratio of 0.5, averages 1.18 against 0.87 before neuromuscular blockade. A MEF50/
MIF50 ratio of greater than 1 is indicative of upper airway
obstruction. Any reduction in inspiratory flow during partial
neuromuscular blockade suggests that the patient has dysfunction of the upper airway.
At a TOF ratio of 0.8, upper airway dysfunction persists as manifest by decreased peak inspiratory flow, impaired ability to swallow, diminished upper airway volume and impaired function of
the genioglossus muscle.
After recovery of the TOF ratio to 1.0, obstruction of the upper
airway as a result of residual neuromuscular block is rarely
observed.

Respiratory control
The body reacts to hypoxia by significantly increasing respiratory volume and cardiac output. This hypoxia-related increase in
ventilation is mediated by chemoreceptors in the carotid body.
Residual block markedly weakens a hypoxia-stimulated increase

Table 16.2 The pathological consequences of residual paralysis. The
train-of-four ratio (TOFR) as measured at the adductor pollicis muscle
TOFR = 0.5

TOFR = 0.8

TOFR = 1.0

Pulmonary muscles

Tidal volume

Normal

Normal

Normal

In the 1970s, researchers investigated the effects of residual neuromuscular blockade on the respiratory muscles of anaesthetized
patients by comparing the TOF ratio at the adductor pollicis muscle and breathing patterns during partial neuromuscular blockade.
They found that:

Forced vital capacity

Often
impaired

Often
impaired

Normal

Pharyngeal function
(swallowing)

Impaired

Often
impaired

Often
normal

Upper airway integrity

Impaired

Often
impaired

Often
normal

Hypoxic ventilatory control

Often
impaired

Often
normal

Normal

◆

◆

◆

when T1 at the adductor pollicis muscle is less than 10% of baseline, the patient has neuromuscular blockade-induced apnoea
tachypnoea and a reduced respiratory volume are observed
at a T1 response greater than 25% (three responses to TOF
stimulation)
the tidal volume of spontaneously breathing patients under
anaesthesia is adequate at a T1 response of 50% or higher (TOF
ratio: ~0.3) (Table 16.2).

Data from Eikermann M, Groeben H, Husling J, Peters J. Accelerometry of adductor
pollicis muscle predicts recovery of respiratory function from neuromuscular blockade.
Anesthesiology, Volume 98, pp. 1333–7, Copyright © 2010; and Eriksson LI, et al. Functional
assessment of the pharynx at rest and during swallowing in partially paralyzed humans:
simultaneous videomanometry and mechanomyography of awake human volunteers.
Anesthesiology, Volume 87, pp. 1035–43, Copyright © 1997.
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in ventilation or abrogates it completely; baseline values are not
reached until recovery of the TOF ratio to 0.9 (Eriksson 1996).

Pharyngeal function
Eriksson et al. (1997) evaluated pharyngeal function during partial
neuromuscular blockade using videoradiography and computerized pharyngeal manometry, and demonstrated that the pharyngeal
muscles have a particular sensitivity to the effects of neuromuscular
blockade (Table 16.2):
◆

◆

◆

A TOF ratio of 0.6–0.7 is characterized by impairment of pharyngeal muscle coordination, a shortened bolus transit time, a
reduction in resting tone of the upper oesophageal sphincter, and
difficulties in swallowing.
At a TOF ratio of 0.9, swallowing difficulties were observed by
videoradiography.
The risk of pulmonary aspiration is increased even with minimal
neuromuscular block (TOF ratio ~ 0.9). Complete neuromuscular recovery cannot be assumed until a TOF ratio of 1.0.

Incidence of residual block
The extent of neuromuscular recovery at the end of an intervention
not only depends on the NMBA administered, the duration of the
intervention, and the anaesthetic technique, but also on the presence of concomitant disease. Incomplete neuromuscular recovery
occurs more frequently after long-acting NMBAs such as pancuronium than after intermediate-or short-acting agents. Moreover,
the probability of residual blockade after administration of a single
dose of a NMBA is much greater, the shorter the surgical intervention. After procedures lasting less than 90 min, a higher incidence
of incomplete neuromuscular recovery can be expected even when
intermediate-acting NDNMBAs are used (Debaene et al. 2003).
After repeated bolus injections, a continuous infusion of NMBA, or
both, residual blockade can be anticipated with greater frequency
than after a single intubation dose (2 × ED95). At the same NMBA
dose and the same duration of anaesthesia, residual paralysis
occurs more frequently after volatile inhalation anaesthesia than
after intravenous anaesthesia.

Clinical consequences of residual paralysis
In an Australian study, incomplete recovery from neuromuscular blockade was identified as a major factor contributing to
anaesthesia-related mortality. A later national survey confirmed
these results (Holland 1970, 1989).
Lunn et al. (1983) demonstrated that postoperative respiratory
failure was a contributing factor in at least 11 out of 32 anaesthesia-
related deaths. Six of the fatal outcomes were related to postoperative residual curarization.
Cooper et al. (1989) investigated anaesthesia-related complications leading to admission of patients to an intensive care unit.
Nearly half of the cases were attributable to incomplete neuromuscular recovery.
A survey in France (Tiret et al. 1986) of the causes of anaesthesia-
related mortality found that half of the 65 deaths analysed were
attributed to postoperative respiratory depression: incomplete neuromuscular recovery was one of the main causalities.
Berg et al. (1997) showed a direct association between incomplete neuromuscular recovery, defined as a TOF ratio less than

0.7, and postoperative pulmonary complications, such as atelectasis and pneumonia. Postoperative pulmonary complications were
four times more common in patients with residual block than in
patients with a TOF ratio greater than 0.7.
Arbous et al. (2005) reported an analysis of more than 850 000
anaesthetics over a 3-year period. This study determined the risk
factors that led to severe anaesthesia-related morbidity or mortality during the postoperative period. The authors established that
antagonism of neuromuscular block impacted on the likely risk of
the most severe complications. Lack of reversal in patients given
NMBAs intraoperatively proved to be an independent risk factor
for anaesthesia-related 24-h postoperative morbidity or mortality.
Murphy et al. (2008) observed a high incidence of severe residual
blockade in patients with critical respiratory events in the post-
anaesthesia care unit, which was absent in patients without critical
respiratory events.

Depolarizing neuromuscular blocking drugs
Depolarizing neuromuscular blocking drugs act like acetylcholine at the postsynaptic nicotinic receptor: if they cling to both α
subunits, they open the ion channel as does acetylcholine, causing
an efflux of potassium and an influx of sodium ions. Depolarizing
drugs cling to the α subunit for longer than acetylcholine, however,
so that after an initial depolarization causing transient muscle contraction (fasciculation), muscle paralysis occurs as the ion channel
cannot repolarize.
Depolarizing agents have a similar chemical structure to acetylcholine. They possess at least one quaternary ammonium group
(N+ (CH3)3) which clings to the α subunit of the nicotinic receptor.

Decamethonium
This depolarizing agent has a chain of 10 (deca-) carbon atoms
linking its two quaternary ammonium groups. It was introduced
into clinical practice in 1949 but is no longer available in the United
Kingdom. It has a rapid onset of action within 1 min and a duration
of action of 20 min. It is excreted mainly in the urine. Tachyphylaxis
rapidly developed with repeated doses, limiting its use.

Suxamethonium (succinylcholine)
Suxamethonium consists of two molecules of acetylcholine linked
together by a six carbon (sux-) chain (Fig. 16.4). It has a mean onset
of action within 60 s with a small standard deviation of effect: about
12 s. Suxamethonium 1 mg kg −1 has a duration of action of
10–12 min in the presence of normal plasma cholinesterase. Plasma
cholinesterase (previously known as pseudocholinesterase) has an
enormous capacity to metabolize suxamethonium. Thus only a
small proportion of an administered dose reached the postsynaptic
nicotinic receptor. None of the drug is broken down at the neuromuscular junction. Metabolism of suxamethonium can be affected
by inherited or acquired alterations in plasma cholinesterase.

Inherited abnormalities
The structure of the enzyme, plasma cholinesterase, has been fully
described. As with all enzymes, its structure is defined genetically.
Only a small segment of the enzyme is responsible for the metabolism of suxamethonium and several genetic variants in this segment
are recognized. The commonest abnormality in structure is known
as atypical plasma cholinesterase, designated E1a. The normal or
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Figure 16.4 Chemical structure of suxamethonium (succinylcholine) and the benzylisoquinolinium (atracurium, mivacurium) and aminosteroid (pancuronium,
vecuronium, rocuronium) neuromuscular blocking drugs.
From New England Journal of Medicine, Hunter JM. New neuromuscular blocking drugs. Volume 332, pp. 1691–9, Copyright © 1995 Massachusetts Medical Society. Reprinted with permission from
Massachusetts Medical Society.

usual type is designated E1u. One in 200 of the Caucasian population carry one abnormal gene for plasma cholinesterase, the structure of which is inherited in an autosomal recessive pattern. Other
abnormal variants are known as the fluoride (E1f) and silent (E1s)
genes, and several other lesser common variants are recognized.
There is a significant variation around the world in the incidence of
these variants. They are common, for instance, in the Eskimo population but are rare in black Africans. All these abnormalities result
in a delayed metabolism of suxamethonium, in extreme cases relying on non-specific enzyme hydrolysis of the drug in the plasma,
together with a small amount of urinary excretion (10%). In such
circumstances, neuromuscular block is prolonged from between
30 min to 3+ h (Table 16.3).

Detection of abnormal cholinesterase
In 1957, Kalow and Genest, in Canada, described a method for
detecting abnormal plasma cholinesterase in vitro. The patient’s
plasma is added to a water bath containing the substrate benzoylcholine, and an enzyme inhibitor such as dibucaine chloride.
In the presence of normal plasma cholinesterase, benzoylcholine
would be broken down emitting light of a wavelength detectable
by spectrofluoroscopy. But dibucaine will inhibit that reaction and

the percentage inhibition is known as the dibucaine number. If the
patient has normal plasma cholinesterase (E1u, E1u), the percentage inhibition of the reaction will be at least 80% and the patient is
said to have a normal dibucaine number of about 80. If the patient
is a heterozygote carrying one atypical gene (E1u, E1a) then their
dibucaine number will be about 55 and a standard dose of suxamethonium will last for about 30 min. If the patient is a homozygote
(e.g. E1a, E1a) then the same dose of suxamethonium will last at
least 3 h and the dibucaine number will be around 20 (Table 16.3).
In the presence of fluoride (when fluoride not dibucaine is added to
the water bath) or silent (no inhibitor) genes, these effects are even
more marked.
In such circumstances, it is necessary to keep the patient asleep
and continue artificial ventilation, even after surgery is complete.
There have been suggestions of using fresh frozen plasma which
contains variable but possibly significant amounts of cholinesterase
to reverse the prolonged block, but the effect is unpredictable and
not to be recommended.
If the postsynaptic receptor is exposed to a depolarizing agent at
length, the effect can become more like that of a non-depolarizing
drug. This is known as phase II, rather than phase I block (see
‘Characteristics of depolarizing block’). It has been suggested that
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Table 16.3 Dibucaine and fluoride numbers with percentage
dibucaine inhibition in homozygotes and heterozygotes for abnormal
plasma cholinesterase, and their incidence in the UK population

contents in an open eye injury, although the risk is small. It is more
important to save the airway if it is at risk, than the eye. This increase
in intraocular pressure can be reduced by prior administration of a
small dose of a non-depolarizing agent (pre-curarization).

Dibucaine
number

Fluoride
number

%
inhibition

Frequency in
UK population

E1u E1u

77–83

57–68

>95

Normal

A similar effect occurs in the stomach. If the lower oesophageal
sphincter is not competent, regurgitation of gastric contents may
occur after suxamethonium.

E1a E1a

15–25

20–25

<10

1 in 2800

Increase in intracerebral pressure

E1f E1f

64–67

34–35

75–86

1 in 300 000

E1s E1s

–

–

–

1 in 140 000

Increase in intracerebral pressure can occur, putting a swollen brain
at risk of compression.

Homozygotes

Increased intragastric pressure

Hyperkalaemia

Heterozygotes
E1u E1a

52–69

42–55

58–76

1 in 260

E1u E1f

71–78

50–55

87–95

1 in 280

E1u E1s

77–83

57–68

>95

1 in 190

E1a E1s

47–53

31–39

47–61

1 in 29 000

E1a E1f

15–25

20–25

<10

1 in 20 000

E1f E1s

64–67

34–35

75–86

1 in 200 000

an anticholinesterase such as neostigmine may reverse the effect of
suxamethonium in such circumstances, but its use is not recommended: some recovery may be initiated, only to be followed by
recurrence of neuromuscular block.

Acquired abnormalities
It is possible that other drugs which are metabolized by plasma
cholinesterase can alter the effect of suxamethonium, as could disease states which affect the synthesis of plasma cholinesterase in
the liver.
Drugs metabolized by plasma cholinesterase include ketamine,
remifentanil, and ester local anaesthetic agents (e.g. prilocaine).
In the presence of these drugs, the effect of suxamethonium can
be prolonged. Diseases which reduce the synthesis of plasma
cholinesterase include carcinomatosis, hypothyroidism, hepatic
cirrhosis, and some immunological disorders, all of which can prolong the effect of suxamethonium. Pregnancy can reduce plasma
cholinesterase concentrations in two ways: as the circulating volume is increased, concentrations will decrease; and progesterone
delays synthesis of the enzyme in the liver.

Side-effects of suxamethonium (succinylcholine)
As succinylcholine has a similar structure to acetylcholine, it can
produce similar effects:

Cardiovascular
Suxamethonium can cause bradycardia, especially if given in
repeated doses. Breakthrough ectopic beats can occur, especially in
the presence of hypoxia or high circulating plasma concentrations
of adrenaline.

Increased intraocular pressure
The initial contractions caused by suxamethonium are thought
to cause contracture of the internal and external ocular muscles
increasing intraocular pressure for as long as suxamethonium
acts. This is thought to increase the risk of expulsion of intraocular

Suxamethonium 1 mg kg−1 has been shown to increase serum
potassium by 0.5 mmol litre−1 during halothane anaesthesia. This
effect is thought to be less marked using modern inhalation agents.
The increase is the same in patients with chronic renal failure, but
as their baseline concentrations may be higher, there is the risk of
hyperkalaemia causing cardiac arrhythmias in these patients after
suxamethonium. Hyperkalaemia is more marked in patients with
extensive muscle damage, as a result of burns, trauma, or paralysis after a cerebrovascular accident. Extra-junctional nicotinic
receptors develop over the muscle surface, which have a slightly
different subunit structure (see Chapter 7). They remain open for
longer, causing greater efflux of potassium and an increased risk of
hyperkalaemia.

Burns
The risk of hyperkalaemia after suxamethonium increases about
3 days after a burns insult, when swelling is at its maximum, and
lasts for several weeks. It cannot be reduced by precurarization.
Plasma potassium concentrations of 13 mmol litre−1 have been
reported in such circumstances, with cardiac arrhythmias leading
to cardiac arrest. Treatment is with intravenous calcium.

Anaphylaxis
Anaphylactoid reactions are more common to suxamethonium than
any other neuromuscular blocking drug. They may be immune
mediated by immunoglobulin E after previous exposure to the
drug, but not necessarily so. Histamine release can occur after
administration of suxamethonium at the site of injection, up the
arm, and all over the body.

Muscle pains
These are caused at least in part by the fasciculations. They occur in
large muscle masses such as the anterior abdominal wall, posterior
chest wall, and hamstring muscles. They are not responsive to simple analgesics and last for up 3 days. Precurarization may help to
reduce their severity, which is more marked in the fit young person
with a greater muscle mass.

Non-depolarizing neuromuscular
blocking drugs
In contrast to depolarizing drugs, NDNMBAs do not mimic acetylcholine at the postsynaptic nicotinic receptor. They compete with
the neurotransmitter for the α subunit of the receptor, and have
been referred to as competitive neuromuscular blocking drugs.
If NDNMBAs cling to one α subunit of the receptor, they impair
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neuromuscular transmission as opening of the ion channel is prevented. Such drugs will remain on the receptor until their plasma
concentration decreases. By passive diffusion, they will then move
away from the receptor down a concentration gradient back into
the plasma from where they are redistributed, metabolized, and
excreted. As they do not mimic acetylcholine, they do not possess
the muscarinic side-effects of depolarizing drugs.
NDNMBAs possess at least one quaternary ammonium group
(N+(CH3)3) as do depolarizing drugs, to cling to the postsynaptic nicotinic receptor (Fig. 16.4). They are of two main chemical
types: benzylisoquinoliniums and aminosteroids.

Benzylisoquinoliniums
These are derived from tubocurarine. After the introduction
of alcuronium, the search continued for an NDNMBA which
had fewer cardiovascular effects than tubocurarine, and was less
dependent on renal function for its excretion. Renal dysfunction is
not uncommon during general anaesthesia even if the patient does
not have chronic kidney disease. Hypovolaemia or hypoxaemia can
decrease renal blood flow and transiently impair kidney function.

Atracurium besilate
In an attempt to develop such a neuromuscular blocking drug,
Stenlake et al. (1983) at Strathclyde University, Glasgow, United
Kingdom, developed atracurium. Stenlake et al. recognized that
quaternary ammonium compounds broke down spontaneously
at certain conditions of pH and temperature: a reaction known
as Hofmann degradation or elimination. They designed a quaternary ammonium compound with neuromuscular blocking
properties that would break down in this manner at body pH and
temperature.
Atracurium besilate is supplied in solution (10 mg ml−1) but it
must be refrigerated to delay slow spontaneous breakdown at room
temperature (10% over 3 months). An intubating dose of 0.5–0.6
mg kg−1 has an onset of 2.5 min (Table 16.4), which is longer than
suxamethonium but more rapid than older NDNMBAs such as
tubocurarine and alcuronium. Recovery of T2 occurs within 30
min when reversal with neostigmine can be effected. This is more
rapid than with tubocurarine or alcuronium (50 min) and was an
advantage of the drug when it was first introduced: NDNMBAs
were no longer considered necessarily to be long-acting, as intermediate duration drugs were now available.
In a healthy patient, about 10% of a dose of atracurium is excreted
in the urine. Of the remaining 90%, 45% will undergo Hofmann
degradation and 45% non-specific ester hydrolysis in the plasma.
Thus, for the first time, a NDNMBA which did not depend on renal
function for its elimination became available.
A vial of atracurium consists of a mixture of 10 stereo-(cis-cis,
cis-trans, trans-trans) and geometric (R or S) isomers. The trans isomers are more likely to have a rapid onset of effect, be metabolized
by non-specific plasma esterases, and to release histamine. The
cis isomers undergo Hofmann degradation, have a slightly longer
onset of action, produce less histamine release, and may undergo
some renal excretion.
Atracurium does release histamine but only about a third of
that produced by tubocurarine. It can cause flushing particularly
in Caucasians, with a slight decrease in mean arterial blood pressure. For these reasons, an isomer of atracurium was isolated for
clinical use.

neuromuscular blockade and reversal

Cisatracurium (1R cis—1′R cis atracurium)

Cisatracurium is more potent than atracurium: twice the effective intubating dose in 95% of patients (2 × ED95), is 0.15 mg
kg−1. The more potent the NMBA, the longer it will take to have
an effect: fewer molecules are available to reach the nicotinic receptor. Cisatracurium has an onset of action of at least 3 min, which
is longer than the racemic mixture of atracurium (Table 16.4).
Cisatracurium undergoes some renal excretion in healthy patients
(15% of a dose over 24 h) and Hofmann degradation (85%). It has
a clinical duration of effect of about 40 min, when antagonism with
neostigmine can be effected, which is longer than atracurium. It
has fewer adverse cardiovascular effects than atracurium and rarely
causes significant histamine release, although isolated cases have
been reported. It is a suitable NDNMBA to use in patients with cardiovascular disease or renal impairment.

Mivacurium chloride
The rapid metabolism of suxamethonium by plasma cholinesterase allowing spontaneous recovery from neuromuscular block
prompted an attempt to develop a NDNMBA which was metabolized in the same way, but with none of the side-effects of suxamethonium. In 1993, mivacurium became available (Fig. 16.4). With
a 2 × ED95 of 0.15 mg kg−1, it is a potent drug with a long onset
of effect. Larger doses (e.g. 0.2 mg kg−1) will have a more rapid
onset, but may cause significant histamine release and hypotension: more than atracurium, and possibly as great as tubocurarine.
Spontaneous recovery in the presence of normal plasma cholinesterase of a standard dose occurs within 20 min, and can be enhanced
by the use of an anticholinesterase.
In the presence of the gene for atypical plasma cholinesterase,
mivacurium can last for up to 3 h in a heterozygote (E1u, E1a), and
8 h in a homozygote (E1a, E1a).
Mivacurium is used for short procedures (e.g. tonsillectomy and
panendoscopy) but its use is limited by its slow onset and histamine releasing properties. It is available in the United Kingdom,
but not in the United States. It is a racemic mixture of three stereoisomers: trans-trans, cis-trans, and cis-cis mivacurium. Cis-cis
mivacurium has much less neuromuscular blocking activity than
the other two isomers and is mainly excreted in the urine.

Aminosteroids
In 1964, David Savage at Organon plc, in an attempt to produce
a NDNMBA with no adverse cardiovascular effects, developed an
aminosteroidal quaternary ammonium compound which became
known as pancuronium bromide (Fig. 16.4). He attached two quaternary ammonium groups to a basic steroidal nucleus, separated
by a distance similar to that between the two α subunits of the postsynaptic nicotinic receptor (17 Å) (Buckett et al. 1973). This was
the first of a new generation of NDNMBAs to be used as an alternative to d-tubocurarine in an attempt to avoid the side-effects of the
benzylisoquinolines.

Pancuronium bromide
This drug is potent (2 × ED95 = 0.1 mg kg−1) and hence it, like tubocurarine, has a long onset of action of at least 3 min (Table 16.4). It
is excreted in the urine (70% of a bolus dose) and undergoes metabolism in the liver. Deacetylation produces 3-desacetyl, 17-desacetyl,
and 3,17 desacetylpancuronium. These metabolites have neuromuscular blocking properties to a maximum of 50% of the parent
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Table 16.4 Onset and duration of action of neuromuscular blocking
drugs. (Recovery times other than those stated are in brackets.)
Dose
mg kg−1

Time to
maximum
block
(min)

Times to recovery (min)
T1/T0
= 25%

T1/T0
= 75%

1.0

1.1

8

11 (90%)

Tubocurarine

0.5

3.4

–

130

Alcuronium

0.2

7.1

47 (20%)

90 (70%)

Atracurium

0.4

2.4

38

52

Cisatracurium

0.1

7.7

46

63

Mivacurium

0.15

1.8

16

25

Pancuronium

0.08

2.9

86

–

Vecuronium

0.1

2.4

44

56

Rocuronium

0.6

1.0

43

66

Quaternary amine
Suxamethonium
Benzylisoquinoliniums

Aminosteroids

From New England Journal of Medicine, Hunter JM. New neuromuscular blocking drugs,
Volume 332, pp. 1691–9, Copyright © 1995 Massachusetts Medical Society. Reprinted
with permission from Massachusetts Medical Society.

compound. They are also excreted in the urine. Pancuronium has a
long duration of effect, at least as long as tubocurarine with a clinical duration of more than 80 min depending on the anaesthetic
technique (neuromuscular block being potentiated by potent inhalation agents) (Table 16.4). It does not release histamine but does
have vagolytic and sympathomimetic effects, sufficient to cause
tachycardia and hypertension. Its long duration of action, dependence on renal elimination, and active metabolites now limit its use,
although it remains popular for cardiac bypass procedures. It is
extremely cheap.

Vecuronium bromide
This aminosteroid became available in 1982. It is very similar in
chemical structure to pancuronium (Fig. 16.4). It is provided as
a powder to be made up in solution immediately before use. In
solution, it is a mono-quaternary amine with a similar potency
to pancuronium: 2 × ED95 = 0.1 mg kg−1. It has a slightly more
rapid onset of effect than pancuronium at this dose (Table 16.4)
but a much shorter duration of action of about 40 min. It has
very little cardiovascular effect, so that in the presence of opioids
or potent inhalation agents, a bradycardia may develop during its
use. Vecuronium undergoes less renal excretion than pancuronium
(25%) but it is also metabolized to active metabolites in the liver: 3-
desacetylvecuronium has at least 50% of the neuromuscular blocking properties of the parent compound and is excreted in the urine.
It can accumulate sufficiently to potentiate neuromuscular block if
vecuronium is given in repeated doses to patients with renal dysfunction, or to the critically ill.
In the presence of metabolic or respiratory acidosis, vecuronium
becomes more potent: it converts to a bis-quaternary amine in the
plasma increasing its neuromuscular blocking effect. Vecuronium

like pancuronium undergoes enterohepatic recirculation with
excretion in the bile.

Rocuronium bromide
In an attempt to develop an aminosteroidal neuromuscular
blocking drug with a more rapid onset of action, suitable to aid
emergency tracheal intubation in patients with a full stomach, it
was recognized that a large dose of an impotent drug would be
preferable.
Rocuronium is a bis-quaternary ammonium compound with a
similar structure to pancuronium and vecuronium (Fig. 16.4). The
intubating dose (2 × ED95) is 0.6 mg kg−1 which has an onset of
action of 75 s: slightly longer than succinylcholine 1.0 mg kg−1 at
60 s, and with a greater range of effect. It has a clinical duration of
about 45 min at this dose (Table 16.4). If larger doses up to 1.0 mg
kg−1 are given, onset will be more rapid and similar to suxamethonium at 60 s, but at this dose rocuronium has a longer duration of
action: up to 90 min before antagonism with neostigmine can be
effected. In an attempt to allow immediate reversal of a high dose
of rocuronium in a ‘cannot intubate, cannot ventilate’ scenario, sugammadex was developed (see ‘Sugammadex’).
Rocuronium is metabolized in the liver but its desacetyl metabolites have only minimal neuromuscular blocking properties (1/20th
of the parent compound). Enterohepatic recirculation and biliary
excretion of rocuronium occurs and about 25% of a given dose is
excreted in the urine over 24 h.
Rocuronium causes slight vagolysis. Unlike pancuronium and
vecuronium, it can produce histamine release on injection leading
in extreme cases to anaphylaxis. This reaction is as common with
rocuronium as with atracurium.

Rapacuronium bromide
This was another aminosteroidal NDNMBA developed to have as
rapid an onset as rocuronium, but a shorter duration of action. It
was first used in the United States in 2008 but withdrawn by the
manufacturers after repeated reports of bronchospasm particularly
in children immediately after administration.

Pharmacokinetics
Neuromuscular blocking drugs are highly ionized, water-soluble
compounds, that have a small volume of distribution, not much
greater than plasma volume. With the older NDNMBAs (e.g. tubocurarine and pancuronium) antagonism of residual block usually
occurred in the redistribution phase. With the advent of atracurium, which was degraded so rapidly in the plasma, reversal was
for the first time effected during the elimination phase. For NMBAs
that have long elimination half-lives, there is a particular risk of
potentiation of block if repeated or large doses of drug are given
without neuromuscular monitoring.
Clearance of relaxants broken down in the plasma (e.g. benzylisoquinoliniums) will be faster and more predictable than those
which undergo organ elimination (e.g. aminosteroids) (Table 16.5).
Clearance of suxamethonium in the plasma is so high that it
equates with cardiac output. Knowledge of these variables aids in
predicting dose requirements and intervals between incremental
administration. Disease states affect clearance (Table 16.5), even
of drugs broken down in the plasma. For instance, plasma cholinesterase activity is much reduced in hepatic cirrhosis and any
pathology affecting the liver where the enzyme is synthesized (e.g.
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Table 16.5 Pharmacokinetics of non-depolarizing neuromuscular blocking drugs in health, and renal and
hepatic disease
Plasma clearance (ml kg−1 min−1)
Health

Renal

Volume of distribution (ml kg−1)
Hepatic

Health

Renal

Hepatic

141

281

Benzylisoquinoliniums
Tubocurarine

2.3

297

Alcuronium

1.3

321

Atracurium

6.6

6.7

8.0

87

5.1

254 ml min−1

6.6

153

32
44
4.2

200
210
266

270
475
224

199
188
237

Cisatracurium

195

Mivacurium
Trans-trans
Cis-trans
Cis-cis

70.09
5.0
5.2

47
80
2.4

Aminosteroids
Pancuronium

1.8

20 ml min−1

1.45

241

296

416

Vecuronium

5.3

3.1

2.7

199

240

253

Rocuronium

2.9

2.5

2.4

207

212

248

From New England Journal of Medicine, Hunter JM. New neuromuscular blocking drugs, Volume 332, pp. 1691–9, Copyright © 1995
Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.

carcinomatosis). It is also reduced to a lesser extent in chronic renal
disease as uraemia depresses liver function, and in some immunological disorders.

Special populations
Paediatrics
At birth, the neuromuscular junction is not fully developed.
The postsynaptic nicotinic receptors are of a different structure,
the ε being replaced by a γ subunit. The number of receptors is
also reduced in an immature neonate, resulting in sensitivity to
NDNMBAs. Resistance to suxamethonium may be encountered in
healthy neonates who have relatively larger total body water with
higher volumes of distribution. By 3 months of age, the nicotinic
receptors are of the adult type, but volumes of distribution are still
relatively high, causing resistance to onset of block and the need for
larger incremental doses. These differences exist until adult life in
healthy children.

The elderly
NMBAs which depend on organ function for their elimination
can have a prolonged effect in old age. In healthy patients, this
effect is rarely detectable before 75 years. At this age, glomerular filtration rate is much reduced and enzyme synthesis in the
liver is impaired. Elderly patients have less muscle mass and hence
fewer neuromuscular endplates and receptors. Plasma clearance
and elimination half-lives, especially of the aminosteroids, can be
prolonged.

Renal disease
Prolonged block after the use of the older NDMBAs, tubocurarine and pancuronium, in patients with renal dysfunction was

frequently reported in the 1960s. Recurarization could also
occur: after artificial ventilation, the patient would be reversed
with an anticholinesterase without neuromuscular monitoring.
But then, after extubation, when respiratory function was still
depressed by the use of opioids and lung expansion impaired
because of sedation and pain, respiratory acidosis could develop
(Craig and Hunter 2009). If tubocurarine was still present in the
plasma, its effect could be potentiated in such circumstances,
the acidosis converting it from a mono-to a more potent bis-
quaternary amine.
The advent of atracurium brought an end to such reports and
residual curarization or recurarization is now considered negligent.
Atracurium and cisatracurium have a very similar plasma clearance and elimination in renal disease as in health, although resistance to the onset of block may be encountered because of the larger
initial volume of distribution in oedematous renal failure patients
(Table 16.5).
Mivacurium may have a slightly prolonged effect in renal disease as plasma cholinesterase activity can be reduced in this condition: the effect is unpredictable.
Although vecuronium and rocuronium undergo less renal excretion than pancuronium, their clearance and elimination half-lives
are altered in renal disease (Table 16.5).
Benzylisoquinoliniums are more suitable for use in this patient
population.

Hepatic disease
In addition to reduced enzyme activity and an increased volume
of distribution, patients with hepatic cirrhosis can be hypoproteinaemic and oedematous. They have an increased volume
of distribution of highly ionized, water-soluble drugs such as
NMBAs (Table 16.5). This results in initial resistance to onset
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of neuromuscular block, requiring a larger dose to produce a
given effect. If the relaxant is metabolized in the liver, however,
the duration of block can be prolonged once it has been established. This is seen with the aminosteroidal neuromuscular
blocking drugs. Decreased plasma protein binding can result in
more unbound relaxant in the plasma potentiating this effect.
The increased volume of distribution of the benzylisoquinolines
which are broken down in the plasma in this disease state can, in
contrast, cause resistance to block and the requirement for more
frequent increments (Table 16.4). Hence the effects of neuromuscular blocking drugs are unpredictable in patients with liver disease. Neuromuscular block should always be monitored in this
condition peroperatively.
Plasma cholinesterase activity can be reduced in hepatic disease.
Sensitivity to suxamethonium and mivacurium can occur in hepatic
disease from any cause.

Neuromuscular disorders
Patients with disease of the neuromuscular junction or voluntary
muscle can have an altered response to neuromuscular blocking
drugs. These patients have a reduced muscle mass causing sensitivity to all relaxants and the requirement for a reduced dosage to
produce a given effect.

Myasthenia gravis
In this disease, there is reduced release of acetylcholine presynaptically with a reduced number of postsynaptic nicotinic receptors. Antibodies can be present in the plasma to the postsynaptic
membrane.
Congenital myasthenia gravis
Children born with this condition may have received such antibodies transplacently from an affected mother. Improvement should
occur over the first few months of life.
Acquired myasthenia gravis
This disease is more common in females and usually presents
in early adult life. Patients develop a typical immobile face with
drooped eyelids, they tire easily and in extreme cases, have difficulty swallowing, causing pulmonary aspiration. They are
treated with oral anticholinesterases to increase the amount of
acetylcholine at the neuromuscular junction. Acute cases can
be given plasmapheresis to clear the relevant antibodies from
the plasma. Resistance to suxamethonium has been described
in myasthenia gravis, but sensitivity to non-depolarizing agents
is commonplace. The response is somewhat unpredictable, so
neuromuscular block should always be monitored and reduced
doses of non-depolarizing agents given. Atracurium, vecuronium, and rocuronium have been used safely in reduced doses
in patients with myasthenia gravis, as has the new reversal agent,
sugammadex.
Myotonic dystrophy (dystrophia myotonica)
Suxamethonium must be avoided in this condition: it is recognized
to cause masseter muscle contracture sufficient to threaten the airway and make tracheal intubation impossible. This response can be
associated with a hyperpyrexia similar to malignant hyperthermia,
and with a raised plasma creatine concentration. Small doses of
intermediate or short-acting non-depolarizing drugs can be given
in this condition but at all times it is essential to monitor neuromuscular block when they are used.

Facio-scapulo-humeral muscle dystrophy/amyotrophic
lateral sclerosis
These inherited autosomal recessive conditions affect patients
in early adult life. Muscle wasting is less marked in the intercostal muscles but these patients are still at risk of overdosage from
NDNMBAs and from respiratory failure from exhaustion postoperatively. Neuromuscular block must be monitored wherever a
NMBA is given to these patients. There is no evidence to suggest
that suxamethonium is contraindicated in these conditions.
Duchenne muscular dystrophy
This sex-linked recessive gene causes muscle weakness in young
boys at preschool age and patients are frequently confined to a
wheelchair at this stage. Respiratory dysfunction develops as a
result of kyphoscoliosis, together with cardiomyopathy and cardiac
dysrhythmias. These patients may only reach early adult life and
frequently die of respiratory failure.
Suxamethonium is contraindicated in this condition because of
hyperpyrexia, and the risk of masseter muscle spasm and loss of the
airway. Non-depolarizing drugs should only be used in very small
doses and neuromuscular block monitored throughout anaesthesia
if they are used. Respiratory failure in the postoperative period is a
significant risk, because of exhaustion.

Morbidly obese patients
Obese patients do not have an increased muscle mass. If NDNMBAs
are administered on a mg kg−1 basis to such patients, then prolonged block may ensue. It is preferable to use doses of NDNMBAs
on the basis of the patient’s ideal weight rather than actual weight.
In contrast, as plasma cholinesterase activity is linearly related to
body weight, suxamethonium should be given according to real
body weight.
As a result of the development of laparoscopic bariatric surgery,
it is becoming routine to administer rocuronium in large doses (1.0
mg kg−1) to such patients to achieve deep block with a PTC of 1–2.
Such block can then be antagonized with sugammadex 4–8 mg kg−1
(but not with neostigmine) at the end of surgery. It is essential to
monitor block objectively if such techniques are used. These techniques are popular with surgeons for all types of laparoscopic surgery as they consider access to be much improved in the presence
of profound neuromuscular block.

Critically ill patients
Neuromuscular blocking drugs are occasionally used in the critically ill for urgent tracheal intubation, investigative procedures (e.g.
bronchoscopy and computed tomography scan) and in patients
with poor lung compliance who despite sedation will not tolerate
artificial ventilation when, for instance, placed prone.
Suxamethonium should only be administered in the critically
ill when the serum K+ measured that day is known. Patients with
multisystem organ failure can develop muscle oedema and wasting
within a few days of the onset of their illness. In such patients, suxamethonium can cause a significant increase in serum potassium
sufficient to cause cardiac arrest. It should be avoided if possible
in patients who have been artificially ventilated for several days in
the ITU.

Non-depolarizing drugs
It is preferable to use intermediate or short-acting non-depolarizing
agents in the critically ill which do not depend on organ metabolism
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for their elimination (e.g. atracurium). Neuromuscular monitoring
is essential in such circumstances to avoid overdosage.

Active metabolites
The aminosteroidal agents, pancuronium and vecuronium, have
active metabolites with neuromuscular blocking activity. 3-
desacetylpancuronium and 3-desacetylvecuronium are excreted
in the urine and have 50% of the neuromuscular blocking properties of their parent compounds. They can accumulate in patients
with renal dysfunction being artificially ventilated for several
days, potentiating neuromuscular block. These relaxants should be
avoided in the critically ill.
Atracurium is broken down by Hofmann degradation to laudanosine. Ester hydrolysis produces mono-quaternary alcohol which
also undergoes Hofmann degradation to laudanosine. Thus two
molecules of laudanosine are produced from the degradation of
one molecule of atracurium. Laudanosine is known in animals to
be a cerebral irritant. Plasma concentration of 17 μg ml−1 produce
epileptiform activity in dogs, but such concentrations are rarely
reached in humans in clinical practice. Laudanosine is excreted
in the urine and metabolized in the liver. It may accumulate in
patients with renal dysfunction or multiple organ failure. Plasma
concentrations of laudanosine up to 5 μg ml−1 have been detected
after the use of infusions of atracurium for up to 48 h in the critically ill, but no epileptiform activity was reported. Plasma concentrations are lower after the more potent, cisatracurium, at less than
0.5 µg ml−1 (500 ng ml−1) when cisatracurium is used for up to 48
h in these patients.

Reversal agents
Anticholinesterases
It was known by Griffith and Johnson when they introduced the use
of NDNMBAs into clinical practice in 1942 that their action could
be reversed by cholinesterase inhibitors: ‘since prostigmine is used
as an antidote to curare, an ampoule of this drug should always
be available when d-tubocurarine is administered’. Today, not only
neostigmine but also edrophonium and pyridostigmine may be
used to increase the speed of recovery from non-depolarizing neuromuscular block.

Mechanism of action
Acetylcholine is synthesized in the nerve terminal and hydrolysed
by acetylcholinesterase in the synaptic cleft to acetic acid and
choline. Inhibition of acetylcholinesterase prevents the degradation of acetylcholine. Clinically, neostigmine, edrophonium, and
pyridostigmine are used to transiently inhibit this enzyme at the
neuromuscular junction. The increased number of acetylcholine
molecules compete with the NDNMBA for the postsynaptic nicotinic receptor, diminishing the action of the relaxant and facilitating
recovery from neuromuscular block. Irreversible inhibition of acetylcholinesterase can be caused by organophosphorus compounds,
for example, pesticides such as E605 or nerve gases such as sarin
which phosphorylate the esteratic site on the enzyme (Fig. 16.5).
These toxic compounds have both muscular and central nervous
system effects.
As acetylcholinesterase is present throughout the parasympathetic nervous system, its inhibition by an anticholinesterase
not only leads to effects at the neuromuscular junction, but also

neuromuscular blockade and reversal

increased cholinergic activity in the cardiac, alimentary, and respiratory systems.
The mechanism of action of anticholinesterases has clinically relevant implications:
◆

◆

◆

Ceiling effect: the maximum effect of anticholinesterases is
reached when enzyme inhibition approaches 100%. This ceiling
effect is reached at neostigmine doses of 70 µg kg−1. Any further increase in the dose of an anticholinesterase will not further
increase its efficacy in antagonizing non-depolarizing neuromuscular blockade.
Required amount of spontaneous recovery: anticholinesterases
are not effective if the neuromuscular block is profound (no
response to either PTC or TOF) or deep (no response to TOF
but at least one PTC is detectable): some spontaneous recovery is
required before they are efficacious. For many years, reversal with
anticholinesterases was considered appropriate when at least 1–2
twitches of the TOF response were detectable. However, a change
in the criteria considered necessary for full recovery from block,
from a TOF ratio of 0.7 to 0.9 or higher, led to a rethinking of the
amount of spontaneous recovery necessary before the effect of an
anticholinesterase could be relied upon. It is now recommended
that the fourth twitch of the TOF is detectable before an anticholinesterase is given.
Muscarinic side-effects: as a result of the pronounced vagal effect
of anticholinesterases, bradycardia and asystole can occur. The
time course of bradycardia parallels that of the reversal of block.
Increased salivation and bowel motility, and cholinergic stimulation of the bronchi leading to bronchoconstriction and increased
airway resistance may also occur. These effects are attenuated by
the co-administration of an anticholinergic drug such as atropine
(15–20 µg kg−1) or glycopyrronium bromide (10 µg kg−1) both
of which block muscarinic receptors without having any intrinsic
activity at the nicotinic receptors. Administration of these combinations is associated with an increased frequency of arrhythmias.

Neostigmine, edrophonium, and pyridostigmine are quaternary
ammonium compounds which mainly act peripherally and do not
cross the blood–brain barrier.

Neostigmine
Neostigmine is most frequently used to reverse the action of
NDNMBAs. It forms a covalent bond with the esteratic site on acetylcholinesterase (Fig. 16.5). Its onset of action is about 5–10 min
with a duration of effect of 20–30 min. Compared with neostigmine,
both the onset and duration of action of pyridostigmine are significantly longer. The very slow onset of intravenous pyridostigmine
(>15 min) limits its use as reversal agent in clinical anaesthesia.

Edrophonium
Edrophonium is 10 times less potent than neostigmine and has
the shortest duration of action of the anticholinesterases. It only
forms a hydrogen bond with the esteratic site on acetylcholinesterase (Fig. 16.5). It should only be used to reverse short-acting compounds such as mivacurium or when spontaneous recovery is well
established.

Side-effects
Anticholinesterases must be used with caution in patients with
myasthenia gravis. They may be ineffective in the presence of
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Figure 16.5 The interaction of acetylcholine, edrophonium, and neostigmine with the anionic and esteratic sites on acetylcholinesterase.
Reproduced from Hunter JM, Chapter 21: Clinical use of neuromuscular relaxants and monitoring of neuromuscular transmission. In Nimmo, Rowbotham, Smith (eds). Anaesthesia, with
permission from Wiley. © 1994 The Association of Anaesthetists of Great Britain and Ireland.

regular anticholinergic therapy. They can induce a cholinergic crisis which may be clinically similar to a myasthenic crisis. Prolonged
neuromuscular blockade has been observed after neostigmine was
administered to myasthenic patients who had received a NDNMBA.
Anticholinergic drugs have pharmacological similarities to suxamethonium, including the potential to produce fasciculations and to
increase the twitch response. It has been suggested that anticholinesterases should be used with caution in patients in whom suxamethonium is contraindicated, including those with myotonia,
muscular dystrophies, spinal cord transection, and extensive burns.

Pharmacokinetics
Renal clearance accounts for approximately 50% of the elimination
of neostigmine and up to 75% of the elimination of edrophonium
and pyridostigmine. In the presence of normal renal function, the
anticholinesterases have an elimination half-life (t½β) in the range
of 75–120 min and a volume of distribution of 0.7–1.4 litre kg−1.
Plasma clearance is 8–16 ml kg−1 min−1. In patients with renal
failure, the elimination half-lives of anticholinesterases are significantly increased to 3–6 h and the clearance is reduced (2–7 ml kg−1
min−1), (Table 16.6).

Dissent concerns
◆

The minimal degree of spontaneous recovery before giving an
anticholinesterase: the efficacy of anticholinesterases in antagonizing non-depolarizing neuromuscular block depends on the
depth of block when reversal is initiated, the selected monitoring endpoint, and the dose of anticholinesterase. If full recovery is defined as a TOF ratio of 0.9 and it is accepted that once
acetylcholinesterase is totally inactivated, giving any additional
antagonist produces no further increase in acetylcholine concentration, then the depth of neuromuscular blockade when reversal

Table 16.6 Pharmacokinetic variables of neostigmine, edrophonium,
and pyridostigmine in normal (N) and renal failure (RF) patients

Neostigmine

Clinical use
While Gray and Wilson (1959) advocated ‘to always use neostigmine when non-depolarizing neuromuscular blocking drugs have
been administered’, Griffith and Johnson (1942) noted only that ‘an
ampoule of this drug should always be available when a NDNMBA
is given’. This dissent is best expressed in an editorial by Churchill-
Davidson (1965): ‘To reverse or not to reverse: that is the question’: there is still no unanimously accepted answer to this question.

Edrophonium
Pyridostigmine

Patients

t½β (min)

Vdss (1 kg−1)

CI
(ml kg−1 min−1)

N

77 (sd 47)

0.7 (sd 0.2)

9.2 (sd 2.6)

RF

181 (sd 54)

1.6 (sd 0.2)

7.8 (sd 2.6)

N

110 (sd 34)

1.1 (sd 0.2)

9.6 (sd 2.7)

RF

206 (sd 62)

0.7 (sd 0.1)

2.7 (sd 1.4)

N

112 (sd 12)

1.1 (sd 0.3)

8.6 (sd 1.7)

RF

379 (sd 16)

1.0 (sd 0.1)

2.1 (sd 0.6)

Adapted with permission from Bevan DR, Donati F, Kopman AF. Reversal of neuromuscular
block. Anesthesiology, Volume 77, Issue 4, pp. 785–805, Copyright © 1992 American Society
of Anesthesiologists.
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is initiated is the only adjustable variable. With a TOF ratio of
0.9 as the current bench mark for full neuromuscular recovery,
anticholinesterase-induced reversal should be delayed until at
least 2–3 twitches of the TOF and preferably 4 are detectable. The
corresponding neostigmine doses leading to a TOF ratio of 0.9
within 15–20 min are 70 µg kg−1 and 40 µg kg−1, respectively.
Lesser degrees of residual paralysis corresponding to a TOF ratio
of 0.4–0.9 should be antagonized with a lower dose of neostigmine, 20 µg kg−1.
◆

◆

The degree of spontaneous recovery needed to obviate anticholinesterase reversal: Viby-Mogensen (2000) gives valuable advice
concerning the question of whether or not to reverse: ‘whenever
non-depolarizing neuromuscular block is not antagonised the
clinician should have determined using objective means that the
extent of neuromuscular block meets currently accepted standards of adequate recovery (a TOF ratio >0.9)’. This implies that
whenever an objective monitor is not available, neuromuscular
block should be antagonized. As a simple nerve stimulator fails
to detect fade once the TOF ratio exceeds 0.4, recovery from
neuromuscular block is likely to be overestimated and the risk
of failing to detect residual block is real. Even when all four TOF
responses are detectable with no fade in such circumstances,
clinical relevant residual paralysis cannot be excluded. Doses as
low as neostigmine 20 µg kg−1 may then be sufficient to achieve
complete reversal within 10 min.
Recent evidence suggesting that postoperative respiratory complications are more common if neostigmine has been given. A large,
retrospective study in the United States in 2012 suggested that
neostigmine worsens postoperative recovery but this work needs
to be substantiated. Well-executed and large, prospective multicentre trials are being undertaken to try and verify these isolated
findings.

Cyclodextrins
Cyclodextrins are inert, cyclical compounds which have long been
recognized to encapsulate lipophilic compounds. They consist of
rings of dextrin molecules, and are known as α-(four dextrins),
β-(six) or γ-(eight) cyclodextrins. β-cyclodextrins are used as
solubilizing agents in medical practice for topical applications, for
example, fentanyl and HRT patches.
Bom et al. (2002) recognized that the ability of cyclodextrins to
encapsulate and chelate lipophilic compounds could be used to
develop an antagonist to the relatively lipophilic aminosteroidal
neuromuscular blocking drugs. They designed a γ-cyclodextrin
(per-6-(carboxyethylthio)-per-6-deoxy-γ-c yclodextrin sodium
salt) that would exactly encapsulate rocuronium (Fig. 16.6). This
drug is known as sugammadex. Encapsulation is an irreversible
reaction of high affinity and the attraction of sugammadex for
rocuronium is as great as acetylcholine for the α subunit of the
postsynaptic nicotinic receptor with an association rate of 107 M−1.
The cyclical structure of cyclodextrins is referred to as a toroid, with
a primary face through which the encapsulated drug enters the ring
(Fig. 16.7). The structure is kept in shape by van der Waals’ forces
between the oxygen bonds.

Sugammadex
As is common with cyclodextrins, sugammadex has negatively
charged tails on the primary face of its cyclical structure (Fig. 16.7)
which are attracted to the positively charged quaternary ammonium groups on the rocuronium molecule. This interaction
draws the relaxant into the central core of sugammadex, where it
is tightly held by interactive forces. The complex is freely filtered
through the glomerulus and almost entirely excreted in the urine.
Its plasma clearance equates with glomerular filtration rate (about
90 ml min−1). Dissociation of the complex is very slow indeed. To
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Figure 16.7 Encapsulation of rocuronium by sugammadex with the steroidal rings of the neuromuscular blocking agent (A, B, C, and D) being drawn into the cavity of
the cyclodextrin where non-covalent attractions (↔) hold the molecule in place.
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a slightly lesser extent, sugammadex will encapsulate vecuronium,
but its reaction with pancuronium is not irreversible. It will not
encapsulate the benzylisoquinoliniums which are of a different
chemical structure.
Sugammadex was designed to overcome the limitations of the
anticholinesterases in reversing residual block (see side-effects in
‘Anticholinesterases’). As sugammadex has a different mechanism
of action from the anticholinesterases, it does not require the co-
administration of an antimuscarinic.

Dose
The dose of sugammadex required to reverse moderate block produced by rocuronium or vecuronium (i.e. recovery of the second
twitch of the TOF is detectable) is 2 mg kg−1. For reversal of deep
block (i.e. a PTC of 1–2), sugammadex 4–8 mg kg−1 is required. For
immediate reversal, for instance, during a failed intubation attempt,
sugammadex 8–16 mg kg−1 is given. If the appropriate dose is used,
full recovery of the TOF will occur within 2 min. Sugammadex is
supplied in 2 ml and 5 ml vials (100 mg ml−1). Its cost is much
greater than neostigmine, a dose of 2 mg kg−1 for a 70 kg adult
would cost about £60 sterling: a vial of glycopyrronium bromide
0.5 mg and neostigmine 2.5 mg costs around £1.

Reversal of moderate block
Full antagonism of residual neuromuscular block using neostigmine 0.05 mg kg−1, given when the second twitch (T2) of the TOF
response is detectable, takes 15–20 min. If smaller doses of neostigmine are given, recovery takes even longer, but it can be achieved.
Sugammadex 2 mg kg−1, given on detection of T2 has an effect

within 2 min, regardless of whether an inhalation or intravenous
anaesthetic technique is used. This faster effect of sugammadex
could make the running of an operating list more efficient and
decrease the incidence of aspiration of stomach contents on recovery from anaesthesia as a result of inadequate reversal, although
this is unproved. In reversing moderate block, the indications for
using sugammadex are limited by its cost.

Deep block
At a PTC of 1–2, anticholinesterases are ineffective, but with a
larger dose of sugammadex 4–8 mg kg−1, reversal of rocuronium or
vecuronium can also be effected within 2 min whatever the anaesthetic technique. Smaller doses of sugammadex take longer to act
fully in such conditions.

Immediate reversal
If tracheal intubation fails and hypoxia ensues, irreversible brain
damage can occur. As full recovery from suxamethonium l mg kg−1
takes 10–12 min (Table 16.4), this is too long to prevent such an
effect even in a preoxygenated patient. It has been shown that if a
large dose of rocuronium 1.2 mg kg−1 is given, followed 3 min later
by sugammadex 16 mg kg−1, it will only take a further 3 min for
full recovery of the TOF response. This may be sufficiently short
an interval to prevent irreversible brain damage. The only disadvantage of this technique is that it takes time to prepare this dose
of sugammadex in an adult, requiring several vials to be opened.
To do so before the incident occurs could result in the waste of an
expensive drug. The technique has potential benefits in a patient
with a known difficult airway.
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Side-effects

Special populations

Cardiovascular
There have been reports of prolongation of the QT interval of the
ECG after sugammadex administration. These changes have not
required treatment and resolved spontaneously. No other adverse
cardiovascular effects of sugammadex have been reported, except
for slight hypotension after large doses.

A small study has demonstrated the efficacy and safety of sugammadex in small children, who may be more resistant than adults to
this drug. Sugammadex has been used successfully in patients with
respiratory and cardiovascular disease, and in elderly patients using
standard doses. Several studies of patients undergoing elective
Caesarean section under general anaesthetic showed no adverse
effects to mother or baby when large doses of rocuronium were
reversed with sugammadex at the end of surgery, although sugammadex does not as yet have a licence for use in these patients in the
United Kingdom.

Drug interactions
It is possible that a γ-cyclodextrin could encapsulate other endogenous or exogenous steroids of similar size and shape to rocuronium, although there is no in vivo evidence of this in humans.
Laboratory testing of several drugs, including atropine, cortisone,
and verapamil, have shown very low rates of encapsulation by sugammadex (1/2000 of that of rocuronium). Such drug interactions
are classified as:
◆

◆

displacement: where administration of a drug such as fusidic acid
displaces rocuronium from sugammadex, potentiating the neuromuscular blocking effect of rocuronium, or re-establishing it
after an initial period of recovery
capturing: where a drug already present in the plasma, such as an
oral contraceptive, is encapsulated by sugammadex preventing
the relaxant from being so. Reversal of neuromuscular block is
delayed.

As a result of such interactions, the sugammadex data sheet advises
that fusidic acid and tomiferene (an antioestrogen drug used to
treat breast cancer) should not be used within 24 h of sugammadex.
If rocuronium or vecuronium have been antagonized by sugammadex and the patient needs a second anaesthetic (e.g. for
haemorrhage) very soon after, the data sheet advises that a benzylisoquinolinium compound be used for neuromuscular blockade. It has been shown, however, that the same dose of rocuronium
will have 75% of its initial effect when given 2 h after the first dose
has been antagonized by sugammadex.
Allergic responses
When the initial submission was made to the Food and Drug
Administration (FDA) to market sugammadex in the United
States, its administration in awake volunteers was described. It was
reported that in six volunteers, histamine release/flushing occurred
at the site of injection on the back of the hand and up the same arm.
One of the volunteers was subsequently found to have a positive
skin reaction to the drug. As a result, FDA approval was delayed.
There have since been some clinical reports of anaphylaxis to sugammadex. Sugammadex has now been given to more than 1 million patients worldwide, with very little evidence of any adverse
effect. It has also been used successfully to treat anaphylaxis to
rocuronium, when conventional treatment has failed. The drug
received FDA approval in December 2015 and is now available for
use in the United States.

Pharmacokinetics
In the presence of normal renal function, sugammadex has a t½β = 2.2
h, a plasma clearance of 91 ml min−1, and a volume of distribution
of 10–15 litres. In chronic renal failure patients, the clearance of the
complex is much reduced (5 ml min−1) and the elimination half-life
prolonged (35 h). This drug does not have a licence in the United
Kingdom for use in patients with chronic renal failure.
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Local anaesthetic agents
Malachy O. Columb
Introduction
Local anaesthetic drugs have been in widespread clinical use for
over a century. Local anaesthesia, for the purposes of this chapter,
can be defined as a pharmacologically induced reversible neuropathy with conduction blockade (Columb and Ramsaran 2010). These
drugs act by stabilizing or blocking the sodium ionophore thus
inhibiting initiation and propagation of the nerve action potential. The first local anaesthetic, cocaine, has ensured that all named
drugs in this class end with ‘caine’. Other methods of inducing
local anaesthesia, such as cryotherapy or cooling (e.g. latent heat of
evaporation of ethyl chloride) and ablation techniques (e.g. phenol
injection), represent physical or physicochemical methods and are
not considered further.
Historically, drugs that exhibited neural cell ‘membrane-
stabilizing activity’ were first used by Koller in 1884, an ophthalmologist who used topical cocaine to anaesthetize the cornea, the
idea being suggested to him by Sigmund Freud. Corning, a neurologist, performed spinal injection of cocaine in 1885. However, it
soon became evident that cocaine was cardiotoxic and that it could
induce dependence and so it became a drug of addiction. Procaine
(1899) was the first synthetic derivative to gain widespread use and
was also an ester such as cocaine. However, it was slow in onset
and ester hydrolysis resulted in frequent allergic reactions so the
search continued for more suitable alternatives. Tetracaine (also
known as amethocaine) was developed in 1928. Lidocaine (1943)
was the amide local anaesthetic which has gained the most widespread popularity. The longer-acting bupivacaine (1957) soon followed and prilocaine entered into clinical use in 1959. Articaine
was first synthesized in 1969 and is used for dental surgery. More
recent advances have come through research into the cardiotoxicity of bupivacaine and developments in stereochemistry, resulting
in the introductions of the S-enantiomers: ropivacaine (1996) and
levobupivacaine (1999). In addition, local anaesthetics have been
used in a variety of other clinical indications such as for the treatments of cardiac arrhythmias, epilepsy, neuropathic pain, intestinal
motility, and asthma.

Chemistry and structure
Local anaesthetics are weak bases and consist of three components: a lipophilic aromatic ring, a link, and a hydrophilic amine
(Fig. 17.1). The nature of the chemical link classifies them as either
esters [–O–CO–] or amides [–NH–CO–], although there are
some anomalies to this simple categorization. Virtually all are tertiary amines and are poorly soluble in water in unionized forms.
They become soluble and ionized at a pH less than 6 as stronger

conjugate acidic salts and these are the common formulations that
are provided for injectable preparations, for example, conjugate
acidic ammonium hydrochloride salts (pH 3–6).
Lidocaine + HCl = lidocaine − H + + Cl −

(17.1)

Some preparations are available for topical use and these are usually in free-base lipid-soluble forms. Examples include topical
prilocaine–lidocaine mixture as a eutectic mixture of local anaesthetics (EMLA) and topical amethocaine.
The typical chemistry for ester local anaesthetics contains para-
amino benzoate as the aromatic component and an ester link to
an ethanolamine derivative as the amine (Fig. 17.1). Amide local
anaesthetics typically contain a benzene ring as the lipophilic aromatic component and an amide link to a tertiary amine (Fig. 17.2).
The term pipecoloxylidine refers to the homologous series of mepivacaine, ropivacaine, and bupivacaine where the amine component
contains a piperidine derivative. Increasing the numbers of alkyl
or aryl carbon atoms at the amine end of the local anaesthetic
increases lipid solubility and therefore potency (Fig. 17.3).

Pharmacodynamics
Blockade of the Na+ ionophore
Local anaesthetic agents primarily work at voltage-dependent
sodium ionophores. The sodium ionophore is an intrinsic protein
which spans the membrane lipid bilayer. It is composed of four
subunits, α, β1, β2, and β3. The α subunit forms the main structure of the ionophore and has a molecular weight of approximately
260 kDa with the β subunits contributing to gating, activation,
and inactivation functions, A selectivity filter composed of negatively charged amino acids attracts cations through a constriction
(0.5 nm) that allows one hydrated Na+ ion to pass while preventing passage of larger cations such as K+. Local anaesthetics appear
to bind at a specific receptor site within the ionophore towards
the internal opening. This binding blocks the inward Na+ current
during depolarization thus preventing propagation of the action
potential along the axon. Other blockers of the channel, such as the
biological toxins tetrodotoxin (TTX) and saxitoxin, bind at external receptor sites of the ionophore.
Commercial preparations of local anaesthetics are mainly in
the acidic ammonium ionized form (pH 3–6). After injection, as
the tissues are relatively alkaline (pH 7.4) the drug dissociates to
release free base. The free base form is unionized and more lipid-
soluble, and as such crosses the lipid bilayer of the axolemma. It
then re-ionizes in the more acidic axoplasm inside the neuron. It is
the ionized form which is the active form which blocks the sodium
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ionophore from within the cell axoplasm or from the membrane
lipid bilayer. Therefore, it is the lipid-soluble non-ionized form that
promotes passage into the axon and the charged or ionized state
that causes conduction blockade.
Functionally, the sodium ionophore changes structure, cycling
through four states or phases: resting, activated, inactivated, and
deactivated (Fig 17.4). The ionophore complex can be thought of as
having two functional gates, the m activation gate (outer) and the
h inactivation gate (inner). (The n gate is ascribed to the K+ channel which allows repolarization and K+ efflux from the cell.) In the
resting state at −70 mV, the outer gate is closed and the inner gate
is open such that sodium ions do not cross the ionophore. With
the voltage-gated changes that occur after nerve stimulation and
depolarization to −50 mV, the ionophore enters the active phase,
the outer gate opens and this is followed by a rapid influx of sodium
ions into the cell down the electrochemical gradient. This corresponds to the upstroke of the action potential. As the transmembrane potential increases (to around +20 mV) this promotes the
closing of the inner gate causing the ionophore to enter the inactive phase and the passage sodium ions ceases. The inner gate is
composed of a three-amino acid peptide (isoleucine, methionine,
and phenylalanine) that functions as a fast inactivation ‘lid’ on the
inner aspect of the ionophore. The deactivated state occurs with the
additional closure of the outer gate once the membrane potential
approaches −70 mV. The neuron is resistant to additional stimulation in the inactivated and deactivated states. State-dependent
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Figure 17.1 Basic local anaesthetic structure.
Reprinted from Anaesthesia & Intensive Care Medicine, Volume 11, Issue 3, Columb MO and
Ramsaran R, Local anaesthestic agents, pp. 113–117, Copyright © 2010, with permission from
Elsevier and The Medicine Publishing Company Ltd.
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Figure 17.2 Amide-linked local anaesthetics. (a) Lidocaine. (b) Articaine. (c) Prilocaine. (d) Etidocaine. (e) Mepivacaine. (f) Ropivacaine. (g) Bupivacaine and
levobupivacaine. * Denotes asymmetric carbon atom.
(a): https://commons.wikimedia.org/w/index.php?title=File:Lidocaine.svg&oldid=28161785. The right to use this work is granted to anyone for any purpose, without any conditions, unless such
conditions are required by law. (b): https://commons.wikimedia.org/w/index.php?title=File:Articaine.svg&oldid=42787540. This work has been released into the public domain by its author,
Edgar181 at English Wikipedia. The right to use this work is granted to anyone for any purpose, without any conditions, unless such conditions are required by law. (c), (d), and (e): Copyright ©
2007 Techelf. https://commons.wikimedia.org/w/index.php?title=File:Prilocaine.png&oldid=153916944. https://commons.wikimedia.org/w/index.php?title=File:Etidocaine.png&oldid=139314898.
https://commons.wikimedia.org/w/index.php?title=File:Mepivacaine.png&oldid=144762691. These files are licensed under the Creative Commons Attribution Share
Alike 3.0 Unported (https://creativecommons.org/licenses/bysa/3.0/deed.en) license.
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Figure 17.3 Minimum local analgesic concentration (MLAC) estimates with 95% confidence intervals are presented with the up–down sequences for epidural analgesia
in labour. Patients in labour were randomized to receive a 20 ml bolus of bupivacaine or ropivacaine. A visual analogue pain scale ≤ 10/100 mm at 30 min defined
effective analgesia. The concentration received by a particular patient was varied in an up–down manner which depended on the outcome of the previous patient
randomized to the same local anaesthetic. Bupivacaine is the more potent with requirements 60% those for ropivacaine for the same analgesic endpoint.
Reproduced from Capogna G, Celleno D, Fusco P, Lyons G, Columb M. Relative potencies of bupivacaine and ropivacaine for labour analgesia. British Journal of Anaesthesia, 1999, Volume 82,
Issue 3, pp. 371–373, by permission of The Board of Management and Trustees of the British Journal of Anaesthesia.

Schematic representation of the four states of the sodium ionophore
with axonal action potentials
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Figure 17.4 The sodium ionophore.
Reprinted from Anaesthesia & Intensive Care Medicine, Volume 11, Issue 3, Columb MO and Ramsaran R, Local anaesthestic agents, pp. 113–117, Copyright © 2010, with permission from Elsevier
and The Medicine Publishing Company Ltd.

block is demonstrable in that block with local anaesthetics is more
easily achieved when the ionophore is in the activated phase than
when in the inactivated state and least when in the deactivated or
resting states. In the closed states (deactivated and resting) local
anaesthetic can only get to the inside of the ionophore by travelling
laterally in the cell membrane, in the free base or unionized form.
However, when the ionophore is in the open states (activated and
to some extent, in the inactivated state) the ionized active forms
of the local anaesthetic can travel directly through the ionophore.
Therefore repeated firing of the nerve and opening of the ionophore
encourages entry of local anaesthetic in the ionized active form.
This forms the basis of frequency-dependent (use-dependent or
phasic) block. The rates of onset of block with local anaesthetics
that that have ionized molecules outside the membrane can therefore be accelerated by repeated stimulation. As bupivacaine is more
ionized than lidocaine (Table 17.1), then frequency-dependent
block is better demonstrated for bupivacaine.
As previously discussed, the main effect of local anaesthetics is in blocking the TTX Na+ ionophore. They also can block

TTX-resistant Na+ ionophores but have up to six-fold lower affinity for these. TTX resistant ionophores are found on nociceptive
peripheral nerve terminals and in the dorsal root ganglia on Aδ and
C fibres, so blockade of these promotes analgesia.

K+ and Ca2+ ionophores,
and G protein-coupled receptors
Although the clinical pharmacology of local anaesthetics depends
primarily on block of the Na+ ionophore, other channels and
cellular mechanisms are affected (Scholz et al. 2004). Voltage-
dependent K+ ionophores in the dorsal root ganglion have been
shown to be inhibited by local anaesthetics. However the affinity of local anaesthetics for K+ channels is 4–80-fold lower when
compared with the Na+ ionophore. Adenosine triphosphate
(ATP)-s ensitive K+ channels in cardiac tissue can be blocked
by local anaesthetics and this may contribute to cardiotoxicity.
Voltage-dependent Ca2+ ionophores have structural similarities
to Na+ channels so it is to be expected that local anaesthetics will
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Figure 17.5 Ester-linked local anaesthetics. (a) Cocaine. (b) Procaine. (c) Chloroprocaine. (d) Benzocaine. (e) Amethocaine (tetracaine).
* Denotes asymmetric carbon atom.
(a): This file is ineligible for copyright and therefore in the public domain because it consists entirely of information that is common property and contains no original authorship. (b): Copyright
© 2007 BISabbatH. https://commons.wikimedia.org/w/index.php?title=File:Procaina.png&oldid=53340651. This file is licensed under the Creative Commons Attribution Share Alike 3.0
Unported (https://creativecommons.org/licenses/bysa/3.0/deed.en), 2.5 Generic (https://creativecommons.org/licenses/bysa/2.5/deed.en), 2.0 Generic (https://creativecommons.org/licenses/
bysa/2.0/deed.en) and 1.0 Generic (https://creativecommons.org/licenses/bysa/1.0/deed.en) license. (c): https://commons.wikimedia.org/w/index.php?title=File:Procaine.svg&oldid=53340626.
The right to use this work is granted to anyone for any purpose, without any conditions, unless such conditions are required by law. (d): Copyright © 2006 Techelf and LordRM. https://
commons.wikimedia.org/w/index.php?title=File:Benzocaine.svg&oldid=124497113. This file is licensed under the Creative Commons Attribution Share Alike 3.0 Unported (https://
creativecommons.org/licenses/bysa/3.0/deed.en) license. (e): This file is ineligible for copyright and therefore in the public domain because it consists entirely of information that is common
property and contains no original authorship.

have blocking effects on these also, at about 5–15-fold greater
concentrations than those required for Na+ channel blockade. L-
type Ca2+ channels are the most sensitive of the subtypes and
approximately one-third of the α subunit of this channel is almost
identical to that of the Na+ channel. Intracellular mechanisms
have been studied with local anaesthetics having inhibitory
G protein-related activities with effects on G protein-coupled
receptors, inhibition of K+ rectifying currents, and mobilization
of intracellular Ca2+ stores. Effects on sarcoplasmic and mitochondrial Ca2+ concentrations may be problematic for patients
susceptible to malignant hyperpyrexia.

Effects of pKa and pH

The pKa (dissociation constant for an acid) can be defined as the
pH at which an acid is 50% dissociated and associated. The rate of
onset of block is directly dependent on the dose of drug and the
proportion that is in the lipid-soluble unionized form. The latter
is therefore determined by the pKa of the local anaesthetic and the
tissue pH. The lower the pKa, the faster is the onset of block.
After injection, the local anaesthetic enters the neuron by crossing the axolemma. The diffusion through the lipid bilayer of the
membrane and speed of onset of block will be dependent on the
proportion and concentration of molecules of the local anaesthetic that are in the free base or lipid-soluble non-ionized form.

The factors that influence this are dose, dissociation constant for
the local anaesthetic (pKa), and the ambient pH of the tissues. In
general, dissociation constants are typically described for the acidic
forms, which require inversions of the Henderson–Hasselbach
equation [equation (17.2)] depending on whether an acid or base
is involved:
pH = pK a + log

([base] / [acid ])

(17.2)

When ionization is used in the equation, the following inversions
are required for acids and bases as appropriate [equations (17.3)
and (17.4)]:
For an acid:
pH = pK a + log ([ionized ] / [non-ionized ])

(17.3)

For a base:
pH = pK a + log

([non-ionized ] / [ionized ])

(17.4)

However, it is more convenient to only consider the acidic version
in terms of dissociated or associated acid for all acids and bases
[equation (17.5)]:
pH = pK a + log

([dissociated ] / [associated ])

(17.5)
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So as examples for weak bases and acids we can use equation (17.5)
in all situations to describe this for lidocaine (L) and thiopental
(T) respectively:
pH = pK a + log

([L] / L − H  )

(17.6)

(

(17.7)

+

)

pH = pK a + log T −  / [T-H ]

By using equation (17.5) we see that this fulfils the requirements of
both equations (17.3) and (17.4).
Equation (17.5) can be further modified to estimate the effect of
pKa on the proportions of associated and dissociated acidic forms,
the dissociated form is lipid-soluble free base for local anaesthetics
[(equation 17.8)]:
pK a − pH = log

([associated ]/[dissociated ])

(17.8)

From equation (17.8), assuming that tissue pH is 7.4, we can show
that approximately twice the proportion of molecules of lidocaine
(L) remain in the dissociated free base form (28% vs 14%) when
compared with bupivacaine (B) and that therefore the onset of
block will be faster with lidocaine (Table 17.1):

(

)

(

)

0.4 = log L-H+  / [L ] vs 0.8 = log B-H+  / [B]
  

(17.9)

As most commercial preparations for injection of local anaesthetics
are formulated as water-soluble strong conjugate acidic ammonium
salts, less than 3% of the molecules are unionized lipid-soluble free
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base. It is therefore possible to increase the speed of onset of local
anaesthesia by alkalinization or carbonation of the preparation
just before injection, most commonly by the addition of sodium
bicarbonate. The addition of bicarbonate brings the pH closer to
the pKa causing the strong conjugate acidic ammonium ions to dissociate and thus increase free base concentrations. Furthermore,
the diffusion of eluted carbon dioxide into the neuronal axoplasm
renders the interior of the cell more acidic and promotes of the re-
ionization of the local anaesthetic—this phenomenon is termed diffusion trapping. The effect of pKa may then also partly explain the
reason why the onset of local anaesthesia is impaired in the acidic
environment of infection, such as an abscess, as this decreases the
proportion drug available in the free base form to diffuse through
into neurons.
Although it is clear that both pKa and pH influence the speed
of onset on local anaesthesia, it is important to put this in some
p erspective. Chloroprocaine (used in the United States and
Europe) has a high pKa (Table 17.1) at 8.7 and as only 5% is
present in the lipid-soluble free base form at physiological pH,
a slow onset would be expected. However, chloroprocaine is
often used in obstetric anaesthesia when a rapid onset of epidural block is required for emergency Caesarean section. This
is because c hloroprocaine is rapidly cleared from the plasma by
ester hydrolysis and thus has a lower risk for systemic toxicity.
It is formulated for use as a 3% wt vol−1 solution and therefore
larger doses can be used because of the safety margin. So in this
setting it is clear that dosing is more important than both pKa
and pH.

Table 17.1 Physicochemical, pharmacokinetic, and suggested dosing maxima data. Local anaesthetics
are described in their acidic form as appropriate. Typical and values are presented. Dosing maxima are
included for guidance only and relate to typical administration in a 4 h period
Local anaesthetic

Link

pKa

Lidocaine-H+

Amide

7.8

Prilocaine-H+

Amide

7.9

Etidocaine-H+

Amide

Articaine-H+
Mepivacaine-H+
Ropivacaine-H+
Bupivacaine-H+

Octanol
partition
ratio

Protein
binding
(%)

Ionized
at pH
7.4 (%)

Half-life
(h)

Typical
maximum
dose
(mg kg−1)

43

64

72

1.6

3

25

55

76

1.6

4

7.7

690

94

66

2.6

4

Amide

7.8

257

76

71

0.3

7

Amide

7.6

30

70

61

1.9

5

Amide

8.2

115

94

83

1.9

3

Amide

8.2

346

95

86

3.5

2

Levobupivacaine-H+

Amide

8.2

346

7

86

2.6

2.5

Procaine-H+

Ester

8.9

2

6

97

0.14

8

Chloroprocaine-H+

Ester

8.7

10

95

95

0.11

10

Tetracaine-H+

Ester

8.5

580

94

93

1.0

Cocaine

Ester

8.7

1.5

Benzocaine

Ester

3.5

2

1.5

Reprinted from Anaesthesia & Intensive Care Medicine, Volume 11, Issue 3, Columb MO and Ramsaran R, Local anaesthestic agents,
pp. 113–117, Copyright © 2010, with permission from Elsevier and The Medicine Publishing Company Ltd.
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Potency
Pharmacological potency can be defined as a measure of the dilution in which a drug is effective and is characterized by the inverse
of the molar median effective concentration (EC50). With regard
to axonal conduction block, lipid solubility of local anaesthetics
is directly correlated with potency. Enlargement of the lipophilic
aromatic ring, typically a substituted benzene, enhances lipid solubility and clinical potency. Lipid solubilities are compared using
octanol partition ratios which describe the ratio of the concentrations of local anaesthetics in octanol (C8H17OH) and water
phases (Table 17.1). The relationship of octanol partition ratios
and potency is more pronounced for the amide local anaesthetics
when compared with esters. Increased lipid solubility can result in
sequestration of local anaesthetic outside the axon in myelin and
other extraneural fat deposits, which may slow onset, prolong duration of action or increase vascular systemic absorption.
In laboratory axonal models, the minimum anaesthetic concentration (Cm) has been used to compare the relative potencies of
local anaesthetics. The Cm is the minimum concentration required
to block axonal impulse conduction. Cm is directly related to axonal
size and Ca2+ concentration and inversely related to pH, K+, and
rate of nerve stimulation. Although Cm has been used to assess
relative potencies, it is an in vitro concept and does not necessarily
translate directly to the clinical pharmacology of local anaesthetics. The minimum local analgesic concentration (MLAC) model
and variants (see ‘Minimum local analgesic concentration’ section) which estimate the median effective concentrations (EC50) or
doses (ED50) are used to assess potency in various clinical settings
(Columb and Lyons 1995).
Early studies demonstrating differential nerve block found that
the potencies for blocking the different sensory and motor modalities differed with a hierarchy from pain, cold, heat, and touch
through to motor block. This was then related to the increasing
diameter of nerve fibres from C through to Aα, the latter larger
fibres being more resistant to block, although this simplistic explanation is not valid in various settings. Within the C fibre group,
for example, there are polymodal and silent nociceptors, so some
differential effects may be due to activities at different types of Na+
and Ca2+ channels. The potency of local anaesthetics can also be
reduced by tachyphylaxis. This acute tolerance occurs in the setting
of depth of block and breakthrough pain in that if pain is allowed
to break through, tolerance develops. This tachyphylaxis is thought
to be mediated at spinal cord level due to nociceptive input causing a ramping effect on N-methyl-D-aspartate (NMDA) accumulation, resulting in enhanced analgesic requirements. In animal
models, NMDA antagonists appear to prevent the development of
tachyphylaxis.

Pharmacokinetics
Absorption, protein binding, distribution,
metabolism, and excretion
Blood concentrations of local anaesthetics are determined by the
dose, the site of injection and the rates of absorption, distribution, and elimination (Table 17.1). The vasoactivity of the local
anaesthetic (generally vasodilation) and whether a vasoconstrictor has been added will influence blood concentrations and peak
plasma concentrations (Cmax). The vascularity and surface area of

the tissues involved will influence rates of systemic absorption and
rates generally increase in order: subcutaneous < sciaticofemoral <
brachial plexus < epidural < caudal < intercostal < interpleural. The
more potent local anaesthetics, which exhibit greater lipid solubility and are more highly protein bound, have a lower potential for
systemic absorption, lower peak plasma concentrations (Cmax), and
therefore lower risk of systemic toxicity.
The pharmacokinetics of local anaesthetics are described by a
two-compartment model. The α phase (T1/2 α = 10 min for lidocaine) is the rapid disappearance phase where local anaesthetics
are redistributed rapidly to organs of the ‘vessel rich group’ which
include the central nervous system (CNS) and the cardiovascular
system (CVS). These two systems are also the main sites for systemic toxicity. However, Cmax levels do not necessarily correlate
immediately with tissue levels due to variations in regional pharmacokinetics and wash-in times. The beta phase (T½β = 100 min
for lidocaine) represents the slow elimination component involving
metabolism and excretion.
Local anaesthetics, and other weak bases, bind in the plasma
to α1-acid glycoproteins, which influence the duration of action
(Table 17.1). Local anaesthetics that are esters (Fig. 17.5) undergo
rapid ester hydrolysis by plasma pseudocholinesterases and other
non-specific esterases to the relevant carboxylic acid, alcohol, and
water. Chloroprocaine undergoes the fastest and tetracaine the
slowest hydrolysis. Plasma ester hydrolysis reduces the potential
for systemic toxicity, but at the cost of a higher incidence of allergic reactions when compared to the amide local anaesthetics. The
allergic reactions are due to the formation of the metabolite para-
aminobenzoic acid (PABA) which follows from the ester hydrolysis.
PABA can act as a hapten to initiate allergic reactions. The amide
local anaesthetics undergo phase I and II hepatic cytochrome P450
mixed function oxidase metabolism to increase water solubility and
hence excretion. Phase I reactions are typically hydroxylation and
N-dealkylation and phase II are conjugations with amino acids such
as glycine. Protein binding, hepatic blood flow, and hepatic extraction influence plasma clearance and elimination for the amide type
of local anaesthetics. Biliary and urinary excretions of lidocaine
are 7% and 10% respectively, the latter is enhanced with an acidic
urine. The rates of metabolism and clearance for the amide local
anaesthetics follow a decreasing profile of prilocaine > lidocaine >
mepivacaine > bupivacaine. Total body clearances of lidocaine are
reduced with hepatic and cardiac disease by 40% and 37% respectively. T½ β is increased by a factor of 2.7 with liver dysfunction (1.8
to 4.9 h). Interestingly, clearance is actually increased with renal
disease by 37%, which is also associated with a 28% reduction in T½
β. Systemic exposure is increased in the very young and elderly due
to decreased clearance and enhanced absorption. Pregnancy may
also be associated with decreased clearance. Local anaesthetics can
also be extracted by re-ionizing, similar to diffusion trapping, as
they pass through acidic tissues such as the lung. In pregnancy this
phenomenon can also affect the fetus as ion trapping of the local
anaesthetic can occur due to the lower fetal pH.

Vasoconstrictors
Vasoconstrictors are added to local anaesthetics to increase the duration of effect, decrease systemic absorption, and reduce the risk of
systemic toxicity. An additional benefit is that vasoconstriction, by
causing ischaemia, reduces local surgical haemorrhage. Adrenaline
and felipressin (2-phenylephrine-8-lysine vasopressin) are the most
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commonly used, phenylephrine and noradrenaline having had
more limited use. Vasoconstrictors prolong the duration of action
by approximately 50%, this effect being more obvious with shorter-
acting agents such as lidocaine, prilocaine, procaine, and chloroprocaine. While the vasoconstrictive effect of adrenaline is the main
reason for the combination with local anaesthetics, adrenaline can
exert analgesic effects by binding at spinal α2-adrenergic receptors
after neuraxial administration. Cocaine has intrinsic vasoconstrictor activity so the addition of adrenaline is not required and indeed
may enhance cardiotoxicity. Care must be taken in using local
anaesthetics combined with vasoconstrictors for prolonging anaesthesia in tissues that may be supplied by end arteries such as could
occur after digital and penile injections. The most common use of
adrenaline is as a 1:200 000 solution but benefits may be gained with
concentrations as low as 1:800 000. The addition of adrenaline may
also be used as an indicator of accidental intravascular injection, as a
sentinel tachycardia may serve as a warning of impending systemic
toxicity.

Topical anaesthesia
Topical anaesthetics must diffuse through tissue barriers to exert
their effects. In achieving this, the drug should have either a low
pKa, meaning that more drug is unionized, or be used in higher
concentrations compared with that normally used for injection. Lidocaine is administered as sprays (4% wt vol−1) and gels
(1% wt vol−1) for the topical anaesthesia of mucous membranes;
cocaine, benzocaine, tetracaine, prilocaine, and cinchocaine have
similar applications. The development of EMLA for topical use on
the skin was a significant advance, particularly in paediatric practice. This 50:50 mixture of crystalline lidocaine and prilocaine as
lipid-soluble free bases has the lowest melting point of any combination, which is 18°C. This defines the eutectic point and hence
eutectic mixture. The mixture becomes a paste at room temperature
and this promotes absorption into the skin. Methaemoglobinaemia
has been reported after extensive application and systemic absorption of prilocaine in infants. Tetracaine is also available for topical
application as 4% wt vol−1 tetracaine aqueous cream preparation.
It penetrates the skin quickly but can cause marked skin irritation. A combination of lidocaine and adrenaline (Iontocaine®) has
recently been introduced, which provides dermal analgesia by iontophoresis, whereby an electric potential is used to deliver charged
drug ions to the skin.

Toxicity of local anaesthetics
The potential for local anaesthetic systemic toxicity (LAST) is
related directly to local anaesthetic potency and as such all excitable
tissues are susceptible. As the Cmax plasma concentration is directly
related to LAST, fractionated incremental dosing with aspiration is
recommended to reduce this and to help identify early symptoms
and signs of impending toxicity with accidental intravascular injections. The physiological changes of pregnancy predispose to LAST.
Local anaesthetics are also directly toxic to nerve and muscle tissue.
Type I allergic hypersensitivity reactions occur with the ester local
anaesthetics in particular, due to the release of the PABA metabolite. Methaemoglobinaemia can occur especially with prilocaine,
but also occasionally with benzocaine and lidocaine. Significant
methaemoglobinaemia, which results from the oxidation or ferrous (Fe2+) to ferric (Fe3+) haemoglobin, can be treated with the
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reducing agent, methylthioninium chloride (methylene blue 1% wt
vol−1, 1–2 mg kg−1).
The CVS:CNS toxicity ratio has been used to quantify the margin
between the blood concentrations required to cause cardiovascular collapse and early CNS toxicity. This ratio is used as a direct
surrogate of theoretical safety in that early CNS effects may be a
sentinel of impending circulatory failure. Ratios of 7 for lidocaine
and 2 for bupivacaine therefore imply a smaller safety margin for
the pipecoloxylidine.

CNS toxicity
Local anaesthetics cross the blood–brain barrier to the CNS and the
general effect is depression of excitable tissues. At lower plasma concentrations this is manifested by apparent excitability and epileptiform activity due to inhibition of smaller inhibitory interneurons
with progressive CNS depression with higher blood concentrations. The typical description that occurs with lidocaine is analgesia
to 5 µg ml−1, toxicity occurs at 6 µg ml−1 with dizziness, tinnitus,
tongue dysaesthesia, and myoclonic movements to 10 µg ml−1,
epileptic seizures to 15 µg ml−1, coma and apnoea to 25 µg ml−1,
and CVS toxicity above 25 µg ml−1. Toxicity is enhanced with acidosis and increased Paco2, which further increases cerebral perfusion and delivery of local anaesthetic.

CVS toxicity
Prolongations of the PR, QRS, and QTc intervals are features of
LAST with pipecoloxylidines due to blockade of Na+ and also K+
ionophores. Lidocaine (as a class 1b antiarrhythmic) can cause
shortening of these intervals. The more lipid-soluble and potent
local anaesthetics such as bupivacaine, ropivacaine, and etidocaine
exhibit greater potential for toxicity in comparison to less potent
drugs and have a different profile of presentation. Lidocaine CVS
collapse is preceded by bradycardia and hypotension, whereas with
the pipecoloxylidines, sudden collapse with ventricular arrhythmias (ventricular tachycardia, torsades des pointes, and ventricular
fibrillation) may be the initial manifestations of toxicity. In addition,
these electrophysiological changes are more resistant to treatment
and may require prolonged resuscitation. Bupivacaine has a stronger
affinity than lidocaine for binding to the sodium ionophore in the
inactivated and deactivated states. In addition, it exhibits slower dissociation and tends to accumulate with tachyarrhythmias. Binding
to the ionophore occurs during systole during the active and inactive
phases. During diastole the local anaesthetic dissociates during the
resting states. With lidocaine this dissociation is complete whereas
with bupivacaine this is not the case and accumulation occurs with
successive cardiac action potentials as a frequency dependent phenomenon. Local anaesthetics cause direct negative inotropic effects
at higher blood concentrations than are achieved typically during
systemic toxicity. Direct vasomotor brainstem effects have been
implicated in promoting CVS collapse in animal models. Inhibition
of the sympathetic nervous system and peripheral vasodilation contribute to circulatory shock. Hypoxaemia, hypercarbia, acidosis,
hyperkalaemia, hypothermia, and hyponatraemia all enhance CVS
toxicity with pipecoloxylidines and should be corrected.

Pregnancy-enhanced toxicity
Pregnant women are more susceptible to LAST (Bern and Weinberg
2011). A number of factors may predispose to this. Epidural venous
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distension and the increased cardiac output in pregnancy promote local anaesthetic absorption from the epidural space to the
systemic circulation. Reductions in clearance and plasma protein
binding in pregnancy may increase free local anaesthetic concentrations. The hormonal effects of progesterone and oestradiol may
increase the susceptibility of cardiac myocytes and neurons to the
effects of local anaesthetics resulting in arrhythmias and reduced
epileptic thresholds.

Tissue toxicity
All local anaesthetics have the potential to induce direct neuronal
damage, independent of any local anaesthetic membrane stabilizing activity. Concentration-dependent peripheral neuropathy has
been demonstrated, but in concentrations generally above those
in routine clinical use. Spinal nerves and nerve roots appear to be
more susceptible. The mechanisms for this toxicity are uncertain
but induced defects in axonal transport, Schwann cell degeneration and ischaemia have all been implicated. Tissue toxicity due to
local anaesthetics appears to be related to lipid solubility and clinical potency and not related to enantiomerism, with regard to the
clinically used pipecoloxylidines. More specifically cauda equina
syndrome, adhesive arachnoiditis, and transient neurological
symptoms (TNS) have been described after intrathecal hyperbaric
lidocaine 5% wt vol−1 administration. Lidocaine and tetracaine
appear to be the more problematic in this regard compared with the
pipecoloxylidines. Other implicated factors have included direct
needle trauma, the use of intrathecal catheters, lithotomy position,
and early mobilization.
Direct somatic muscle toxicity can occur as a direct toxic effect
of local anaesthetics. Disruption of the myocyte sarcolemma with
rhabdomyolysis causes the release of sarcoplasmic contents such
as creatine phosphokinase and myoglobin. Hypocalcaemia due to
chelation and hyperphosphataemia are typical early biochemical
changes of acute rhabdomyolysis. Establishment of a forced diuresis, preferably alkaline, may reduce the risk of acute kidney injury
due to myoglobinuria.

Lipid rescue
There is increasing evidence from both animal models and clinical case reports that using i.v. lipid emulsions to treat LAST may
be beneficial (Bern and Weinberg 2011). This applies also to the
treatment of overdose of other lipophilic drugs and toxins in general. Recommended dosing in LAST of Intralipid® 20% wt vol−1 is
1.5 ml kg−1 as a bolus, then 0.25 ml kg−1 min−1 for 30–60 min. The
bolus can be repeated twice. So a typical pragmatic rescue dose regimen for an adult could be a bolus of 100 ml, then 500 ml (30 min)−1.
The rationale for the use of lipid rescue is two-fold. First is that the
introduction of a lipid phase or ‘lipid sink’ in the blood encourages
the partitioning of the lipid-soluble local anaesthetic with resultant sequestration and reduction of the concentration gradients for
the free-base diffusible form. Second is that the lipid may provide
for mitochondrial metabolic substrate oxidation in the situation of
acute circulatory dysfunction. This follows from some evidence as
to the effects of pipecoloxylidines on mitochondrial substrate oxidation and Ca2+ regulation resulting in suppression of ATP production, effects which are dependent on lipid solubility and potency.
The effect on mitochondrial substrate oxidation is also consistent
with animal data showing improved survival with insulin/glucose/
potassium infusions to improve mitochondrial function. More

recent research, however, is not conclusive in finding evidence to
support these postulated mechanisms. So although, at present, the
evidence for benefit is not conclusive and not all supportive, the
low potential for harm with the infusion of lipid emulsion makes it
attractive to use in such circumstances, but importantly, not at the
cost of distraction from other important resuscitation measures.

Clinical pharmacology of specific local
anaesthetic agents
Over the last 150 years a large clinical pharmacology has emerged
with numerous candidate local anaesthetics having been synthesized and developed for clinical use. This section provides additional information for the more notable agents and these are
presented in chronological order (Table 17.1, Figs 17.2 and 17.5).

Cocaine
Cocaine was first used by Karl Koller (Vienna, Austria) in 1884
as a topical anaesthetic for corneal surgery. It is a benzoic acid
ester with a short action (<2 h), found naturally in the leaves of
Erythroxylum coca, used for topical anaesthesia of the mucosa of
the upper airway because of its vasoconstrictor activity. Other
local anaesthetics exhibit a biphasic effect on vasomotor tone, with
vasoconstriction at lower, and vasodilation at higher, concentrations. The use of adrenaline as a vasoconstrictor with cocaine is
unnecessary, particularly as cardiotoxicity may occur because
cocaine has indirect sympathomimetic activity. Cocaine blocks
the presynaptic reuptake (U1) of noradrenaline. Ventricular fibrillation and asystole can both occur with cocaine toxicity. Toxicity
is enhanced because it is also resistant to metabolism by plasma
pseudocholinesterases. Hepatic metabolism and ester hydrolysis
can result in the release of the alkaloid base, ecgonine, which is a
known cerebral stimulant.

Benzocaine
Benzocaine was synthesized in 1890 by Ritsert in Germany and first
used in 1902. It is a para-aminobenzoate ester which has a short
duration (<2 h) of action. It is unique in that it does not have the
higher-order amine moiety typical of the other local anaesthetics and so remains unionized at physiological pH. This makes it
relatively independent of pH. The unionized nature of benzocaine
therefore makes it suitable for the topical anaesthesia of mucous
membranes. It can be applied as a cream and as lozenges, the latter
for oral and oropharyngeal applications. In overdosage it can cause
methaemoglobinaemia.

Procaine
Procaine was synthesized in 1899 by Einhorn and used in 1905
by Braun in Germany. It is a PABA ester, which has a short duration (<2 h) of action. It has the highest pKa and the lowest octanol
partition ratio and lipid solubility of the local anaesthetics that
have been in routine clinical use. These physiochemical properties give procaine a slow onset of action and low potency, such
that the duration of effect can be less than 1 h. It is rapidly hydrolysed and so has a low potential for systemic toxicity. However,
allergic reactions were not uncommon due to the PABA metabolite. In addition, the diethylaminoethanol metabolite may have
some local anaesthetic activity. It has been considered as the
local anaesthetic of choice for patients susceptible to malignant
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hyperpyrexia. It was eventually superseded by the development of
other local anaesthetics, particularly lidocaine, which had more
useful clinical profiles.

Cinchocaine
Cinchocaine was first synthesized in 1925 by Miescher. It is a quinoline derivative and an amide local anaesthetic with an intermediate
duration (2–4 h) of action. It was the first amide local anaesthetic
to be developed for clinical use. Although now not used much, it
was used successfully for subarachnoid anaesthesia. It is still used
as a topical anaesthetic in various haemorrhoidal preparations. It
is included here only for completeness as it has been used as a differential inhibitor to distinguish between usual and atypical forms
of pseudocholinesterase, such as in the investigation of suxamethonium apnoea. The marketed version, Dibucaine® (USP), gave
rise to the dibucaine number (DN), which was used to identify the
condition.

Tetracaine
Tetracaine, also known as amethocaine, was first synthesized in 1928
by Eisleb in Germany. It is the 4-butylaminobenzoate analogue
of procaine and has a long duration (>4 h) of action. Tetracaine
is the most lipid-soluble and potent ester local anaesthetic. It is
more commonly used now for topical anaesthesia, particularly for
ophthalmological procedures and for dermal applications. It has
been used for subarachnoid anaesthesia where it has the longest
duration of action (3–6 h) with the addition of adrenaline. It has
been prepared for injection as liquid solution and in lyophilized
crystalline form, the latter requiring reconstitution. It also is the
most resistant to ester hydrolysis of the ester local anaesthetics and
therefore has more potential for systemic toxicity. Like cocaine, it is
markedly cardiotoxic if given systemically.

Chloroprocaine
A derivative of procaine, 2-chloroprocaine was first synthesized in
1928 by Eisleb in Germany. It is an ester local anaesthetic used in
the United States, which is now again increasing in use in Europe.
It has a short duration (<2 h) of action. It has limited cardiotoxicity due to rapid ester hydrolysis and this is somewhat reflected
by a maximum recommended dose of 10 mg kg−1. Although it
was used throughout the 1970s and 1980s, its use declined after
the discovery of neurotoxicity and spinal cord injury when
used in subarachnoid blocks, presumably due to additives such
as sodium metabisulphite. It has since been reformulated with
ethylenediaminetetraacetic acid (EDTA). Back pain and lumbar
spasms have been reported after this preparation, presumably due
to a possible chelating effect of EDTA on Ca2+ ions. Clinically,
2-chloroprocaine is particularly useful in rescuing the inadequate
obstetric epidural block, where large amounts of amide local
anaesthetics have already been used. This is because it has a fast
onset of action, despite having a high pKa, which is made possible
by using larger doses owing to the lower potential for systemic
toxicity. More recently there has been a resurgence of interest in
intrathecal chloroprocaine in Europe and the United States due to
the development of preservative-free chloroprocaine 2% wt vol−1
(Nesacaine®). Again this is seen as a possible alternative to lidocaine in reducing TNS.
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Lidocaine
Lidocaine was first synthesized in 1943 by Lofgren and Lundqvist
and first used in 1948 by Gordh in Sweden. It is an aminoacyl
derivative of acetanilide and has an intermediate (2–4 h) duration
of action. The aromatic lipophilic component contains a dimethylbenzene moiety termed xylene. The amide link confers the term
xylidine or xylidide. The major metabolite of N-dealkylation of
one of the –C2H5 groups is monoethylglycine xylidide (MEGX).
Hepatic amidases result in various xylidine metabolites. Drugs
that decrease hepatic blood flow (e.g. propranolol) also decrease
metabolism and clearance. Repeated injection may reveal tachyphylaxis. When administered intrathecally at high concentrations,
reports of transient radicular irritation suggested that it was neurotoxic. Therefore lidocaine is being replaced by other agents for
intrathecal use in recent years to reduce the incidence of TNS.
Lidocaine is also commonly used as a Vaughan–Williams class
1b antiarrhythmic agent with effects at plasma concentrations of
1–2 µg ml−1 for the treatment of ventricular tachyarrhythmias. It
has atropine-like properties so it is not suitable for the management
of supraventricular tachyarrhythmias. However, it may be useful in
providing bronchodilation in asthma and for the relief of ileus or
bowel pseudo-obstruction. It may enhance release of Ca2+ from the
sarcoplasmic reticulum so caution is required in patients susceptible to malignant hyperpyrexia. It is still one of the most, if not the
most, widely used of the local anaesthetics.

Mepivacaine
Mepivacaine was synthesized in 1956 by Ekenstam and Egner in
Sweden. It is the methyl (CH3–) derivative of the pipecoloxylidine series. It has a similar intermediate (2–4 h) duration of action
and profile to lidocaine but has not been widely used due to the
popularity of lidocaine. Some interest in the use of mepivacaine is
emerging again due to the reports of TNS with lidocaine. The fetus
does not metabolize mepivacaine efficiently and so it accumulates
and results in reduced fetal motor tone. This has reduced the usefulness of mepivacaine in the obstetric setting, particularly with the
higher doses used for epidural administration.

Prilocaine
Prilocaine was first used clinically in 1959 by Gordh (Stockholm,
Sweden). Although similar to lidocaine, it differs in that it is a secondary amine. It has an intermediate (2–4 h) duration of action.
It is also distinct in that the aromatic component is a monomethylbenzene moiety termed toluene. The amide link confers the term
toluidine. Prilocaine is metabolized to o-toluidine and hydroxyl
o-toluidine and this metabolism can result in the oxidation of haemoglobin to methaemoglobin, resulting in clinical methaemoglobinaemia. Neonates, who have a relative deficiency in erythrocytes
of methaemoglobin reductase, are a group that are at particular risk.
Prilocaine undergoes extensive pulmonary uptake, which results in
lower systemic plasma concentrations and lower likelihood of toxicity. Because of this, it remained the drug of choice for i.v. regional
anaesthesia (IVRA, Bier’s block). However with the increasing use
of ultrasound location for brachial and other plexus and peripheral
nerve blocks, the role of IVRA has diminished and the use of prilocaine declined. More recently there has been an increase of interest
in the use of hyperbaric prilocaine (Prilotekal® 2% wt vol−1) as a
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short-acting agent for subarachnoid administration as a substitute
for lidocaine to avoid TNS.

Bupivacaine
Bupivacaine was first synthesized in 1957 by Ekenstam in Sweden
and used clinically in 1963 by Telivuo. It is the butyl (C4H9–)
derivative of N-alkyl pipecoloxylidine series and is therefore part
of the same homologous sequence as mepivacaine (methyl: CH3–)
and ropivacaine (propyl: C3H7–). Increasing the size of the N-alkyl
moiety increases lipid solubility and hence clinical potency. It is a
long-acting (>4 h) agent and is the most potent local anaesthetic in
routine clinical use, although historically etidocaine and tetracaine
have exhibited greater potency. Likewise it is the most cardiotoxic
as it undergoes the slowest dissociation from the cardiac Na+ ionophore. Therefore it is not recommended for use in IVRA as failure of
the tourniquet can expose the patient to LAST. Likewise the 0.75%
wt vol−1 preparation was removed from clinical use in obstetrics due
to systemic toxicity after epidural administration. All pipecoloxylidine derivatives have an asymmetric carbon atom that confers the
property of chirality or enantiomerism (see ‘Stereochemistry and
enantiomerism’). The usual preparation of bupivacaine is as a racemate. After phase I N-dealkylation, the pipecoloxylidine metabolite
still has some activity and can be found in urine.

Articaine
Articaine is an amide local anaesthetic of intermediate duration
(2–4 h) that was first synthesized in 1969 and is widely used in dental anaesthesia. Its molecular structure includes an additional ester
linkage, which provides a good safety profile as a result of its rapid
metabolism by esterases (elimination half-life <20 min), therefore
allowing re-administration during the procedure. The benzene ring
is replaced with a thiophene ring, allowing faster and better penetration of the cell membrane and bone. It has the same pKa and
systemic toxicity potential as lidocaine. Concerns have been raised
due to some reports regarding persistent paraesthesia after dental
procedures due to possible neurotoxicity.

Etidocaine
Etidocaine was first described in 1972 by Adams. It is an amide
local anaesthetic and is an ethyl, methyl derivative of lidocaine.
Etidocaine is similar to bupivacaine in having a long duration (>4 h)
of action. It is the most lipophilic of the local anaesthetics with
the highest octanol partition ratio. Etidocaine has been used for
subarachnoid anaesthesia but is associated with profound and prolonged motor block due to the enhanced lipid solubility.

Ropivacaine
Although propivacaine was synthesized as the racemate in the 1950s
in Sweden as part of the homologous pipecoloxylidine series, it was
not until the enantiomers could be isolated for production that it
came into clinical use in 1996. Ropivacaine (or S-propivacaine,
Naropin®, AstraZeneca Pharmaceuticals) is the S-enantiomer of
the propyl (C3H7–) derivative of N-alkyl pipecoloxylidine series
and has a long duration (>4 h) of action. Metabolites include
3-
hydroxyropivacaine (40%) and pipecoloxylidine (5%). The
octanol partition ratio (Table 17.1) for ropivacaine (115) suggests
lower potency when compared with bupivacaine (346). Ropivacaine
is of particular interest in that cutaneous vasoconstriction has been

demonstrated. This may reduce clearance with a possible enhancement of clinical efficacy. At lower concentrations, it may be motor
sparing. Reduced lipid solubility (and therefore potency) resulting
in less penetration of the Aβ fibres may, in part, explain this motor-
sparing effect.

Levobupivacaine
Levobupivacaine is the S-enantiomer of racemic bupivacaine
(S-bupivacaine) and is the most recent agent to come into clinical
use, in 1999. It is a long-acting (>4 h) agent. The plasma-bound
fraction for levobupivacaine is greater at 95% compared with the
racemate at 93%. Levobupivacaine is bound by Directive 91/507
of the European Community, which states that the % wt vol−1
should be expressed in terms of the agent (free base) alone and not
the hydrochloride salt. Therefore, levobupivacaine (Chirocaine®,
Abbott Pharmaceuticals), by virtue of being expressed as free base,
has 13% more molecules than the equivalent % wt vol−1 of the racemate bupivacaine (Marcain®, AstraZeneca Pharmaceuticals), which
predates the directive. This difference in expressed formulation
should be considered when comparing it formally with other local
anaesthetics and molar concentrations considered (Columb 2000).

Stereochemistry and enantiomerism
Enantiomers are compounds that contain a chiral carbon that is
bound to four different ligands and can exist as two forms, R (+) and
S (–), the combination of both isomers being termed a racemic
mixture. The prefixes R (rectus) and S (sinister) refer respectively to
the clockwise or anticlockwise arrangement of atoms or molecules
around the asymmetric carbon atom based on an arbitrary hierarchical series of sequence rules. Dextro (D) and levo (L) refer to the
optical rotation of transmitted light, which do not necessarily coincide with the R-and S-classification, the latter is to be preferred.
Cocaine, prilocaine, etidocaine, articaine, and the pipecoloxylidines exhibit such properties. For those local anaesthetics that are
enantiomers (enantiomorphs, optical isomers), there has been the
suggestion that S-are more potent than R-enantiomers. However,
there have been some inconsistencies and the apparent differences
in potencies may be related to differences in vasoconstriction and
pharmacokinetic profiles. After the editorial by Albright (1979)
highlighting several incidences of acute cardiovascular collapse
after the uses of bupivacaine and etidocaine, the search began to
develop local anaesthetics with lower potential for LAST, and CVS
toxicity in particular (Albright 1979). With regard to the pipecoloxylidine homologous series, evidence from animal and human studies indicated that the S-was less toxic than the R-enantiomer or the
racemate. This led to the S-enantiomer of the propyl derivative: S-
propivacaine (ropivacaine: Naropin®) being developed. Human
toxicology studies showed that 12–25% more ropivacaine could be
tolerated before the onset of CNS toxicity. This perceived advantage
for ropivacaine was based on the assumption of equipotency with
bupivacaine. However two studies using the up–down sequential
allocation design (see ‘Minimum local analgesic concentration’)
found that ropivacaine was 40% less potent than bupivacaine
(Capogna et al. 1999). Up–down dose varying designs estimate the
median effective concentration (EC50) or dose (ED50). This potency
difference was confirmed later using fixed dose ranging studies that
extended the findings to EC95. A comparison of the human toxicology and MLAC studies estimating the therapeutic indexes and the
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relative therapeutic ratio in humans suggested that there was no
evidence of a clear benefit for ropivacaine over bupivacaine (Polley
et al. 1999). Therefore, the perceived benefits for ropivacaine, with
regard to toxicity, motor block sparing, and differential sensory
blockade, may simply be explained by potency issues.
The more recent development has been that of S-bupivacaine or
levobupivacaine (Chirocaine®) (Columb 2000). A human toxicology study found that the median tolerated dose of levobupivacaine
for the onset of CNS symptoms was 5% greater than the racemate.
Levobupivacaine (S-bupivacaine) also caused significantly fewer
reductions in cardiovascular performance as assessed by stroke
index, acceleration index, and ejection fraction. Some of these
effects may represent less vasodilation or reductions in preload
because of the significant augmentation of diastolic pressure with
the racemate. An efficacy MLAC study showed that the potency
of levobupivacaine was 98% that of the racemate on a % wt vol−1
basis (87% in molar terms). This study also first highlighted the
regulatory changes in expressed formulation of levobupivacaine
where the % wt vol−1 must be stated in terms of free base only and
exclude the acidifying hydrochloride salt (Lyons et al. 1998). This
means that there are 13% more molecules of levobupivacaine in
Chirocaine® compared with racemate preparations.
There is a spectrum of potencies of low, intermediate, and high
for ropivacaine, levobupivacaine, and racemic bupivacaine respectively with regard to analgesia, motor block, and toxicity (Columb
and D’Angelo 2006). S-enantiomers may be associated with stereospecific benefits in terms of the cardiac electrophysiology of Na+
and K+ ionophores. However, the effects on negative inotropism
and mitochondrial oxidation are less so and more related to lipid
solubility. In summary, the main differences in the profiles for the
pipecoloxylidines with regard to their clinical pharmacology may
generally be explained by differences in potency. It has become
clear from errors in the development of enantiomers for clinical
application that the determination of the relative potencies is of
prime importance in evaluating claims for perceived advantages in
toxicity and blocking characteristics (Van de Velde et al. 2007).

Minimum local analgesic concentration
The minimum local analgesic concentration (MLAC) and dose
(MLAD) estimate the EC50 and ED50 respectively in a clinical setting using up–down sequential allocation. The EC50 or ED50 are
the point estimates where potency is defined. Until the publication
of the first MLAC study in 1995 there had been no clinical corollary of the minimum alveolar concentration (MAC) that had been
successfully developed for use with inhalation anaesthetic agents
(Columb and Lyons 1995). Although the Cm had been used to
define the potencies of various of local anaesthetics in vitro, this
was not necessarily applicable to the clinical use of the drugs and
the estimations of clinical potencies. Since this first publication,
the model been extensively replicated, adapted, and applied to a
variety of clinical settings to define the applied clinical pharmacology of local anaesthetics and to explore the interactions with other
co-analgesics, such as opioids (McLeod et al. 2007). Early MLAC
studies estimated the clinical potencies of local anaesthetics for epidural analgesia in labour and MLAD was used for intrathecal local
anaesthetics. Studies assessing motor blocking potencies and effects
of pregnancy and gender on local anaesthetic potencies suggest differential effects.

local anaesthetic agents

The up–down design is a simple, robust, and efficient method
of estimation the EC50 and ED50. The dose received by a patient
is determined by the response of the previous patient. Depending
on the outcome of interest a binary (yes/no) outcome is defined; a
typical definition for effective analgesia is a visual analogue pain
score of 10/100 mm or less within 30 min. When the outcome is
effective, the dose for the following patient is reduced and when
it is ineffective it is increased. As the sequence progresses, testing
becomes centred about the eventual EC50 or ED50 (Fig. 17.3). It is
at the EC50 that the dose–response relationship is defined with the
greatest precision and is the point estimate at which pharmacological potency is defined (Lyons and Columb 2011).
Dose-dependent reductions in epidural local anaesthetic requirements ranging from 18% to 72% have been identified for epidural
fentanyl (1–4 μg ml−1, 20–80 μg) and from 54% to 91% for sufentanil (0.5–1.5 μg ml−1, 10–30 μg). Although a synergistic interaction
for local anaesthetics and opioids is often assumed, interestingly,
an isobolographic MLAC study showed addition, rather than synergy, for combinations of levobupivacaine and the phenanthrene
opioid, diamorphine, for epidural analgesia in labour. It would
be of interest to formally quantify the interactions of local anaesthetics with the piperidine opioids such as meperidine, fentanyl,
alfentanil, and sufentanil, as local anaesthetic properties have been
ascribed to this group. MLAC studies have also been able to quantify local anaesthetic-sparing effects for other adjuncts such as clonidine and adrenaline. This model has also been able to quantify
the epidural and intrathecal motor blocking potencies for the chiral
pipecoloxylidines. Using fixed-dose designs it has also been possible to demonstrate concentration-dependent pharmacodynamic
effects of local anaesthetics for both epidural and subarachnoid
administrations.

Other developments
Local anaesthetic-sparing combinations with other analgesics
such as opioids, adrenaline, clonidine, midazolam, and ketamine
continue to be studied in an attempt to develop possible synergistic regimens. Research is continuing for novel local anaesthetics
(Hollmann et al. 2001). Amitriptyline, the tricyclic antidepressant,
has Na+ ionophore blocking activity and is used in the treatment
of chronic neuropathic pain. N-phenylethyl substitution confers
a permanent quaternary amine to amitriptyline. N-phenylmethyl
amitriptyline is more potent and has a duration of block markedly
greater than other local anaesthetics. However, it has the potential
for direct neurotoxicity and may have a narrow therapeutic index.
Likewise, tonicaine, which is the N-phenylethyl quaternary derivative of lidocaine, has a longer duration of action for infiltration
block, increasing the duration by approximately a factor of 10, also
demonstrates direct neurotoxicity. Prenylamine is a Ca2+ channel
blocker which also has an affinity for Na+ ionophores. Sameridine
has local anaesthetic and opioid receptor agonist properties. Butyl
amino-benzoate has a low pKa, is poorly soluble and seems to be
selective for Aδ and C fibres, thus producing minimal motor block
with a prolonged duration of action. Naturally occurring toxins
such as capsaicin, TTX, and saxitoxin continue to be of interest.
TTX and saxitoxin are naturally occurring neurotoxins, found in
marine life, which block the sodium ionophore extracellularly.
TTX, which has a pyrimidine, and saxitoxin, a purine structure, are
some of the most potent non-protein biological toxins. Their strong
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and selective affinities for the sodium channel have generated interest for possible roles in pain therapy. There is continuing interest
in polymer-and liposomal-delivery systems to enhance duration
of analgesia. The therapeutic role of local anaesthetics is likely to
expand as researchers elucidate their anti-inflammatory, neuroprotective, and antithrombotic properties.

Conclusion
Recent advances in nerve localization technologies, such as ultrasound, are causing a resurgence of interest in regional anaesthesia
and the use of local anaesthetics in general. Obstetric anaesthesia
has led the way in promoting the use of regional anaesthesia in
improving maternal safety. Patient expectations, day surgery, and
enhanced recovery programmes highlight the importance of local
anaesthesia and therefore a sound understanding of the clinical
pharmacology of local anaesthetic drugs is essential. Although over
the last 60 years there have been considerable advances in anaesthetic pharmacology for i.v. and inhalation anaesthesia, opioid
analgesia, and neuromuscular blockade, it is unfortunate to have to
conclude that there has been no significant advance in local anaesthetic pharmacology since bupivacaine. The advances that have
been made are in our understanding of the clinical pharmacology
of incremental dosing and infusion techniques, concentration and
dose–response characterizations, and in exploring the interactions
with other co-analgesics and adjuncts in local anaesthetic sparing.
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Analgesics in anaesthetic
practice
John Williams and Francis Bonnet
Introduction to analgesics
Each year, approximately 230 million major surgical procedures
are undertaken worldwide with in excess of 7 million operations
performed in the United Kingdom alone (Haynes et al. 2009).
Unfortunately pain is still common after these procedures with
more than three-quarters of patients complaining of pain postoperatively and more than 10% complaining of severe pain during
this period. Perhaps surprisingly, more patients complain of pain
in the 2 weeks after hospital discharge than in the immediate period
after operation (Dolin et al. 2002; Apfelbaum et al. 2003; Sommer
et al. 2008). Therefore as a result of surgery and the inevitable tissue damage, the majority of patients in the postoperative period
require some form of intervention to lessen their discomfort. This
intervention is primarily administered in the form of pain-relieving
drugs, with the aim of managing the pain associated with surgery
both in the immediate and intermediate timescales (Power 2005,
2011).
Pain is, however, not just an unpleasant sensory consequence of
surgery, but can also have significant physiological implications
impacting negatively on the physical well-being and postoperative
outcome of the patient. Surgical trauma and tissue damage lead to
activation of a variety of neuroendocrine stress responses, coordinated via the autonomic nervous system through the release of
inflammatory mediators. The net effect of activation of the stress
response is broadly to conserve circulating blood volume and body
water, leading to an increase in the delivery of oxygen and energy
substrates to vital organs and tissues. To achieve this, an increase in
heart rate, cardiac contractility and output, and vasodilation of coronary and skeletal muscle beds with vasoconstriction of splanchnic and skin vascular beds occurs, follows the stress response
(Desborough 2000; MacIntyre et al. 2010). Adrenaline, cortisol,
glucagon, and glucose plasma concentrations increase, with resultant lipolysis and protein catabolism. There is also an initiation of
vasopressin secretion and activation of the renin–angiotensin–
aldosterone system, causing retention of sodium and free water.
Haematological changes including increased plasma fibrinogen
concentrations, platelet aggregation, and decreased fibrinolysis
serve to augment blood coagulation, while the stress response also
causes changes in white blood cell and global immunological function. Although activation of the stress response usually follows a
significant tissue insult, pain will act to augment the response and
can itself act as a potent trigger for this cascade of events (Epstein
and Breslow 1999; Dolin et al. 2002).

The mechanisms outlined serve a useful function in health
in the face of trauma and tissue injury, maintaining homeostasis in the short term. However, these very responses can prove
detrimental to some patients, particularly those with underlying comorbidities, if prolonged. Increases in myocardial oxygen demand brought about by the stress response increase heart
rate, cardiac contractility and output, and may result in cardiac
arrhythmias, myocardial ischaemia, and myocardial infarction in
susceptible patients, such as the elderly or individuals with pre-
existing cardiac disease (Mangano et al. 1992). Hypercoagulability
similarly increases the risk of coronary or deep venous thrombosis
and pulmonary emboli, while pulmonary and peripheral oedema
precipitated by excessive sodium and water retention can lead to
respiratory compromise and electrolyte derangement, again predisposing to cardiac arrhythmias. Unaddressed pain in the postoperative period can therefore cause compromise of pulmonary
function after major abdominal or thoracic surgery. Pain can exacerbate abdominal muscle spasm seen after abdominal incisions,
resulting in a loss of coordinated contraction of the rectus transversus abdominis and internal and external oblique muscles used
to aid forced expiration in health. Loss of this beneficial effect can
additionally impact upon normal respiratory parameters, resulting
in lung volumes and the functional residual capacity (FRC) being
reduced by up to 50% if pain is not adequately treated in the postoperative phase (Desai 1999; Gust et al. 1999). Reductions in FRC
and forced vital capacity lead to an inability to cough and clear
bronchial secretions, increasing the likelihood of lower respiratory
tract infection. Indeed, radiographic changes, indicative of pulmonary atelectasis, are present in 75–90% of patients after abdominal
surgery, with 10% of emergencies developing overt pulmonary
complications after operation (Desai 1999). Impaired postoperative respiratory function is, however, not exclusively dependent on
pain as adequate postoperative pain control does not allow for a
complete recovery of respiratory dysfunction.
Evidence shows that good pain control may combat some
of these negative effects (Dolin et al. 2002; Werner et al. 2002;
Gustafsson et al. 2013; Joshi et al. 2013a). Adequate analgesia has
been shown to improve pulmonary function after abdominal surgery, with epidural local anaesthetic analgesia or adequate opioid
analgesia increasing forced expiratory volume in 1 second (FEV1)
by almost 50% compared with those not receiving satisfactory pain
control (Rodgers et al. 2000; Holte and Kehlet 2002; Rig et al. 2002).
Patient-controlled opioid analgesia has also been shown to reduce
pulmonary complications after similar types of major surgery
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(Gust et al. 1999; Walder et al. 2001). Conversely, excessive analgesia can lead to sedation and increase the incidence of pulmonary
and other complications.
In addition to the immediate associated clinical risks of acute
pain, the experience of sustained pain in the early postoperative
period and injury to nerves during surgery can result in neuroplastic
changes within the central nervous system leading to the development of postsurgical pain lasting in excess of 3–6 months (Perkins
and Kehlet 2000; Kehlet et al. 2006). Such postsurgical pain presents in 10–50% of patients after operation dependent upon extent
and site of original operation, with higher rates frequently quoted
after thoracotomy, limb amputation, and mastectomy (Macrae
2008). Of those individuals who do complain of postsurgical pain,
up to 10% find this pain severe and life-limiting. The development
of postsurgical pain is, however, complex, relying on the interplay
of numerous factors (Fig. 18.1). Surgical trauma may not only lead
to nerve injury and local neuroma formation, but also alterations in
gene expression within the dorsal horn and spinal column with loss
of inhibitory neurones and central sensitization (Kehlet et al. 2006).
The evidence base, however, is incomplete and at times conflicting
as to the most appropriate analgesic regimen to use intra-and postoperatively in order to minimize persistent postsurgical pain. There
is though evidence to suggest that adequate and aggressive control
of pain in the postoperative period can reduce the incidence of persistent postsurgical pain, improving clinical outcome in both the
short and longer term.
Pain after surgery can therefore not only be considered an
unpleasant sensory and emotional experience, but if inadequately
addressed during this time, has the potential to lead to widespread
and long-lived detrimental physiological effects resulting in negative clinical outcomes. The anaesthetist’s expert knowledge of physiology and pharmacology ideally places them to meet this challenge
and address both acute and persistent postsurgical pain issues
through the use of analgesic medications and simple interventions.

The physiology of pain transmission
To understand the mechanisms by which pain is experienced and
to effectively treat it, a basic understanding of the physiology of
pain transmission is required. Pain is initially provoked by stimulation via mechano-thermal or chemical action at naked nerve fibres,
where chemical stimulation of peripheral polymodal nociceptors
is caused by release of a variety of proalgesic compounds produced
locally normally in response to local tissue damage (Barrett et al.
2012). This initial sensation of pain is then transmitted along the
attached small-diameter nociceptive primary afferent peripheral
nerve fibre. These primary afferent nociceptive nerve fibres are Aδ
fibres or C-fibres, which carry the nervous impulse from the periphery to the dorsal horn of the spinal cord. Aδ fibres are typically 2–5
μm in diameter and being myelinated, conduct painful stimuli at a
relatively rapid rate of 4–30 m s–1. C fibres are unmyelinated and of a
smaller diameter, transmitting impulses at a far slower 0.5–2.5 m s–1
(MacIntyre et al. 2010). Both of these primary afferent fibres,
however, terminate within the laminae of the dorsal horn of the
spinal cord, with Aδ-fibre stimulation resulting in a sensation of
well-localized sharp pain while C-fibre stimulation is considered
to produce poorly localized, dull, long-lived pain. Once a primary
nociceptive afferent has entered the dorsal horn it synapses with

dorsal horn neurones, many of which then ascend as second-order
nociceptive afferents in the anterolateral side of the spinal cord
after decussation at the level of entry of the primary afferent. Fibres
that ascend in this manner travel in the spinothalamic tracts to the
thalamus where they again synapse to produce a tertiary-order
nociceptive afferent which project to the somatosensory areas I and
II and the cingulated gyrus on the cortex (Fig. 18.2) (Barrett et al.
2012, Pathan and Williams 2012).
A number of descending pathways and mechanisms may also
interact with the ascending transmission of pain sensation from the
periphery described to modulate the perception of pain. Of particular note, central opioid and α2-adrenergic pathway stimulation
affects descending impulses to inhibit pain transmission through
lamina II of the dorsal horn (the substantia gelatinosa), so lessening
the experience of pain. The substantia gelatinosa itself and periaqueductal grey area within the midbrain are rich in endogenous opioids (β-endorphins and enkephalins) and opioid receptors which
when activated act to reduce pain perception (Fig. 18.3) (Pathan
and Williams 2012).
In addition to a descending modulation of pain perception,
pain sensation may also be modified by previously sustained tissue damage or perception of pain itself. Tissue damage leads to a
decrease in local pH and changes in nociceptor function, amplifying transmission of painful impulses to the spinal cord resulting in primary hyperalgesia. This permits previously non-noxious
stimuli to be perceived as painful (allodynia) while reflex release
of 5-hydroxytryptamine (5-HT), histamine, and substance P leads
to a widening of the receptive field, allowing impulses from adjacent non-injured tissue to also be perceived as painful (secondary
hyperalgesia). Repeated transmission of such noxious impulses
to the spinal cord increases its responsiveness to further similar
stimuli (the wind-up phenomenon) and facilitates future transmission of pain signals to the brain (Hemmings and Hopkins
2006).
The complexity of this, at first, seemingly simple system allows
for discrete elements of the pathway to be addressed in an attempt
to modify pain transmission and limit pain felt by the patient. For
example, non-steroidal anti-inflammatory drugs (NSAIDs) reduce
pain produced locally at the site of injury by lessening peripheral
inflammation, while local anaesthetic agents can be used to oppose
voltage-dependent increases in sodium ion conductance in nervous tissue, hence stopping the propagation of an action potential, so
rendering an area insensate. Pain-killing drugs may also be administered to discrete anatomical sites, and local anaesthetic agents
can be used to block painful afferent impulses through a variety of
routes (from subcutaneous infiltration to nerve, plexus, epidural,
or spinal blockade). This flexibility significantly increases the value
of local anaesthetics in general and anaesthetic clinical practice.
Conversely, opioids exert their primary action systemically by
producing centrally mediated analgesia at spinal and supraspinal
opioid sites, although they may also act at some peripheral opioid
receptors. A variety of additional agents have also been used in
perioperative practice (e.g. clonidine, ketamine, paracetamol, and
α2δ calcium channels ligands) for their analgesic properties. These
agents may be useful as adjunct therapies complementing more traditional approaches to pain management or in particular scenarios
where they act at specific sites within the pain pathway (Power and
Barratt 1999; Nasraway et al. 2002; Power 2011).
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Figure 18.1 Sites and mechanisms responsible for chronic postsurgical neuropathic pain. (1) Denervated Schwann cells and infiltrating macrophages distal to nerve
injury produce local and systemic chemicals that drive pain signalling. (2) Neuroma at the site of injury is the source of ectopic spontaneous excitability in sensory fibres.
(3) Changes in gene expression in dorsal root ganglion alter excitability, responsiveness, transmission, and survival of sensory neurones. (4) Dorsal horn is site of altered
activity and gene expression, producing central sensitization, loss of inhibitory interneurones, and microglial activation, which together amplify sensory flow. (5) Brainstem
descending controls modulate transmission in spinal cord. (6) Limbic system and hypothalamus contribute to altered mood, behaviour, and autonomic reflexes.
(7) Sensation of pain generated in cortex (past experiences, cultural inputs, and expectation converge to determine what patient feels). (8) Genomic DNA predispose
(or not) patient to chronic pain and affect their reaction to treatment.
Reprinted from The Lancet, Volume 367, Issue 9522, Kehlet H, Jensen TS & Woolf CJ, Persistent postsurgical pain: risk factors and prevention, pp. 1618–1625, Copyright © 2006, with permission
from Elsevier.

Pharmacokinetic considerations in the
perioperative period
Pharmacokinetics describes the study of factors influencing drug
absorption, distribution, metabolism, and elimination (Park
1996). In the perioperative patient many of the normal pharmacokinetic processes seen in health are disrupted (Nasraway et al.
2002). Disturbances in absorption, distribution, metabolism, and

elimination of analgesic drugs must therefore be considered during
this period as any derangements may significantly impact on the
action of these drugs and the subsequent ability to control pain.

Absorption
In the majority of the general hospital patient population the gastrointestinal route is the preferred route of drug administration.
Gastrointestinal function in the perioperative period is, however,
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Figure 18.2 Ascending pain pathway, showing primary, secondary, and tertiary
nociceptive afferents finally synapsing in the cortex.
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Figure 18.3 Laminae of the dorsal horn with areas and associated nerve
fibres listed.
• C and Aδ-fibres terminate mainly in the superficial laminae (I and II) of the
dorsal horn.
• Some terminate deeper, in laminae V.
• In laminae I and V they synapse with second-order nociceptive afferents.
• In lamina II they synapse onto cell bodies of inhibitory interneurons.
• Inhibitory interneurones act to inhibit transmission between primary and
second-order nociceptive afferents.
• Both noxious and non-noxious primary afferents synapse onto the cell bodies of
the substantia gelatinosa.

frequently impaired or transiently unsuitable for drug administration. During surgical operations the intravenous route is therefore
usually preferred as the most practical, accessible, and commonly
used method of delivering analgesic agents. Gastric emptying is
often delayed in patients who are in pain, are stressed, or who have
recently sustained traumatic injuries. Concomitant medications
given in the perioperative period may also slow gastric emptying
(opioids, dopamine, sympathomimetic or anticholinergic drugs),
while extra-abdominal disease (diabetes, head injuries, systemic
sepsis, acid–base or electrolyte disturbances) may also do the same.
Before surgery, patients are usually expected to fast for 4–6 h, while
in the postoperative period 20–30% of patients experience nausea
and vomiting (Apfel et al. 2012). Similarly, intra-abdominal pathology such as a perforated viscus, intra-abdominal sepsis, actual

intestinal obstruction, or idiopathic pseudo-obstruction may cause
prolonged delays in gastric emptying. Even if gastric emptying is
normal, intestinal function may be impaired in the pre-and postoperative general surgical patient by prolonged fasting, mucosal
oedema, and gut hypoperfusion, with mucosal integrity diminished
within days of starvation. Consequently, absorption of analgesic
drugs from the gastrointestinal tract is often unpredictable, unreliable, or inappropriate in surgical patients before and after surgery,
requiring alternative routes of drug administration to be sought.
Peripheral tissue perfusion can also be decreased as a result of
tissue oedema, shock, sympathetic stimulation, or the administration of vasoconstrictor drugs, or conversely increased in the septic
or burns patient. Subcutaneous, intramuscular, and transdermal
routes of delivery may therefore also be unpredictable routes for
drug delivery in a selection of patients in the perioperative period.

Distribution
After delivery of an analgesic into the circulation, the majority of
the drug becomes bound to a protein carrier within the plasma,
usually albumin or a member of the globulin family. Such plasma
protein carriers are responsible for the transportation of the drug
to the tissues and site of action, here the drug dissociates from
the carrier protein diffusing down a concentration gradient to its
effect site.
Although albumin’s main physiological role is to regulate colloidal osmotic pressure in blood, it also plays a major role in the
protein transport of many drugs, primarily binding neutral or
acidic compounds. NSAIDs are often acidic and so are frequently
highly protein bound to albumin. Of the commonly used NSAIDs
(diclofenac, ketorolac, ketoprofen, indometacin, and ibuprofen) all
show protein binding greater than 90% predominately to albumin.
During inflammation states and malnutrition, plasma albumin
concentrations may decrease, with resultant increases in free drug
concentrations leading to enhanced drug effects. Such changes may
be relevant for NSAIDs and may also affect morphine which is up
to 40% protein bound, chiefly to albumin.
Of the globulins, α1-acid glycoprotein is the main protein carrier,
acting as a carrier of basic and neutrally charged lipophilic compounds. An acute-phase protein α1-acid glycoprotein, unlike albumin, increases markedly during many inflammatory conditions.
Several of the commonly used opioids and local anaesthetic agents
are basic compounds and as such are highly bound to α1-acid glycoprotein. Alfentanil and fentanyl are 80–95% protein bound and
the local anaesthetic agents bupivacaine and ropivacaine are more
than 90% bound, all chiefly to α1-acid glycoprotein. It would be
expected that with any increase in binding protein in inflammatory states the amount of free drug for these compounds would
be decreased. This is not seen with different isoforms of α1-acid
glycoprotein changing independently of one another and limiting
any expected changes in free drug concentration. In addition to
inflammatory states, the elderly also have higher concentrations
of α1-acid glycoprotein. Hence the proportion of bound to free
drug may be altered in aged patients. Elderly surgical patients may
also show increased pharmacodynamic sensitivity to many drugs,
with a greater drug effect observed after a given dose, irrespective of alterations in protein binding, distribution volumes, or
organ-dependent elimination. In all cases therefore, dose should
be titrated to clinical effect.
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The primary aim of metabolism is to convert lipid-soluble compounds into water-soluble compounds that can subsequently be
excreted by the kidney and eliminated from the body in urine. The
majority of analgesic drugs are metabolized in the liver, although
extra-hepatic sites of metabolism do exist. Hepatic metabolism is a
two-phase process; phase I reactions (e.g. oxidation, reduction, and
hydroxylation) are performed by cytochrome P450 (CYP), a non-
specific enzyme system of more than 150 related enzymes, and phase
II synthetic reactions, consisting of conjugation of the products of
phase I reactions with one of a variety of differing groups (glucuronide, methyl, acetate, sulphate) rendering the product renally excretable (Williams 2008). Metabolism is, however, variable and affected
by temperature, stress, inflammatory mediators, endocrine disease,
racial origin, sex, and diet, differing from individual to individual.
In addition, drugs which share a common phase I metabolic pathway and CYP isoenzyme, may compete for binding sites. The rate
of phase I and phase II reactions can also be altered by induction or
inhibition by other drugs, alcohol, or cigarette smoking.
Most opioids used in clinical practice are predominately metabolized by glucuronidation. This metabolic process is very effective
with clearance of the drug described as being flow-limited, that is,
the clearance of drug is determined by blood flow to the liver and
not by enzyme function. Hepatic function must therefore become
severely impaired before opioid metabolism decreases, although
alterations in hepatic blood flow may delay clearance. Such a process converts morphine, the parent compound, to morphine-3-
glucuronide and morphine-6-glucuronide (McArdle 1999; Mazoit
et al. 2007). Hepatic enzyme systems are, however, immature in
neonates and premature infants, allowing for morphine and its
two main metabolites to accumulate, with rapid toxicity because
of poor drug clearance. Similarly in the elderly population there
is a reduction in hepatic blood flow by up to 50% and a reduction
in enzymatic function that may lead to enhanced sensitivity to
opioids or prolonged drug effects. Unlike morphine, alfentanil is
metabolized primarily by oxidative phase I systems, but still shows
a marked increase in half-life and reduction in clearance times in
patients with impaired hepatic function particularly liver cirrhosis
(Brooks et al. 2005).
Genetic factors are also important when considering the effectiveness of opioid analgesics. Morphine-3-glucuronide is known to
have antanalgesic properties, while morphine-6-glucuronide is 40
times more potent an analgesic than morphine. Two different types
of UDP-glucuronyl transferases are responsible for the production
of these two metabolites, with some people lacking the enzyme
responsible for morphine-6-glucuronide production and consequently experiencing poor analgesia from morphine compared
with the general population (Blakemore and White 2002; Mazoit
et al. 2007). Similarly codeine is metabolized to morphine by the
enzyme CYP2D6, and is effectively a pro-drug. Ten per cent of
the Caucasian population lack a functioning form of this enzyme,
rendering codeine ineffectual in these individuals, while another
10% are considered hyper-metabolizers, being more sensitive to
side-effects of codeine administration (Inturrisi 2002; Pathan and
Williams 2012).
Drug administration itself may also alter metabolism with certain compounds inhibiting and others inducing metabolic pathways. This is important in patients receiving a variety of drugs. For

example, morphine suppresses its own metabolism by inhibiting
desmethylation, although its main metabolic pathway, glucuronidation, is unaffected. Likewise propofol has been shown to reduce
the metabolism of alfentanil and midazolam by the inhibition of
various CYP enzymes.
Remifentanil differs from the other opioids used in clinical
practice as it does not rely on hepatic metabolism for its degradation. Instead, remifentanil is metabolized by rapid hydrolysis by a
range of esterases, distinct from plasma cholinesterase, found in
the blood and tissue. Hepatic disease states therefore have little or
no effect upon its metabolism and pharmacokinetic profile. Even
short-acting opioids such as fentanyl and alfentanil show accumulation and redistribution to fatty tissue after continued infusion,
whereas remifentanil’s unique metabolic pathway and short terminal half-life of around 10 min mean that prolonged infusion will
not result in drug accumulation (Egan et al. 1993; Glass et al. 1993).
This allows remifentanil to maintain a short half-life regardless of
the duration of infusion, making remifentanil an ideal rapid-onset
short-acting opioid analgesic agent for use in theatre and intensive
care, where patients may be sedated for prolonged periods of time
and rapid clearance of drug is beneficial (Fig. 18.4).

Elimination
Renal elimination of water-soluble analgesic drug metabolites is
governed by glomerular filtration, tubular secretion, and tubular reabsorption. In the perioperative setting, renal function may
be impaired because of derangement of these processes primarily through sepsis or hypovolaemia leading to drug or metabolite
accumulation and toxic side-effects. This may be of importance
for morphine which is metabolized to the active compounds
morphine-6-glucuronide and morphine-3-sulphate. Accumulation
of these metabolites and morphine, can cause sedation, respiratory
depression, and toxic effects. Likewise, normeperidine, a metabolite of meperidine, may accumulate in renal failure and has been
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Figure 18.4 A simulation of the time necessary to achieve a 50% decrease in
drug concentration in the blood (or plasma) after variable length intravenous
infusions of remifentanil, fentanyl, alfentanil, and sufentanil. The simulation for
remifentanil was done using NONMEN® three-compartment model parameters;
the curves for the other opioids were simulated using parameters obtained from
the literature.
Reproduced with permission from Egan T, Lemmens PF et al., The Pharmacokinetics of
the New Short-acting Opioid Remifentanil (GI87084B) in Healthy Adult Male Volunteers.
Anesthesiology, Volume 79, Issue 5, pp. 881–892, Copyright © 1993 Wolters Kluwer Health and
the Journal of the American Society of Anesthesiologists, Inc.
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associated with neuroexcitatory phenomena (tremors, myoclonus,
and seizures). NSAIDs are also relatively contraindicated where
hypovolaemia is present as a result of concerns with NSAID-
induced renal impairment.
It is clear that many physiological and pharmacological factors influence both the sensation of pain and analgesic requirements. Even in healthy volunteers, analgesic requirements may
vary between individuals 10-fold (Eisenberg et al. 2005; Corbett
et al. 2006). Furthermore the pharmacokinetic principles that are
applied to the hospital population at large may not hold true in
the perioperative patient. It is therefore important to recognize
that different patients may have profound variations in analgesic
requirements, and that all analgesics drugs should be titrated to
effect, with prolonged administration stopped on a regular basis to
check for signs of drug accumulation particularly in the ill elderly
patient.

Opioid analgesics
Introduction to opioid analgesics
Although many different pain-relieving drugs and analgesic regimens are currently used in anaesthetic practice (McQuay et al.
2012), opioids have perhaps the longest history of usage, with
morphine the archetypal opioid with which all other analgesics are
compared. As long ago as 3000 bc, the opium poppy, Papaver somniferum, was cultivated for its active ingredients, with opium being
used as a surgical analgesic for the past 2500 years (Blakemore and
White 2002; McDonald and Lambert 2005; Williams 2008). Despite
opium use as a postoperative analgesic in Western medicine from
the 1780s, it was not until morphine was isolated from opium in
1806 by Sertürner that modern opioid pharmacology was truly
born. The deduction of the chemical formula for morphine in 1847
and the invention of the hypodermic needle in 1853, led to the ability to easily deliver precise quantities of morphine and to its widespread clinical use.

Classification of opioid analgesics
Morphine is the most widely known of four naturally occurring
alkaloids (plant-derived amines) that can be isolated from the
opium poppy: morphine, codeine, papaverine, and thebaine. After
the isolation of these alkaloids and elucidation of their chemical
structures, simple chemical manipulations of their structures began
to yield a range of semi-synthetic opioids useful in clinical medicine (agents such as diamorphine, dihydrocodeine, buprenorphine,
nalbuphine, naloxone, and oxycodone) (Blakemore and White
2002). The twentieth century saw a greater understanding of the
mechanism of action of opioids with the first chemical synthesis of
morphine in 1903 and subsequent production of a number of synthetic opioids, which can themselves be divided into four chemical
groupings: the morphinan derivatives (levorphanol, butorphanol),
the diphenylheptane derivatives (methadone, propoxyphene), the
benzomorphan derivatives (pentazocine, phenazocine), and the
phenylpiperidine derivatives (pethidine, alfentanil, fentanyl,
sufentanil, and remifentanil).
Opioids can also be categorized according to their effect at opioid
receptors as agonists, partial agonists, and antagonists (McDonald
and Lambert 2005; Stoelting and Hillier 2006). Agonists interact
with a receptor to produce a maximal response at that receptor
(analgesia after morphine administration). Conversely, antagonists

bind to receptors to produce no functional response, while preventing an agonist from binding to the receptor (naloxone). Partial agonists bind to receptors but elicit only a partial functional response
no matter the amount of drug administered (buprenorphine).

Opioid receptors
In addition, opioids can be categorized according to the type of
opioid receptor at which they bind (McDonald and Lambert 2005;
Dietis et al. 2011). Classically, there are considered to be three
opioid receptors, all of which are Gi protein-coupled. Originally
these receptors were named mu (μ: after morphine, its most commonly referenced agonist), delta (δ: after vas deferens, the tissue
within which it was first isolated), and kappa (κ: after the first
compound found to act at this receptor, ketocyclazocine). In 1996
these receptors were renamed OP1 (the delta receptor), OP2 (the
kappa receptor), and OP3 (the mu receptor), with a further change
of nomenclature in 2000 to DOP, KOP, and MOP. Now, however,
the International Union of Pharmacology recommends using the
original Greek nomenclature and the DOP, KOP, and MOP classification for opioid receptors. In addition, some authorities contend
that there are multiple subtypes of the three classical opioid receptors, although this is not a belief held by all researchers within the
field (Dhawan et al. 1996).
Soon after classification of the opioid receptors, endogenous
ligands active at the various receptors were discovered in brain
extracts, with significant cross-talk between the endogenous agonists and the three classical receptors. These active ligands are
derived from precursor parent peptides which are converted to
the active ligand peptide by proteolytic cleavage. The DOP receptor agonists met-enkephalin and leu-enkephalin are formed from
proenkephalin, the KOP receptor agonists dynorphin A and B are
derived from prodynorphin, while pro-opiomelancortin is the precursor molecule for the MOP receptor agonist β-endorphin. Two
further endogenous peptides act as agonists at the MOP receptor,
endomorphin 1 and 2, but no precursor has yet been identified
(McDonald and Lambert 2005).
In 1994, a fourth G protein-coupled endogenous opioid-like
receptor was found, and named the nociceptin (NOP) receptor. Its
endogenous ligand, nociceptin/orphanin FQ (N/OFQ), is similarly
derived from a precursor compound called pre-pro-nociceptin.
Although the N/OFQ/NOP system does not bind naloxone and
its effects are not reversed by naloxone, it shares a marked similarity to the known amino acid sequences of the classical opioid
receptors and acts to produce actions similar to those described for
the classical opioid receptors at a cellular level. Consequently the
International Union of Pharmacology considers the NOP receptor
to be a non-opioid branch of the opioid receptor family (Calo et al.
2000; Pan et al. 2000).
The four opioid receptors are widely distributed within the
central nervous system and, to a lesser extent, throughout the
periphery, occupying sites within the vas deferens, knee joint, gastrointestinal tract, heart, and immune system, among others (Stein
et al. 2003). However, regardless of distribution, common intracellular responses follow receptor activation. Binding of an opioid agonist to a G protein-coupled opioid receptor results in the
α subunit of the G protein exchanging a bound guanosine diphosphate (GDP) molecule for an intracellular guanosine triphosphate
(GTP) molecule. The α-GTP complex formed can then dissociate away from the remaining βγ complex of the G protein. Both
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of these complexes (α-GTP and βγ) are then free to interact with
target proteins. For classical opioid agonist binding, this results in
the inhibition of adenylate cyclase, leading to a reduction in intracellular cyclic adenosine monophosphate (cAMP) concentrations.
Furthermore, the complexes formed interact with a number of ion
channels, increasing cellular potassium conductance and inhibiting
conductance of calcium. The net effect of agonist binding to any
of the opioid receptors is therefore to reduce intracellular cAMP,
hyperpolarize the cell in question, and, for neuronal cells, reduce
neurotransmitter release (Fig. 18.5). Paradoxically, activation of
opioid receptors in some tissues can however lead to an increase in
intracellular calcium concentration (Harrison et al. 1998).
Despite the similar intracellular effects after receptor stimulation,
in clinical practice differing opioid receptors produce a range of disparate effects, sometimes dependent upon the location of the receptor. Agonist stimulation of the MOP receptor results in analgesia,
sedation, respiratory depression, bradycardia, nausea and vomiting, and a reduction in gastric motility. Activation of DOP receptors results in spinal and supraspinal analgesia and reduced gastric
motility, while KOP receptor stimulation may produce spinal analgesia, diuresis, and dysphoria. Activation of the fourth opioid receptor, NOP, markedly differs from stimulation of the classical opioid
receptors. When administered spinally, the NOP agonist, N/OFQ
peptide, produces analgesia or hyperalgesia, dependent upon the
administered concentration, and allodynia. However, when administered intracerebrovascularly, N/OFQ produces a pro-nociceptive
anti-analgesic effect, thought to be as a result of an inhibition of
endogenous opioid tone.
A number of descending impulses inhibit transmission through
lamina II of the dorsal horn (the substantia gelatinosa), such as
stimulation of descending pathways from the periaqueductal grey
area via the nucleus raphe magnus. These tracts are affected by
opioid ligands and by α2-adrenergic pathways through the locus
ceruleus. In particular, the locus ceruleus, rostral ventral medulla,
and periaqueductal grey areas are rich in endogenous opioids
(β-endorphins and enkephalins) and opioid receptors. Opioids
can interact with these pathways to elicit analgesia indirectly by
stimulating descending inhibitory pathways via their excitatory
action on neurones within the periaqueductal grey and nucleus
reticularis paragigantocellularis (Oertel et al. 2008). Stimulation of
these inhibitory neurones leads to greater neuronal traffic through
the nucleus raphe magnus increasing stimulation of 5-HT and
encephalin-containing neurones which connect directly with the
substantia gelatinosa of the dorsal horn. Direct opioid action can
also cause an inhibitory effect at the substantia gelatinosa and
peripheral nociceptive afferent neurones, reducing nociceptive
transmission from the periphery. Combined, these effects result in
a reduction in nociceptive transmission from the periphery to the
thalamus and are the main mechanisms responsible for much of
the analgesic effect commonly seen with opioid drugs (Fig. 18.6).

Clinical opioids
Of the opioid analgesics used today in clinical practice, all act at
least in part at the MOP receptor. Many also, however, display
some degree of activity at one or more further opioid receptor or
receptors distinct from the opioid family. Indeed, morphine, the
archetypal MOP receptor agonist, although exerting much of its
analgesic potential via MOP receptor activation, has activity at
both DOP and KOP receptors. While MOP receptor agonism is
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Figure 18.5 Intracellular changes occurring after binding of an opioid agonist to a
G protein-coupled opioid receptor.
Reproduced from Pathan H. & Williams J. Basic opioid pharmacology: an update. British Journal
of Pain, Volume 6, Issue 1, Copyright © 2012 by SAGE. Reprinted by permission of SAGE.
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analgesia either by direct action inhibiting nociceptive afferents in the periphery
or by indirect action increasing descending inhibitory traffic through the NRPG
(nucleus reticularis paragigantocellularis) and PAG (periaqueductal grey). MOP
agonists will also act upon the NRM (nucleus raphe magnus) to inhibit spinal
transmission.
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of Pain, Volume 6, Issue 1, Copyright © 2012 SAGE. Reprinted by permission of SAGE.

responsible for the majority of the analgesic effect of opioids, activity at opioid receptors also accounts for the side-effects seen with
their use. Opioids can reduce conscious level resulting in coma and
elicit euphoria particularly when given in excess, effects that have
made them drugs of abuse. Opioids also affect the respiratory system, reducing respiratory rate and obtunding airway reflexes, an
effect utilized during anaesthesia. With regard to cardiovascular
function, although generally preserving cardiac stability, opioid
administration can induce histamine release significant enough to
lead to reductions in systemic vascular resistance and blood pressure. Opioids may also cause constipation, nausea, vomiting, urinary retention, pruritus, muscular rigidity, miosis, and dysphoria
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in certain individuals. However, in spite of the numerous drawbacks associated with opioids they remain to this day the yardstick
against which all other clinically effective analgesics are measured.
In the perioperative period and general clinical practice morphine is the most frequently used and recognized of opioid pain
killers. In clinical practice, it can be administered via several routes,
oral, intravenous, subcutaneous, transdermal, sublingual, intramuscular, epidural, intrathecal, or intra-articular dependent upon
setting. However, as a result of its low lipid solubility, morphine
penetrates the blood–brain barrier slowly and displays a slow onset
of action when not delivered centrally. It has a lipid solubility one
90th that of alfentanil and one 580th that of fentanyl. In comparison to these two agents, morphine’s peak analgesic effect is therefore delayed, even after parenteral administration, with maximal
analgesic effect being experienced by the patient some 15–20 min
after intravenous and 30–60 min after intramuscular administration. In comparison, alfentanil will exert an analgesic effect within
2 min of intravenous administration.
Morphine is also often used orally, however via this route morphine’s bioavailability is reduced with typically 40–60% failing to
reach the systemic circulation as a result of significant first-pass
metabolism, predominantly via glucuronidation, in the liver and
gut wall. As previously discussed, the metabolites of morphine are,
however, long-lived, acting as analgesic and antanalgesic agents
they are capable of modulating morphine’s antinociceptive action
in the postoperative period. Although in health morphine displays
an elimination half-life of around 150 min, this value may therefore be significantly altered in renal failure, if a patient is elderly,
concomitantly using other medications, or has derangements of
renal or hepatic function. Frequent doses of morphine to allow for
a consistent plasma and effect-site concentration to optimize analgesic effect may be necessary unless slow-release oral or epidural
preparations are used.
Effectiveness of analgesic agents can be expressed as the number
of individuals needed to be treated for one to receive a 50% reduction in pain for 4–6 h compared with placebo. This figure is commonly referred to as the number needed to treat or NNT (Moore
et al. 2011; McQuay et al. 2012). Using such an approach for a normal parenteral adult dose of between 10 and 15 mg, morphine has a
NNT of 2.9. Many researchers, however, question the methodology
underpinning NNT to calculate analgesic effectiveness, arguing
that analgesic requirements are often dictated by type of surgery
and not just extent of tissue damage (Gray et al. 2005; Joshi 2013b).
Meperidine, alfentanil, fentanyl, and remifentanil are all commonly encountered MOP receptor agonists used in the perioperative setting, with all differing from morphine primarily in their
pharmacokinetic properties. As discussed, alfentanil and fentanyl
are both highly lipid-soluble with a far more rapid onset of action
than morphine. Similarly to morphine, prolonged administration
of alfentanil or fentanyl can also result in sequestration to fat stores
and an extended period of recovery as the drug is returned to the
vascular compartment from fatty tissues before metabolism and
renal excretion. Fentanyl is some 100 times more potent than morphine with an adult intravenous dose of μg kg−1. In small anaesthetic dosages its effect site concentration rapidly declines because
of redistribution to fatty tissues, giving it a duration of action of
around 20–30 min. Fentanyl’s terminal half-life is between 3 and
7 h, and with accumulation in fatty tissues it may take some hours
for its effects to wear off after prolonged infusion. Alfentanil is less

potent than fentanyl, usually administered as 10–50 μg kg−1 boluses
it can be used as an infusion with similar issues of accumulation as
experienced with fentanyl, albeit with a shorter terminal half-life
(90–120 min). However, even though alfentanil is less lipid-soluble
than fentanyl it has a more rapid onset of action as almost 90% is
unionized at physiological pH because of its lower pKa. Alfentanil
will therefore cross the blood–brain barrier rapidly and equilibrate
with the central nervous system within 1 min.
Opioids are used after a variety of surgical procedures and in
various pain states, but they are generally considered to be most
effective when used in an acute setting for dull, continuous, visceral
pain. Although there is good evidence that opioids are effective at
significantly reducing this type of pain in this setting (MacIntyre
et al. 2010; Moore et al. 2011), there is a lack of high-quality evidence supporting opioids use for chronic pain states (Collett 2001;
British Pain Society 2013). Recent Cochrane reviews question the
extended use of opioids in this setting, reporting weak evidence for
their use in the management of long-term non-cancer neuropathic
pain (Eisenberg 2005; Eisenberg et al. 2005, 2006), while studies
show only a small to moderate benefit of opioid administration
in chronic musculoskeletal pain with an increased frequency of
adverse events (Furlan et al. 2006; Nüesch et al. 2009; Noble et al.
2010).
In the acute pain setting codeine and oxycodone are also commonly used in addition to or in place of morphine, with buprenorphine gaining a degree of popularity in the chronic pain setting
when administered transcutaneously. Oxycodone, a potent semi-
synthetic derivative of thebaine, mediates its analgesic properties
through MOP and KOP receptors and can be manufactured in a
time-release preparation allowing it to be administered twice a
day (Nielsen et al. 2007). Buprenorphine in contrast is one of the
few opioid partial agonists available for medical administration
(Soichiro et al. 2004). It is thought to produce analgesia at low
plasma concentrations via its interaction with the MOP receptor,
but anti-analgesic effects at high doses through KOP and NOP
receptor interaction, hence allowing it to display a partial agonist
profile. Buprenorphine can be delivered via the transdermal route
making it a useful drug within the chronic pain clinic, where its low
potential for respiratory depression is advantageous.
Tramadol and tapentadol are two further opioid receptor agonists that, in addition to MOP agonist effects, also have activity at
other non-opioid sites. Tramadol, a phenylpiperidine analogue of
codeine with comparable analgesic effect, also acts through modulation of serotonin and noradrenaline reuptake. This novel mechanism of action is purported to produce less respiratory depression
and fewer gastrointestinal side-effects than pure MOP agonists of
comparable analgesic potency. Interaction with drugs that inhibit
serotonin and noradrenaline reuptake centrally may, however, lead
to seizures. Tramadol induces sedation, nausea, and vomiting in up
to 25% of Caucasian patients that precludes its use in these patients.
Tramadol’s analgesic and side effect profile depends upon genetic
polymorphism. Tramadol metabolism depends on CYP2D6 activity
leading to O-desmethyltramadol which is active on MOP receptors.
Ultra-rapid metabolizers experience high plasma concentration of
O-desmethyltramadol and consequently a high incidence of nausea and vomiting. In addition, the analgesic effect of tramadol is
partly reversed by concomitant use of 5-HT3 inhibitors (setrons).
Tapentadol has also recently been released in the United Kingdom
for use in moderate to severe acute pain and as a prolonged-release
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preparation for chronic pain. Tapentadol displays MOP receptor
agonism and noradrenaline reuptake inhibitor properties providing comparable analgesic efficacy to controlled-release oxycodone.
The modern understanding of opioid pharmacology gained over
the past two centuries ensures that, despite their longevity and
place in medical practice for almost 5000 years, opioids remain the
gold standard to which all other analgesics are compared.

Non-steroidal anti-inflammatory drugs
Introduction to non-steroidal anti-inflammatory
drugs
In modern clinical practice, NSAIDs are frequently used in the treatment of mild or moderate pain, as adjuncts to opioids analgesics, to
reduce opioid requirements, or as first-line analgesics in their own
right to combat musculoskeletal pain (Ong et al. 2007; Moore et al.
2011). In anaesthetic practice, non-steroidal anti-inflammatory
agents are widely used, where they are utilized preoperatively as
‘pre-emptive analgesics’ and commonly in the intraoperative and
postoperative periods (MacIntyre et al. 2010).
Aspirin is one of the world’s most frequently ingested medicines
and has been used since the late 1800s, however the mechanism of
action of NSAIDs was not fully appreciated until 1971 when John
R. Vane demonstrated that the cyclooxygenase enzyme catalyses
the synthesis of prostaglandins from arachidonic acid, and that
NSAIDs exert their action by inhibiting this enzyme. For this
insight Vane received the Nobel Prize for Physiology or Medicine
in 1982 (Fig. 18.7) (Vane et al. 1998; Hawkey 2001). In the years
after this discovery two distinct active forms of the cyclooxygenase
enzyme were isolated in humans. These were considered to either
be constitutional or inducible and were classified as cyclooxygenase enzyme 1 (COX-1) and cyclooxygenase enzyme 2 (COX-2)
respectively. Today we know that most NSAIDs act by inhibiting
either one or both of these pro-inflammatory enzymes, leading to a
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reduction in the production of a range of prostaglandins and eliciting analgesia by COX-2 inhibitory action, primarily in peripheral
tissue, and nerves but also in the central nervous system, especially
at the level of the spinal cord.

NSAID-mediated analgesia
Throughout the body, prostaglandins are responsible for a range of
effects including modulation of inflammatory processes, vascular
reactivity, maintenance of renal tubular function, renal vasodilation, prevention of platelet adhesion, gastric mucosal protection,
and bronchial and other smooth muscle reactivity (Miller 2006).
Prostaglandins, however, do not directly act on nociceptors or
free nerve endings to elicit pain (Morita 2002). Instead NSAIDs
reduce pain through a reduction in prostaglandin expression.
After tissue damage, such as that caused by surgery, numerous pro-
inflammatory agents are released from injured tissue and the surrounding area creating an inflammatory soup of pro-inflammatory
chemical entities: leukotrienes, hydrogen ions, potassium ions, and
pro-nociceptive peptides such as bradykinins, histamine, and 5-
HT. The effect of this inflammatory environment is to reduce the
threshold required for activation of Aδ and C fibre nerve ending
receptors, the fibres responsible for the transmission of painful
impulses from the periphery. Hence inflammatory sensitization
of nociceptive nerve endings results in even low-intensity stimuli
being experienced as pain. By inhibiting cyclooxygenase activity and reducing tissue concentrations of prostaglandins, NSAIDs
reduce sensitization of nociceptive nerve endings, which in turn
leads to the analgesic effect seen after NSAID usage rather than by
a direct action of NSAIDs on pain nociceptors or free nerve endings themselves.

Classification
Under normal physiological conditions and in many different cell
types and tissues the cellular expression of COX-1 mRNA and
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Figure 18.7 Schematic showing production of prostaglandins from essential fatty acids and site of action of non-steroidal anti-inflammatory drugs and steroids.
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protein is relatively stable and predominates over COX-2 expression. Although COX-2 expression is inducible in some systems, it
is generally considered to be a constantly expressed ‘housekeeping’ gene. COX-2 is however highly responsive to up-regulation
by numerous mediators of inflammation; interleukin (IL)-1α, -
1β, tumour necrosis factor alpha (TNFα), and lipopolysaccharide
(LPS). All of these inflammatory mediators are capable of inducing
COX-2 gene expression and enzyme production leading to associated local increases in prostaglandin synthesis in inflammation.
COX-1 and COX-2 enzymes are encoded by different parts of
the genome and although they show a high degree of homology
with 61% of amino acids identical between enzymes and 84%
similar, there are differences in structure of the active binding sites
in each enzyme, which lead to differences in their biological and
pharmacological properties. Indeed the development of COX-2-
specific drugs stemmed in part from the observation that the COX-
1 enzyme exhibits a slightly smaller active site than the COX-2
enzyme, with COX-2 containing a single amino acid substitution
of valine for isoleucine within the enzyme structure. This simple
amino acid substitution gives the COX-2 enzyme an additional
pocket within the structure for substrate binding at the active site.
This modest change in structure allowed for the development of
agents slightly too large for COX-1 binding to be manufactured and
for COX-2 selective enzyme inhibitors to be produced. A second
single amino acid substitution (leucine in COX-2 for phenylalanine
in COX-1) in the COX-2 enzyme may also account for some of
the differences in enzyme selective inhibition displayed by NSAIDs
(see Fig. 18.8).
Individual prostaglandin products of cyclooxygenase activity
are, however, identical regardless of COX-1 or COX-2 pathway,
with the specific pathway dictating the amount of prostaglandin
produced and this quantitative rather than qualitative difference
accounts for the disparate biological effects of COX 1 and COX
2. The differences in structure do not result in gross differences in
the kinetic properties of the two enzymes, with both COX-1 and
COX-2 converting arachidonic acid to prostaglandins and relative
COX-1 or COX-2 activity being dependent upon local cellular and
tissue conditions.
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Figure 18.8 Differences between constitutive cyclooxygenase (COX)-1 (left) and
inducible COX-2 (right).
Reprinted from The Lancet, Volume 353, Issue 9149, Hawkey CJ, Cox-2 inhibitors, pp. 307–314,
Copyright © 1999, with permission from Elsevier.

Adverse effects
Unfortunately, because of the very nature of cyclooxygenase’s widespread and constitutive expression under basal conditions, non-
selective cyclooxygenase inhibitors affect the function of many
physiological systems. NSAIDs are therefore associated with a
number of adverse effects: peptic irritation and ulceration, platelet dysfunction and haemorrhagic side-effects, bronchospasm, and
renal impairment. Consequently NSAIDs are contraindicated or
should be used with caution in individuals who suffer from asthma,
renal impairment, a bleeding diathesis, or peptic ulceration. In the
perioperative patient hypovolaemia is also a relative contraindication to the use of NSAIDs as a result of the effect of NSAIDs on renal
blood flow and association with renal injury. Peptic irritation and
ulceration are also a major concern with NSAID administration
bestowing a relative risk of 2.7 for peptic perforation and bleeding
associated with use compared with non-users. After the discovery
of a second inducible form of cyclooxygenase (COX-2) and in an
attempt to limit these adverse events, COX-2 selective inhibitors
were sought and developed in the 1990s. The rationale behind this
move was to formulate agents capable of inhibiting the production
of prostaglandins in inflamed tissue while delivering equivalent
anti-inflammatory and analgesic effects to traditional non-selective
NSAIDs, while leaving relatively untouched the production of constitutively COX-1-produced prostaglandins in non-inflamed tissue. It was hoped that this approach would limit the negative effects
experienced with non-selective agent administration.
In part this tactic has been successful, with the COX-2 selective agents developed delivering equivalent analgesia to traditional
NSAIDs, but with a reduced incidence of gastric and duodenal
complications. As with opioids and all analgesic agents effectiveness may be expressed as the number of individuals needed to be
treated for one to receive a 50% reduction in pain for 4–6 h compared with comparison with placebo. For COX-2 selective agents to
produce analgesia after surgery, NNTs range from 4.5 to 1.5 and are
comparable to most commonly used non-selective agents in this
setting. In addition, several large studies have shown that COX-2
selective inhibition of cyclooxygenase results in a reduction in the
peptic side-effects commonly associated with NSAID agents. Over
recent years concerns have, however, been raised regarding the cardiovascular safety of certain COX-2 selective agents (Fosbøl et al.
2009; Coxib Collaboration 2013).
The detrimental cardiovascular effects observed with COX-2
selective agents seem to arise from the affect these agents have on
platelet and vascular function. Although platelets do not express
COX-2 and their function is therefore unaffected by COX-2 selective inhibitors, COX-2 selective agent use can result in an increase
in thrombotic events because of their potential to inhibit prostacyclin (PGI2)-mediated vasodilation in the vascular endothelium
while preserving platelet function (Kearney et al. 2006; McGettigan
and Henry 2006). Reports of increased cardiovascular risk led to
the withdrawal of rofecoxib in 2004 and for the Medicines and
Healthcare products Regulatory Agency (MHRA) in the United
Kingdom to issue advice regarding COX-2 usage in 2005. More
recently studies suggest that even non-specific NSAIDs with a
high COX-2 inhibitory profile (diclofenac, indometacin, piroxicam) may be associated with cardiovascular events in patients
with pre-existing cardiovascular disease and in healthy individuals (McGettigan and Henry 2011; Schjerning et al. 2011). After
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this the MHRA reissued advice in October 2012 regarding non-
specific NSAIDs, suggesting that recent studies provide further
confirmation of a dose-dependent increase in cardiovascular risk
in association with celecoxib and diclofenac, but with no detectable
adverse cardiovascular effect with naproxen. It is now thought that
any increased risk may be seen after even short-term use of these
drugs in health and disease (García Rodríguez et al. 2008). Indeed,
meta-analysis of observational studies following patient outcomes
after NSAID administration suggest that the non-specific NSAID
diclofenac can increase the risk of myocardial infarction or death
from very early in administration, possibly the first dose and probably the first treatment course with relative risk for myocardial
infarction/death of 3.52 in individuals with previous myocardial
infarction and 1.67 in health. Naproxen, however, does not seem
to be associated with an increased risk in either group. Additionally
in a postoperative setting it has been suggested that diclofenac may
significantly increase the risk of anastomotic leak after colorectal
surgery (Gorissen et al. 2012).

Clinical NSAIDs
Numerous clinical studies carried out in the perioperative period
show that there is good evidence to suggest that NSAIDs are useful in the treatment of postoperative pain, particularly when used
in combination with opioid-based analgesics (Moore et al. 2011).
Evidence also shows that addition of NSAIDs to an opioid-based
analgesic regimen can reduce the dosage of opioid required by
30–50% to provide comparable analgesic benefit in the postoperative period. However, although frequently used within multimodal
analgesic regimens including other non-opioid analgesics, NSAIDs
are infrequently considered to be sufficient when used as sole agents
in the postoperative period for many surgical procedures.
Although the majority of analgesic agents used intraoperatively
are delivered by the intravenous route of administration there
seems to be no appreciable reduction in effect for those NSAIDs
that are available as oral and intravenous preparations if delivered
via either route, with evidence showing that there is little to choose
in terms of analgesic effectiveness between either route of delivery.
However, of the widely available NSAIDs only diclofenac, ketoprofen, and ketorolac are commonly administered via the intravenous
route in the perioperative setting, with an intravenous preparation
of ibuprofen also licensed for use in the United States by the Food
and Drug Administration.
Diclofenac, one of the most frequently prescribed NSAIDs, is
well absorbed when administered orally, but has a high first-pass
metabolism as a result of hydroxylation in the liver. Possessing both
COX-1 and COX-2 activity, 50 mg of oral diclofenac has a NNT
to achieve a 50% reduction in the postoperative period of around
2.7, while 100 mg has a calculated NNT of 2.3 in a similar setting. Interestingly comparison of NNT shows that diclofenac formulations may have a marked impact on the efficacy of analgesia
in acute pain with potassium salt formulations displaying lower
NNTs for analgesia than sodium salt formulations (1.9 vs 4.5 for
100 mg diclofenac potassium compared with diclofenac sodium).
Potassium salt diclofenac is also generally thought to have a more
rapid onset of action than the sodium salt. When administered
orally diclofenac will reach a peak plasma concentration within 1–2
h, displaying a terminal half-life of 1.5–2 h. Under normal conditions less than 1% of administered diclofenac is excreted unchanged.
The maximum advised dose within a 24 h period in adults is 150
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mg and therefore initial doses are often repeated dependent upon
first prescription.
Ketorolac is another NSAID that may also be administered via
the intravenous or oral routes and is usually administered in dosages of 10–30 mg. It provides comparable analgesia to diclofenac
with a NNT of around 2.6 for oral administration of 10 mg, reaching
peak plasma concentrations more rapidly than diclofenac in 30–60
min, and with a longer terminal half-life of some 4–6 h. Because
of concerns of renal impairment, the American College of Critical
Care Medicine does however recommend limiting its use to 5 days
after operation in the critically ill with careful monitoring of renal
function throughout, a precaution which should be used with all
NSAIDs during the perioperative period and if prolonged administration is considered (Nasraway et al. 2002). Other single-dose oral
NSAIDs show similar analgesic potency with NNT for 50% pain
relief of 2.5 for administration of 400 mg of the COX-2-specific
NSAID celecoxib, 2.5 for 400 mg ibuprofen and 3.4 for 500 mg of
naproxen.

Paracetamol
Although paracetamol’s mechanism of action is complex and not
well understood, paracetamol is frequently classified as a NSAID. It
is thought that it acts predominately centrally on COX-1 and COX-
2 enzymes to inhibit prostaglandin synthesis, but with very little
if any peripheral action upon the cyclooxygenase system. More
recent investigations have, however, indicated that the antinociceptive action of paracetamol is lost in mice devoid of the TRPA1
receptor (transient receptor potential cation channel, subfamily A,
member 1 receptor), an ion channel implicated in the transduction of noxious and inflammatory sensations. This finding suggests
paracetamol-induced analgesia may at least in part be modulated
via the TRPA1 receptor, a finding that could lead to a greater understanding of the mechanism of action of paracetamol and development of similar analgesics in the future.
Despite the lack of a clear understanding of its mechanism of
action, paracetamol has been widely used as an analgesic agent
since the 1940s. Well absorbed from the gastrointestinal tract it
can be administered orally, rectally, or as an intravenous infusion
with a dose of 1–2 g commonly administered in adults. Its analgesic efficacy is comparable to that of the other previously discussed
NSAIDs with a NNT of 3.5 for a 500 mg oral dose (MacIntyre et al.
2010; Tzortzopoulou et al. 2011). It is also often combined with the
opioid analgesics codeine and oxycodone, resulting in an increased
analgesic potency; combination of codeine 60 mg with paracetamol
1000 mg reduces the NNT for 50% pain reduction after surgery
to 2.2.
Although a member of the wider family of NSAIDs, paracetamol
is believed to have fewer side-effects than other NSAIDs. For this
reason, paracetamol can be safely used in instances where NSAIDs
are considered inappropriate such as asthma, gastric irritation,
bleeding diathesis, and renal impairment. It does, however, carry a
very real risk of hepatic damage after high dosage (single dose >10
g in adult patient; >150 mg kg−1 in children). Under normal conditions 90–95% of paracetamol is metabolized in the liver through
glucuronide and sulphate conjugation. The remainder is converted
via P450 hydroxylation to N-acetyl-ρ-amino-benzoquinone-imine,
a metabolite which subsequently reacts readily with sulphydryl
groups from hepatic stores of glutathione resulting in a harmless
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end product. After overdose, hepatic stores of glutathione may,
however, become depleted and N-acetyl-ρ-amino-benzoquinone-
imine accumulates, causing centrilobar hepatocellular necrosis.
Necrosis is most marked 3–4 days after paracetamol ingestion with
some 10–20% of individuals experiencing a degree of necrosis and a
1–2% overall mortality rate as a result of hepatic failure. Treatment
consists of early gastric lavage to remove partially digested and
undigested drug, fluid resuscitation, and administration of sulphydryl donors in the form of acetylcysteine. Acetylcysteine should
be given within 10–12 h of original paracetamol intake with its
administration guided by plasma paracetamol concentrations.
Further blood tests in the form of vitamin K and clotting levels will
provide an indication of developing problems with liver failure and
coagulation.

α2δ calcium channel ligands

Although opioids and NSAIDs are still the most commonly
administered analgesics for both acute postoperative and chronic
pain, much research has recently focused on alternative analgesic
adjuncts. It is hoped that use of these agents may reduce the usage
of opioids and NSAIDs hence limiting the side-effects commonly
observed with these drugs. Of the analgesic adjuncts studied to
date, the use of the α2δ calcium channel ligands gabapentin and
pregabalin is supported by the most robust evidence base.
Gabapentin and pregabalin are structural analogues of γ-amino-
butyric acid (GABA) that are not active at the GABA receptor.
Though gabapentin and pregabalin are thought to exert their
action through a wide variety of mechanisms their main antinociceptive effects are thought to be mediated via action on the
α2δ subunit of calcium channels (Taylor et al. 2007). Presynaptic
voltage-dependent calcium channels located in Aδ and C fibre
axonal endings allow intracellular calcium entrance which favours
neurotransmitter release into the neuronal synapse. Binding of
either gabapentin or pregabalin to the α2δ subunit of these calcium
channels, modulates calcium influx into the cell, preventing calcium entrance and the consequent release of the excitatory neurotransmitters calcitonin gene-related peptide (CGRP), substance P,
noradrenaline, and glutamate into the synapse. Thus, gabapentin
and pregabalin indirectly prevent N-methyl-D-aspartate (NMDA)
receptor activation, the resulting postsynaptic intracellular cascade,
and neural excitation. These agents do not, however, show comparable affinity for the receptor with pregabalin displaying an affinity
for the α2δ subunit six times greater than that of gabapentin.
While both gabapentin and pregabalin are absorbed from the gut
after oral ingestion, orally administered gabapentin shows saturable zero-order absorption kinetics. The effect of this is that plasma
concentrations of gabapentin do not increase linearly with increasing oral dose, making calculation of gabapentin’s pharmacokinetics
difficult after oral administration. Bioavailability therefore varies
inversely with dose for gabapentin, falling from 60% to 33% as dosage increases from 900 mg to 3600 mg per 24 h period. To overcome this phenomenon, fragmentation of the doses is necessary,
with in practice gabapentin given three times per day to achieve
a stable plasma concentration. Plasma concentrations of gabapentin are therefore initially proportional to first dose before reaching a plateau after repeat administration. Conversely, pregabalin’s
bioavailability is higher than that of gabapentin, with approximately 90% of an orally administered dose reaching the plasma.

Pregabalin also displays first-order kinetics resulting in linearly
increasing plasma concentrations with increasing dosages. Further
to oral administration, peak plasma concentration occurs within
2–3 h for gabapentin, with a more rapid peak in plasma concentration achieved within 30 min to 2 h for pregabalin. Both drugs
are not protein bound and with no significant hepatic metabolism
both gabapentin and pregabalin are eliminated unchanged by the
kidney with an elimination half-life of around 6 h. This may be
prolonged in renal impairment with the risk of accumulation in
individuals with chronic renal failure or acute kidney injury. The
main adverse effects of gabapentin and pregabalin are drowsiness
(>15%), dizziness (>10%), asthenia, headache, nausea, weight gain,
amblyopia, and ataxia (<5% for each of these latter effects). Because
of these side-effects, gabapentin and pregabalin are usually introduced gradually with increasing doses when used in the treatment
of chronic pain. In this setting, the maximum recommended dose
is between 1800 and 3600 mg for gabapentin and 300 and 600 mg if
tolerated for pregabalin.
Although initially launched on the market as antiepileptic
agents, both gabapentin and pregabalin have demonstrated some
preventive effect on the occurrence of allodynia and hyperalgesia. Clinical trials and robust meta-analyses of studies observing
the effect of these drugs in collectively more than 7000 patients
for pregabalin and more than 3500 patients for gabapentin, show
good efficacy in chronic neuropathic pain conditions (Moore
et al. 2009). Pregabalin shows NNTs for a 50% reduction in
baseline pain of between 3.9 and 5.6 dependent upon particular
neuropathic pain state. Daily dosages of pregabalin from 300 mg
to 600 mg (24 h)−1 show greatest efficacy, while lower [150 mg
(24 h)−1] doses are generally ineffective in this setting. Likewise,
gabapentin is effective for chronic neuropathic pain when used
in daily dosages of 1200 mg or above, with NNTs for 50% pain
reduction compared with placebo of between 5.8 and 6.8. Both
drugs are therefore approved for the treatment of chronic neuropathic pain such as diabetic peripheral neuropathy or post-
herpetic neuralgia.
Several clinical trials have also evaluated the value of gabapentin and pregabalin for acute pain control postoperatively when
administered either preoperatively or throughout the perioperative
period (Fassoulaki et al. 2002; Turan et al. 2004; Radhakrishnan
et al. 2005; Fassoulaki et al. 2006; Paech et al. 2007; Mathiesen
et al. 2008; Buvanendran et al. 2010a, 2010b). Although the narrative surrounding gabapentin and pregabalin in this setting is
not as clear as that in the chronic pain environment, clinical trials
of the two drugs does suggest that gabapentinoids reduce opioid
consumption and possibly pain scores postoperatively. Although
there is a wide variation in study heterogeneity, gabapentin administered as a premedication in doses between 600 and 1200 mg
can decrease morphine demand in the postoperative period by
between 30% and 60% (Fassoulaki et al. 2005; Pandey et al. 2005;
Ho et al. 2006; Hurley et al. 2006), while 250 mg of gabapentin as
a one-off dose has been shown to have an NNT of 11 for a 50%
reduction in established postoperative pain (Straube et al. 2010).
The most recent meta-analysis indicates that perioperative administration of gabapentin may reduce 24 h postoperative opioid consumption by on average 8.4 mg. with a concomitant reduction in
some of the side-effects associated with morphine administration
(Doleman et al. 2015). Fewer studies document the usage of pregabalin for the treatment of postoperative pain. Nonetheless these
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trials do suggest that a 300 mg or greater dose of pregabalin may
exert an opioid-sparing effect and decrease opioid consumption
in the first 24 h after surgery, reducing mean weighted morphine
requirements by 13.40 mg (Jokela et al. 2008; Ittichaikulthol et al.
2009; Peng et al. 2010; Engelman and Cateloy 2011; Zhang et al.
2011; Mishriky et al. 2015). Like gabapentin, the most recent meta-
analyses indicate that perioperative pregabalin administration
also significantly reduces pain scores in the postoperative period
(Tiippana et al. 2007; Moore et al. 2009; Eipe et al. 2015; Mishriky
et al. 2015).
More recent evidence has also indicated that both of these drugs
may have a role to play in the reduction of chronic postsurgical
pain. While these studies are small in number and size and may
be prone to publication bias, taken collectively they do raise the
possibility that when α2δ calcium channel ligand administration is
continued for several days into the postoperative period, chronic
postsurgical pain, particularly of a neuropathic nature, can be
reduced (Clarke et al. 2012). Moreover, even in the absence of
evidence of immediate postoperative analgesic benefit, continued
administration of these drugs may be justified if one’s aim is to
attempt to reduce central sensitization and prevent chronic pain
after surgery. Some studies have therefore highlighted the preventive effect of gabapentin and pregabalin on chronic pain after surgery most noticeably in surgical procedures prone to favour the
development of this type of chronic pain, such as breast or thoracic
surgery.
Beneficial effects of gabapentinoids in the perioperative
period also include a more rapid recovery of bowel motility and
a decrease in the incidence of nausea and vomiting, likely as a
result of the opioid-sparing effect. Conversely, repeated doses of
gabapentinoids are prone to induce side-effects in postoperative
patients such as sedation and dizziness (Ho et al. 2006; Engelman
and Cateloy 2011; Zhang et al. 2011). These adverse effects may
themselves preclude hospital discharge in an ambulatory setting
and lead to increased postoperative morbidity especially in the
aged population. Given the limited evidence base and concerns
outlined, the systematic use of these agents with the aim of preventing chronic pain after surgery thus needs to be supported by
further studies.

Nefopam
Nefopam is a cyclized analogue of the antihistaminic drug diphenhydramine and a member of the benzoxazocine chemical class,
with an unclear mode of action. In the early 1970s nefopam was
developed for use as an antidepressant agent and a myorelaxant;
more recently it has been used as an analgesic agent. Nefopam’s
analgesic mechanism of action is complex and thought to include
central inhibition of serotonin, dopamine, and noradrenaline
reuptake. It is also believed to augment descending inhibitory
pain control pathways and to be centrally active (Mather et al.
2000).
Although nefopam is approved for intravenous administration (20 mg over 20 min), oral administration may also provide
analgesia. After intravenous administration the analgesic effect is
obtained within 15 min, with a plasma half-life of approximately
4 h. Therefore peak effect occurs within 1 h and the duration of
action lasts 3–4 h. When given orally, approximately 60% of the
dose is metabolized via first-pass metabolism although the major
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route of excretion is renally with more than 90% of an administered
dose eliminated within 5 days by the kidney.
While individual drug trials have reported a significant opioid-
sparing effect of nefopam of between 20% and 30% with 20 mg
nefopam considered equivalent to 6–12 mg of morphine in some
publications (Tramoni et al. 2003; Evans et al. 2008), the limited
published evidence documenting its role in perioperative pain control has meant that comparison with other modalities of analgesia
is difficult (Kakkar et al. 2009). When quantified, nefopam’s ability to prevent postoperative pain is reported to be comparable to
that of NSAIDs. The benefit of combining nefopam and NSAIDs
is unclear, however; although a synergistic effect has been demonstrated experimentally, clinical studies have failed to provide evidence of the superiority of the combination over NSAIDs. Similarly
only one study has compared the combination of nefopam and paracetamol to one or other of the single drugs showing some supra-
additive effect.
Besides analgesia, several side-effects have been documented
with nefopam such as nausea and sweating after rapid administration, but also cognitive functional disturbances namely
delirium, dizziness, and headaches. Urinary retention and tachycardia related to the parasympatholytic effects of nefopam can also
occur. Accumulation in patients with chronic renal failure leads
to a risk of seizures and cardiac arrhythmia. In addition to these
risks, nefopam is contraindicated in pregnancy and breast feeding.
Administration should therefore be cautious in patients who suffer
from renal or hepatic failure and myocardial ischaemia.

Ketamine
Ketamine, (2-(o-chlorophenyl)-2-(methylamino) cyclohexanone)
a phencyclidine derivative, was initially launched on the market by
Park and Davis in the 1960s and has long been used as an anaesthetic agent despite its well-documented side-effects of delirium,
dysphoria, and confusion in the postoperative period. A mixture
of two enantiomers, the S(+) enantiomer is three-to four-fold as
effective as the R(−)-ketamine enantiomer in producing anaesthesia. Although ketamine may interact with many types of receptors
including MOP receptors, its main effect is thought to be mediated
via inhibition of excitatory synaptic transmission through non-
competitive antagonism of NMDA receptors. NMDA receptors,
a subtype of glutamate receptors, selectively bind NMDA and in
so doing regulate calcium channels. Ketamine closes this channel
by binding to a subunit of the NMDA receptor (the phencyclidine
binding site) of the receptor, causing inhibition of Mg2+ binding
which in turn closes the NMDA receptor’s calcium channel. NMDA
receptors are distributed throughout the brain and spinal cord,
although one particular subtype, the NR2B NMDA receptor subtype, are restricted to specific areas important for pain signalling,
including dorsal root ganglia, lamina I and II of the dorsal spinal
horn, thalamus, hippocampus, and cortex. Activation of receptors
allows calcium entrance into postsynaptic neurones and also activation of the enzyme phosphokinase which through stimulation of
nitric oxide synthase increases intracellular nitric oxide concentrations. Nitric oxide promotes RNA synthesis for new receptor synthesis and stimulates glutamate release (Hemmings and Hopkins
2006). Sustained activation of NMDA receptors can also increase
activation of nociceptive pathways leading to clinical manifestations of allodynia and hyperalgesia.
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Although ketamine has been administered via a variety of different routes, the intravenous route is the most commonly used
and often recommended in clinical practice. Ketamine has a rapid
onset of action when given intravenously because of its high lipid
solubility and pKa that approximates normal pH. Ketamine is,
however, rapidly metabolized to its active metabolite norketamine
by N-demethylation in the liver, with additional routes of hepatic
metabolism including hydroxylation and glucuronidation. While
less pharmacologically important than ketamine, norketamine may
accumulate in renal failure and exert significant clinical effects. As
a result of its high first-pass hepatic metabolism, the bioavailability
of ketamine is only 15–20%. Ketamine has also been administered
epidurally or even spinally in combination with local anaesthetics.
Preservative-free ketamine is not neurotoxic, but the addition of
chlorobutanol as in some formulations (Ketalar®) may induce neuronal tissue lesions and is therefore prohibited when given in the
vicinity of neural structures.
A dose of between 2 and 3 mg kg−1 of ketamine is usually given to
induce anaesthesia, with far lower doses, typically between 0.1 and
0.5 mg kg−1, being used to improve pain control. Ketamine administered after anaesthetic induction as a subanaesthetic intravenous
bolus with or without subsequent continuous infusion (1–6 μg kg−1
min−1), has shown an opioid-sparing effect of around 16 mg morphine in the 24 h after surgery (around a 30% opioid reduction)
(Weinbroum 2003; Kakinohana et al. 2004; Snijdelaar et al. 2004).
This finding has been documented in a number of meta-analyses
and is also associated with a decrease in pain intensity ratings
(Subramaniam et al. 2004; Elia et al. 2005; Bell et al. 2006). These
reviews also report that hallucinatory side-effects are rare as long as
doses are limited to the values indicated, with one review reporting a reduction in postoperative nausea and vomiting in ketamine-
treated patients compared with controls.
One other rational for giving ketamine to postoperative patients
is to prevent the development of allodynia and hyperalgesia, in
order to reduce analgesic demand, postoperative pain, and possibly limit the development of chronic pain after surgery. Ketamine
succeeds in preventing allodynia and hyperalgesia through a direct
blockade of NMDA receptors and indirectly through a decrease in
opioid demand; opioids may contribute to neuroplasticity through
activation of NMDA receptors. Therefore beyond ketamine’s
immediate postoperative pain control effects, ketamine may limit
the development of neuroplasticity, preventing chronic pain after
surgery.

α2-adrenergic agonists

Clonidine and dexmedetomidine are imidazoline derivatives
and α2-adrenergic agonists, known for their capacity to produce
analgesia. Numerous published trials have investigated the ability of these two agents to reduce postoperative pain over the
past 20 years. Clonidine, the archetypal drug, is a selective α2-
adrenergic agonist with some degree of agonist activity at the
α1-adrenoreceptor (200:1, α2:α1), while dexmedetomidine, the
dextroisomer of medetomidine, and a more modern α2-adrenergic
agonist with a 1600:1 preference for α2 over α1 displays an affinity
eight times higher for α2-adrenoreceptors than clonidine (Khan
et al. 1999).
Clonidine is available for oral, epidural, and intravenous administration, but has also been given transdermally, intrathecally, and

perineurally. Clonidine is highly absorbed after oral administration
with a bioavailability of around 75%, its peak effect occurs approximately 60–90 min after oral ingestion, with peak plasma concentrations observed between 1 and 3 h later. Clonidine has a large
volume of distribution (approximately 2 litres kg−1) and prolonged
elimination plasma half-life (12–24 h), being excreted via renal
mechanisms. Plasma transfer of clonidine has been demonstrated
after epidural administration and concentration in breast milk is
approximately twice that of maternal plasma. The antinociceptive
effect of clonidine and its opioid-sparing effect are, however, related
to cerebrospinal fluid and not plasma concentration (Kamibayashi
and Maze 2000). Dexmedetomidine is highly protein bound to
albumin and α1-glycoprotein and is available for intravenous
administration. It is metabolized in the liver into methyl and glucuronide conjugates which are eliminated via renal excretion. The
elimination half-life of dexmedetomidine is 2 h, shorter than that of
clonidine, and the volume of distribution is about 1.3 litres kg−1. It
has a weak inhibitory action on CYP enzyme systems (Gurbet et al.
2006; Gunes et al. 2008).
α2-adrenergic agonists induce analgesia, stimulating specific
receptors (α2A) located on the dorsal horn of the spinal cord
whose endogenous agonist, noradrenaline, is released by activation of descending inhibitory pathways. α2-adrenergic agonists
depress the activity of wide dynamic range neurones in the superficial dorsal horn, evoked by stimulation of Aδ and C peripheral
nociceptive fibres. α2-adrenergic agonists also stimulate intermediate spontaneously active cholinergic neurones located in the
deeper layers of the dorsal horn. They have been demonstrated
to induce analgesia in different models of experimental pain
including visceral, inflammatory, and neuropathic pain and to
prevent sensitization to opioids. The effect of α2-adrenergic agonists is also likely to be synergistic with that of opioids and can
strengthen the local anaesthetic effect of central and peripheral
nerve blocks.
α2-adrenergic receptors participate in many physiological regulations and consequently α2-adrenergic agonists interfering with
these regulations produce many different side-effects. The most
obvious and widely reported is the occurrence of hypotension and
bradycardia related to depression of sympathetic tone. While clonidine was initially launched for chronic hypertension treatment, as a
result of this effect, dexmedetomidine was introduced into clinical
practice for its sedative properties related to the stimulation of the
locus coeruleus, a nucleus of the medulla implicated in sleep and
awakening cycle. Other effects that may influence the postoperative course include prevention of thermoregulatory shivering, inhibition of digestive tract propulsive motility, and improvement in
blood glucose control.
The analgesic properties of α2-adrenergic agonists were initially
highlighted in the 1980s and the 1990s and have led to several
clinical applications. As a premedication, clonidine has a significant anaesthetic-sparing effect, while clonidine can also be used
as an adjuvant to opioid analgesia in postoperative patients, especially in patients taking opioids before surgery (Jeffs et al. 2002;
Blaudszun et al. 2012). Administration of perioperative systemic
α2-adrenergic agonists has been shown to have a morphine-
sparing effect in the 24 h after surgery and to reduce postoperative nausea. These agents have also been used in combination with
local anaesthetics either in central (epidural, caudal) or peripheral blocks to strengthen the block and to prolong its duration

321

Chapter 18

of effect (e.g. epidural analgesia during labour). Unsurprisingly,
because of the wide distribution of adrenoreceptors, α2-adrenergic
agonists may induce hypotension and bradycardia in the perioperative period. Clonidine increases the risk of hypotension in the
intra-and postoperative periods [number needed to harm (NNH)
9 and 20 respectively], while dexmedetomidine frequently causes
bradycardia (NNH 3) (Blaudszun et al. 2012). As a result of these
deleterious cardiovascular effects, many physicians are therefore
reluctant to use α2-adrenergic agonists on a routine basis in the
perioperative period.
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Cardiovascular drugs
in anaesthetic practice
Lothar A. Schwarte, Stephan A. Loer,
J. K. Götz Wietasch, and Thomas W. L. Scheeren
Introduction
Anaesthetists should be familiar with the currently available cardiovascular drugs used to maintain cardiovascular stability and
achieve haemodynamic goals in surgical patients. The first part of
this chapter summarizes antihypertensive agents and the second
part discusses vasopressors and positive inotropic drugs which can
be used perioperatively.

Hypotensive agents
There are a number of specifically acting drugs that lower arterial
blood pressure in the perioperative setting (Vuylsteke et al. 2011).
Based on their site of action they can be classified as peripherally
or centrally acting drugs, although a certain overlap exists between
these classes.

Hypotensive agents with a predominantly peripheral
mode of action
Nitric oxide donors
The endogenous nitric oxide (NO) system is pivotal for vasodilation. NO acts as an endogenous vasodilator, characterized pharmacokinetically by its short half-life (<5 s). Given the specific route of
application and narrow therapeutic range of gaseous NO, it remains
restricted to special indications, for example, allowing rather selective pulmonary vasodilation by inhalation of gaseous NO in patients
with reversible pulmonary hypertension. In addition, inhaled NO
will predominantly reach ventilated lung areas, thereby selectively
increasing perfusion of ventilated areas. In patients with relevant
ventilation/perfusion mismatch [infant respiratory distress syndrome, acute respiratory distress syndrome (ARDS)], this may
reduce the pulmonary shunt fraction and eventually improve oxygenation. Hypotension with inhaled NO is explained by systemic
spill-over of the inhaled NO, despite its short half-life.
At the systemic level, a number of drugs can enhance the NO/
endothelium-derived relaxing factor system, for example, by
donation of exogenous NO. The two prototypical drugs with
clinical relevance herein are glyceryl trinitrate (also termed nitroglycerin) and nitroprusside. Given the clinical relevance of these
two drugs, they will be described in more detail in the following
paragraphs.

Glyceryl trinitrate
Glyceryl trinitrate dilates predominantly venous vessels (Valchanov
and Arrowsmith 2012). It releases NO that activates intracellular
guanylate cyclase, resulting in an increase of the concentration of
the second messenger cyclic guanosine monophosphate (cGMP)
(Fig. 19.1). The increased cGMP concentration decreases the intracellular calcium concentration and thereby causes smooth muscle
relaxation. Similar cGMP-related mechanisms are responsible for
the extravascular effects of glyceryl trinitrate, such as bronchial
dilatation or uterus relaxation.
Glyceryl trinitrate is usually administered intravenously (onset
within 1–5 min, duration 10–30 min), or via a sublingual spray for
single-dose applications (peak effect within 5 min). Typical intravenous doses range from 0.5 to 10 µg kg−1 min−1, but higher doses
may be required in patients already being treated with glyceryl
trinitrate. This increased demand in pre-treated patients is a result
of a nitrate tolerance caused by depletion of the substrates required
to activate glyceryl trinitrate to generate NO and due to compensatory mechanisms such as fluid retention. A glyceryl trinitrate
therapy with intermittent pauses (no glyceryl trinitrate administration for 12 h) allows recovery of the substrate stores and may
counteract nitrate tolerance.
The vasodilating effect of glyceryl trinitrate can be used for controlled hypotension. While low dosages (<2 µg kg−1 min−1) predominantly cause venous dilation, higher dosages also induce arterial
dilation. Glyceryl trinitrate improves myocardial oxygen balance
by increasing oxygen delivery through coronary vasodilation and
by decreasing oxygen demand via reducing both pre-and afterload.
Specific effects on the coronary circulation result in a redistribution
of blood flow towards ischaemic, subendocardial areas.
Within the cerebral circulation, glyceryl trinitrate-induced
vasodilation increases cerebral blood flow and intracranial pressure. These effects explain the headache frequently reported by
glyceryl trinitrate-treated patients. In the respiratory system and
in the uterus, glyceryl trinitrate relaxes smooth muscles, causing
bronchial dilatation and uterine relaxation (tocolysis). In the latter
case, a single dose of 50–100 µg is sufficient to provide a transient
effect, facilitating certain obstetrical procedures such as extraction
of a retained placenta or external cephalic version of a fetus.
Glyceryl trinitrate can potentiate the action of neuromuscular bloc
king agents. So far, this effect has only been reported for pancuronium.
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i.v. Glyceryl trinitrate
i.v. Nitroprusside

Release of NO

NO diffuses into vascular smooth muscle cell
NO activates soluble gyanylate cyclase (sGC)
Increase of cyclic guanosine mono-phosphate (cGMP) level
Inhibition of L-type Ca++ channels
Decrease of intracellular Ca++ concentration
Decrease of Ca++-calmoduline levels
Deactivation of myosin light-chain kinase (MLCK)
Decrease in myosin light-chain phosphorylation
Smooth muscle relaxation
Vasodilation

Figure 19.1 Signalling pathway of the vasodilation induced by the NO-donors glyceryl trinitrate and sodium
nitroprusside. Several other classes of vasodilators interact with this pathway at different levels, that is, nifedipine and
nitrendipine also inhibit vascular L-type Ca2+ channels and the BNP-analogue nesiritide also increases the smooth vascular
cGMP concentration.

In addition, platelet aggregation is reduced by glyceryl trinitrate; this
effect is reported to be aggravated after acetylcysteine treatment.
A typical, though rare, side-effect of glyceryl trinitrate is methaemoglobinaemia. During the rapid enzymatic hydrolysis of glyceryl
trinitrate, nitrite is generated, which converts haemoglobin (Fe2+)
to methaemoglobin (Fe3+). In these circumstances, methaemoglobinaemia is treated by intravenous methylthioninium chloride infusion
(1–2 mg kg−1, infused within 5 min).
As a result of the fact that glyceryl trinitrate is partly inactivated by
contact with polyvinyl chloride-containing materials, polyethylene-
based materials are preferred for glyceryl trinitrate administration.

Sodium nitroprusside
The second NO donor that is used perioperatively is sodium nitroprusside; this activates the cGMP pathway in the same way as
detailed previously for glyceryl trinitrate (Fig. 19.1) (Friederich and
Butterworth 1995; Yun et al. 2015).
Sodium nitroprusside is administered by infusion (0.2–10 µg
kg−1 min−1). It has a rapid time of onset (30–120 s) and short duration of action (2–5 min). Intravenous injections of 1–2 µg kg−1
are used to prevent hypertension because of intense stimulation

(laryngoscopy, intubation). Blood pressure should be monitored
invasively, allowing titration of the effects of sodium nitroprusside.
Nitroprusside causes arterial and venous vasodilation, thereby
dose-dependently reducing systemic vascular resistance and arterial blood pressure. It may increase cardiac output particularly in
patients with (pathologically) increased preload (e.g. with heart
failure), whereas under physiological preload conditions cardiac
output may remain unchanged. Within the pulmonary circulation, nitroprusside may also cause pulmonary vasodilation, reducing pulmonary vascular resistance, unfortunately accompanied
by an increased pulmonary shunt (i.e. by inhibition of pulmonary
hypoxic vasoconstriction). Within the coronary circulation, nitroprusside may induce redistribution of perfusion from ischaemic
areas, leading to a ‘coronary steal’ phenomenon. Within the cerebral circulation, vasodilating effects are comparable to those of
glyceryl trinitrate.
Nitroprusside is activated within erythrocytes. It receives an
electron from haemoglobin (Fe2+) which in turn is converted to
methaemoglobin (Fe3+). The activated unstable nitroprusside molecule decomposes into one NO molecule and five cyanide molecules (CN−). These cyanide molecules bind to methaemoglobin
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(forming cyan-methaemoglobin), to thiosulphate (forming thiocyanate in liver and kidney), and to tissue cytochrome oxidases.
The inactivation of cytochrome oxidases impairs cellular oxygen
utilization, resulting in cyanide poisoning with metabolic acidosis and cardiac arrhythmias. Another haematological effect of
nitroprusside is a NO-mediated inhibition of platelet aggregation.
This effect is short-lasting (5–25 min) and probably of no clinical
relevance.
Nitroprusside tachyphylaxis with increased doses to reach the
desired hypotensive effects may indirectly indicate imminent
nitroprusside-induced cyanide intoxication. Cyanide intoxications
are unlikely up to doses of 0.5 mg kg−1 h−1. Treatment principles
of nitroprusside intoxication include the non-enzymatic scavenging of cyanide and the enzymatic transformation to excretable
compounds.
Nitroprusside interacts with (sun-) light resulting in photodegradation. Therefore nitroprusside should be used with special
light-absorbing infusion materials where available, or the infusion
syringe and lines should be covered (e.g. wrapped with alloy foil).

Other primarily peripherally acting hypotensive drugs
Hydralazine and dihydralazine
Hydralazine and its prodrug dihydralazine act preferentially as
arteriolar vasodilators. Various mechanisms of action have been
described, including interference with smooth muscle calcium
concentration, activation of guanylate cyclases, and interference
with the HIF-1 (hypoxia inducible factor 1) pathway. Hydralazine
is administered intravenously either as a single dose (5–20 mg) or
continuously (0.25–1.5 µg kg−1 min−1). It acts within 15 min with
an antihypertensive effect peaking only after 30 min and lasting for
2–4 h, thus requiring careful titration. Hydralazine is inactivated
in the liver (acetylation, hydroxylation) and may cause a reversible
lupus erythematosus-like syndrome.
Hydralazine and dihydralazine are indicated to control severe
arterial hypertension, for instance, severe pregnancy-induced
hypertension (Pant et al. 2014). The arteriolar vasodilation reduces
afterload and may increase cardiac output. The profound arteriolar vasodilation causes (reflex) tachycardia and may increase
myocardial contractility. These compensatory effects increase
myocardial oxygen demand and may be detrimental in patients
with limited coronary reserve. Therefore, the combination of
(di-)hydralazine with β-adrenoceptor-antagonists or other heart
rate-lowering agents appears appropriate. Within the cerebral circulation, (di-)hydralazine acts as vasodilator and increases cerebral blood flow and intracranial pressure, unless arterial blood
pressure is critically reduced. (Di-)Hydralazine may be used in
patients with renal disease, as it usually preserves or increases
renal blood flow.

Trimetaphan
Trimetaphan displays a dual mode of action: a direct relaxant effect on vascular smooth muscle and an indirect effect by
blocking of nicotinergic cholinergic transmission in autonomic
ganglia. As nicotinergic cholinergic transmission plays a role in
both the sympathetic and parasympathetic nervous systems, trimetaphan causes a mixed blockade of the autonomic tone. The
hypotensive effect of trimetaphan is associated with tachycardia,
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partly explained by the parasympatholytic effect of the drug.
Trimetaphan is infused continuously (10–100 µg kg−1 min−1) to
achieve and maintain the desired target blood pressure. It acts as
rapidly as sodium nitroprusside, but the effects last longer (10–15
min). Prolonged trimetaphan infusion results in tachyphylaxis. It
is degraded independently from liver and kidney. Trimetaphan
directly dilates both venous and arterial vessels, thereby lowering
blood pressure and cardiac output. The additional blocking of
the autonomic system is beneficial for patients with autonomic
hyperactivity or hyper-reflexia, such as patients with upper spinal cord injury. Trimetaphan, unlike other vasodilators, does
not induce cerebral vasodilation or intracranial hypertension.
Cerebral and spinal cord perfusion is usually preserved at mean
arterial blood pressures above 80 mm Hg. The use of trimetaphan
is decreasing because of the availability of more specific agents
(Degoute 2007).

Adenosine
Adenosine is a ubiquitous purine metabolite and transmitter found
throughout the body (Eltzschig 2009; Bebawy et al. 2010). It acts on
several purine receptors with a specific distribution, signal transduction, and function. Focusing on the cardiovascular system,
adenosine inhibits cardiac (atrioventricular) nodal tissue and predominantly dilates systemic and pulmonary arterioles. Adenosine
has a short half-life (<10 s), caused by rapid clearance and metabolism to inosine and adenosine monophosphate. Therefore, it has to
be injected in relatively high dosages (6–12 mg range) to obtain
antiarrhythmic effects (e.g. to terminate paroxysmal supraventricular tachycardia as a result of the Wolff–Parkinson–White
syndrome), or is continuously infused (60–120 µg kg−1 min−1) to
achieve controlled hypotensive effects.
Adenosine infusion primarily dilates arterioles and thereby lowers blood pressure and increases cardiac output and heart rate
(reflex tachycardia). Vasodilatation also includes the coronary
vessels; however, a ‘coronary steal’ phenomenon may cause myocardial ischaemia in susceptible patients after adenosine administration. Redistribution of pulmonary perfusion explains increased
shunt flow and decreased arterial oxygenation by depression of
hypoxic vasoconstriction. Other pulmonary side-effects include
bronchospasm in susceptible patients. Although adenosine acts
as a vasodilator in most vascular regions, it induces vasoconstriction under certain conditions, for example, in renal vessels causing a decrease in renal perfusion, glomerular filtration, and urine
production.
Adenosine effects are enhanced by inhibitors of nucleoside
transport, for example, by the platelet inhibitor dipyridamole.
Adenosine effects are reduced by adenosine antagonists, for example, by methyl-xanthines such as aminophylline.

Minoxidil
Minoxidil is a predominantly arteriolar vasodilator that acts by
opening ATP-sensitive potassium (KATP) channels of arteriolar
smooth muscle cells. Like other arteriolar vasodilators, it tends
to induce (reflex) tachycardia, regularly necessitating the co-
administration of β-blockers. Characteristic side-effects are stimulation of hair growth (hirsutism or hypertrichosis, which has
been used clinically to treat alopecia) and, rarely, pericardial effusion. By the same basic mechanism (i.e. opening of vascular KATP
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channels) the inodilator levosimendan also causes vasodilation (see
‘Levosimendan’).

Fenoldopam and other vasodilatory catecholamines
Fenoldopam is a selective dopamine D1 (DA1) receptor agonist,
with little or no affinity to other receptors. Continuous infusion
(0.01–0.3 µg kg−1 min−1) causes vasodilation and lowers systolic
and diastolic blood pressure within 5–15 min. Tolerance may
develop when therapy exceeds 48 h. Fenoldopam is cleared via the
cytochrome P450 system, independent of hepatic or renal function.
Fenoldopam is indicated for treating malignant hypertension.
It can cause (reflex) tachycardia, which can be partly prevented
by slow titration. Fenoldopam increases renal perfusion by afferent and efferent vasodilation. It increases urine production, urinary sodium extraction, and creatinine clearance compared with
nitroprusside. Thus, it may maintain or improve renal function
in patients at risk (Zangrillo et al. 2012a). Fenoldopam increases
intraocular pressure, making it less suited for glaucoma patients.
Termination of fenoldopam infusion does not result in rebound
hypertension.
Beside the selective vasodilator fenoldopam, some other natural
and synthetic catecholamines possess vasodilating and hypotensive
actions. Dopamine is traditionally reported to selectively stimulate
vasodilatory DA1 receptors at low dosages (<3 µg kg−1 min−1), but
this hypotensive effect is overridden in higher dosages by α and β
effects of dopamine (see ‘Dopamine’). Dopexamine, an inodilator
(0.5–2 µg kg−1 min−1), stimulates β2-adrenoceptors, which causes
vasodilation in certain vascular beds such as the splanchnic region
(see ‘Dopexamine’).

Prostaglandins
Prostaglandins are pleotropic mediators of the endogenous eicosanoid system, with both vasoconstrictive (PGF2α) and vasodilatory
members. From the vasodilatory prostaglandins, two are clinically
used: PGE1 (alprostadil) and PGI2 (also termed prostacyclin, epoprostenol). These two prostaglandins (dosage 2–30 ng kg−1 min−1
intravenously or per inhalation) are usually used for their pulmonary vasodilating effects, for example, PGI2 to treat pulmonary
hypertension and PGE2 to maintain a patent ductus arteriosus in
neonates.

Alpha-receptor blockers
α-adrenergic antagonists inhibit the vasoconstrictive effects of
the endogenous catecholamines adrenaline, noradrenaline, and
dopamine mediated by α1-receptor activation. Within this group,
non-selective (phentolamine) and relatively selective α-adrenergic
antagonists exist (e.g. prazosin, terazosin, and doxazosin) and
are used in perioperative patients. Furthermore, α-adrenergic
antagonists with additional actions on other receptors [ketanserin
(Duley et al. 2013), urapidil (Habbe et al. 2013)] are available.
Phentolamine, ketanserin, and urapidil are available for intravenous use (doses 1–5 mg, 5–30 mg, and 25 mg respectively); all three
have a rapid onset (1–10 min) and are short-acting.
The selective α-adrenergic antagonists frequently induce reflex
tachycardia, sometimes requiring the co-administration of β-
blockers or alternative anti-tachycardic agents. In contrast, some of
the mixed agents, such as urapidil, possess their own anti-tachycardic
effects, for example, mediated by activation of specific serotonin
receptors (5-HT1A) as well as a weak β-adrenoceptor antagonism.

Calcium channel blockers
Calcium channel blockers alter vascular smooth muscle tone as
well as cardiac contractility and conductance. Vascular-specific calcium channel blockers are used to treat perioperative hypertension,
whereas more cardio-specific calcium antagonists (e.g. verapamil
or diltiazem) may be indicated perioperatively for their heart rate-
lowering or antiarrhythmic effects. Common examples of vascular-
specific calcium antagonists are nifedipine and nicardipine (Bebawy
et al. 2015). Nifedipine can be given sublingually (5–10–20 mg,
onset after 5–10 min, duration 4 h) or via a gastric tube, whereas
nicardipine is intravenously injected (0.25–0.5 mg, 3–15 mg h−1
cumulative dose, onset after 1–10 min, duration 3–4 h). Calcium
channel antagonists are of particular value in patients at risk for vascular spasm, for example, during cerebral aneurysm surgery or renal
transplantation.
Clevidipine is a new, ultrashort-acting agent with a half-life of 2
min (Aronson et al. 2008; Kenyon 2009; Espina and Varon 2012;
Lord and Augoustides 2012; Merry et al. 2014). As clevidipine
is inactivated by red blood cell esterases, its metabolism is independent of liver and kidney function. Comparable to other dihydropyridine calcium channel blockers, clevidipine acts primarily
as an arteriolar vasodilator, reducing systemic vascular resistance,
without, however, marked reduction of cardiac filling pressures
and without triggering reflex tachycardia. Therefore, clevidipine
increases stroke volume and cardiac output. Suggested infusion
dosages range from 0.4 to 8.0 µg kg−1 min−1.

Angiotensin-converting enzyme inhibitors
Angiotensin-converting enzyme (ACE) inhibitors block the conversion of angiotensin I (enzymatically generated by renin from
angiotensinogen) to angiotensin II, a potent vasoconstrictor and
inductor of various other hypertensive effects, including stimulation of the aldosterone pathway. Interestingly, ACE is also a major
kinin-inactivating enzyme, explaining typical side-effects of ACE
inhibitors by the accumulation of active kinins (coughing, bronchospasm, angio-oedema). ACE inhibitors play a major role in the
long-term treatment of hypertension. However, their additional
use in the perioperative setting is limited. Enalapril is available for
intravenous use (1.25 mg, four times daily for maintenance dosage).

Angiotensin II receptor blockers
Angiotensin II receptor blockers (ARBs; ‘sartanes’, such as losartan)
are blood pressure-lowering drugs with extensive preclinical application in hypertensive patients. They selectively block the angiotensin II type 1 receptor (AT1) receptor at cell surfaces, which mediates
the vasoconstrictor effects of angiotensin II. Other functions of
the AT1 receptor include stimulation of myocardial and vascular
hypertrophy, effects that could also be blunted by long-term ARB
therapy. Beside AT1 receptors, other AT-receptor subtypes exist
(e.g. AT2 receptors), but their biological functions and roles as drug
targets remain yet to be defined. Their perioperative use, however,
is limited.
Patients treated with ARBs for hypertension tend to develop
intraoperative hypotension, which is why these drugs may be
stopped preoperatively in elective surgery in patients at risk.

Natriuretic peptides
The endogenous natriuretic peptides, atrial-and brain-type natriuretic peptides (ANP and BNP), play an important role in the
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regulation of volume homeostasis and vascular tone. Nesiritide is
an intravenous, synthetic BNP analogue with vasodilatory properties, mediated via activation of the cGMP pathway. Although first
clinical results on nesiritide were promising in the setting of decompensated heart failure, more recent studies were less convincing.
Novel natriuretic peptides are currently under investigation.

Magnesium
Magnesium sulphate lowers blood pressure by various mechanisms
including N-methyl-D-aspartate-receptor antagonism, reduction
of adrenal catecholamine release, reduction of membrane excitability, and ACE inhibition. Magnesium acts both on vascular smooth
muscles and cardiac conduction (sino-atrial inhibition), thereby
preventing reflex tachycardia. In addition, magnesium dampens
the central nervous system, exerting anticonvulsive effects (in
eclampsia) and reducing requirements of opioids and muscle relaxants during anaesthesia (Lee and Kwon 2009). Side-effects include
a prolonged recovery from anaesthesia, postoperative dizziness,
and muscle weakness. Magnesium sulphate can be given either as
a bolus dose (40 mg kg−1 over 10 min) or as a continuous infusion
(15 mg kg−1 h−1). In contrast to other vasodilators, rebound hypertension is unusual after termination of magnesium infusion.

Centrally acting drugs
The hypotensive agents described in the following subsections
evoke their cardiovascular effects predominantly by a central inhibition of sympathetic tone.

Centrally acting alpha-2 agonists
Clonidine
Clonidine damps the sympathetic nervous system by activation
of central α2-and imidazoline-1-receptors and by reduction of
peripheral sympathetic noradrenaline release. Clonidine can be
administered intravenously (75–150 µg). It results in a reduction
of blood pressure and heart rate (peak effect after 20–30 min, lasting for several hours). Rapid injection can increase arterial blood
pressure initially via a peripheral α-agonistic effect on smooth muscles of resistance vessels. No specific antagonist exists for clonidine,
therefore it should be titrated carefully to the desired effect to avoid
longer-lasting hypotension and bradycardia.
Clonidine reduces heart rate and systemic vascular resistance.
Additionally, it exerts anxiolytic, sedative, and (co-)analgesic
effects, resulting in a reduced requirement for sedatives, anaesthetics, and analgesics. The respiratory effects of clonidine are
limited compared with other sedatives and analgesics. Clonidine
may improve myocardial oxygen balance and perioperative
haemodynamic stability. On the other hand, clonidine can impair
circulatory regulation, resulting in orthostatic hypotension.
Withdrawal symptoms include rebound hypertension, agitation,
and insomnia.
Dexmedetomidine
Dexmedetomidine is a highly selective α2-adrenoceptor agonist (α2:α1 ratio about 1600:1) when compared with clonidine
(Biccard et al. 2008; Carollo et al. 2008; Mason and Lerman 2011;
Ji et al. 2013). The basic features of these two drugs are similar.
Dexmedetomidine is continuously infused, usually with a loading dose of 1 µg kg−1, followed by a maintenance infusion of
0.2–0.7 µg kg−1 h−1.
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Concerning sedation as a key indication for dexmedetomidine,
it may reduce the MAC by 50%. Given the relatively small impact
on respiration, it may be used as an analgo-sedative agent in difficult airway settings or during weaning of intensive care unit (ICU)
patients.

Beta-adrenergic receptor blockers
β-adrenergic receptor antagonists (‘β-blockers’) with multiple
pharmacodynamic and pharmacokinetic profiles are currently
available for perioperative parenteral use. In clinical practice, long-
acting agents are often administered to operative patients, such as
the β-selective blocker propranolol (1–3 mg) or the combined α-
and β-blocker labetalol (5–20 mg initially, followed by additional
injections of 20–80 mg). Both agents have a short time of onset
(1–2 min), but a long duration of action (4–8 h).
The mixed α1-and β-receptor blocking profile of labetalol
(ratio 7:1) causes a marked reduction of systemic vascular resistance with stable or only moderately reduced heart rate. In contrast to other β-adrenergic receptor blockers, cardiac output is
usually preserved. Cerebral and coronary perfusion is well maintained in healthy patients. In patients with cardiovascular diseases, labetalol may cause a significant decrease in cardiac output
and heart rate. Labetalol undergoes negligible placental transfer,
making it an advantageous choice for hypertension treatment
during pregnancy. A disadvantage of labetalol is its hepatic inactivation and a large pharmacokinetic variability, rendering titration
by continuous infusion difficult. Other β-adrenergic antagonists
with additional vasodilatory action include carvedilol (with α-
receptor blocking activity) or nebivolol (augments vascular NO
release).
When a brief but intense β-adrenergic blockade is required
(during laryngoscopy and intubation of high-risk patients), the
short-acting β1-selective adrenergic blocker esmolol can be used.
Esmolol has a rapid onset (1 min) and termination of action (12–
20 min) via red blood cell esterases. For brief interventions, it may
be given as a bolus (0.3–1.5 mg kg−1 within 1 min), but for prolonged maintenance, a continuous infusion is indicated (50–300
µg kg−1 min−1).
β-blockers for the treatment of perioperative hypertension are
usually indicated for patients with concomitantly increased heart
rate and sufficient myocardial function. These agents are relatively contraindicated in patients with asthma, as—dependent
on selectivity—β-blockers counteract the β2-receptor-mediated
bronchodilation. In patients with phaeochromocytoma, the
application of a β-blocker can induce a reflex hypertension and
circulatory impairment, therefore it is recommended to assure
sufficient α-adrenoceptors blockade before administration of
β-blockers.
A summary of the presented antihypertensive drugs, including
typical dosage range, time of onset, and duration of action is presented in Table 19.1.

Vasopressors and inotropic drugs
Although most catecholamines have both vasopressor and inotropic actions, it may be useful to distinguish between the two in
order to define goals and end-points of haemodynamic therapy.
Vasopressors stimulate vascular α1-adrenergic receptors causing vasoconstriction. Arterial vasoconstriction increases cardiac
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Table 19.1 Pharmacokinetics of parenteral antihypertensive agents

NO donors
Other peripheral
vasodilators

α-adrenoceptor
antagonists

Calcium channel
blockers

Onset

Duration

Bolus dose

Infusion dose

Glyceryl trinitrate

1–5 min

10–30 min

50–100 µg

0.5–10 µg kg−1 min−1

Sodium nitroprusside

0.5–2 min

2–5 min

1–2 µg kg−1

0.2–10 µg kg−1 min−1

Trimetaphan

1–3 min

10–30 min

5–15 mg

10–100 µg kg−1 min−1

Hydralazine/dihydralazine

5–20 min

3–6 h

5–25 mg

0.25–1.5 µg kg−1 min−1

Adenosine

1 min

1 min

6–12 mg*

60–120 µg kg−1 min−1

Fenoldopam

5–15 min

30 min

–

0.03–1.0 µg kg−1 min−1

Prostaglandins (PGE1, PGI2)

1–5 min

20–30 min

60 ng

2–30 ng kg−1 min−1

Phentolamine

1–10 min

20–40 min

1–5 mg

0.1–2 mg min−1

Ketanserin

1–2 min

30–60 min

5–30 mg

2–12 mg h−1

Urapidil

1–5 min

4–6 h

10–50 mg

5–40 mg h−1

Nifedipine sublingual

5–10 min

4h

5–20 mg

–

Nicardipine

1–10 min

3–4 h

0.25–0.5 mg

3–15 mg h−1
0.4–8 µg kg−1 min−1

Clevidipine
ACE inhibitors

Enalapril

Angiotensin (AT)
receptor inhibitors

Losartan

10–30 min

4–6 h

0.625–1.25 mg

1–5 min

30–60 min

40 mg kg−1

15 mg kg−1 h−1

Clonidine

5–10 min

8–12 h

75–150 µg

1–4 µg kg−1 h−1

Dexmedetomidine

5–10 min

4h

1 µg kg−1

0.2–0.7 µg kg−1 h−1

1 min

12–20 min

0.3–1.5 mg kg−1

50–300 µg kg −1 min−1

Labetalol

1–2 min

4–8 h

5–80 mg

1–3 mg min−1

Propranolol

1–2 min

4–8 h

1–3 mg

2–3 mg h−1

Magnesium sulphate
α2-activating agents

β-adrenergic antagonists Esmolol

afterload, both of the right and the left ventricle. In addition, vasopressors increase venous vessel tone and decrease venous compliance, thereby causing a temporary increase in venous return
of blood to the heart (Thiele et al. 2011). Inotropes increase the
contractile force of the myocardium by activating the actin/myosin cross-bridges within the cardiomyocytes. This depends on the
amount of calcium available to bind to troponin C, the calcium
affinity of troponin C, and the duration of the force-producing
state (Hasenfuss and Teerlink 2011). Essentially, there are three
inotropic mechanisms: the length-dependent activation of cross-
bridges (Frank–Starling mechanism, preload dependent), the
contraction frequency-dependent activation of contractile force
(Ca2+-dependent), and the catecholamine-mediated inotropy (via
adrenoceptors and the intracellular adenylate cyclase system). In
this section, we will focus on the latter mechanism.
Catecholamines are primarily endogenous molecules which act
either as neurotransmitters in the central or sympathetic autonomic nervous system or as hormones in the circulating blood.
Catecholamines act on adrenoceptors, which are classified into
α-and β-adrenoceptors and further into different subtypes and
subclasses (α1-2; β1–3) (Bangash et al. 2012). Each adrenoceptor
subtype induces a specific intracellular signal-transduction system resulting in activation of specific protein kinases (Fig. 19.2).
Structural differences in catecholamines lead to different

adrenoceptor affinities, and the adrenoceptor distribution within
the myocardium and vasculature determines the specific cardiovascular responses to catecholamines, which therefore vary (e.g.
across vascular beds).
In addition, there are five subtypes of dopaminergic receptors.
Whereas dopamine activates both dopaminergic receptors and
adrenoceptors (depending on dose), the former are not activated by
other endogenous catecholamines. Dopaminergic receptors are mainly
located in the kidney (causing diuresis), heart (causing inotropy), and
in renal and mesenteric vasculature (causing vasodilation).
Besides supporting systolic contraction, inotropes also play a
subsidiary role in diastolic ventricular function. The cardiac muscle
relaxes when calcium is removed into the sarcoplasmic reticulum
or outside the cell.

Vasopressors
Commonly used vasopressors include noradrenaline, dopamine,
adrenaline, phenylephrine, and vasopressin. They act predominantly on α-adrenoceptors (Fig. 19.3) or V1 receptors (vasopressin). The primary use of vasopressor agents is in vasodilatory
shock such as in sepsis, but also in other forms of shock, for example, in cardiogenic or hypovolaemic shock to maintain adequate
(coronary) perfusion pressure. In the perioperative setting, vasopressors are often used to reverse an anaesthesia-induced loss of
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Figure 19.2 Adrenoceptors: this family of catecholamine receptors consist of a single polypeptide chain with seven membrane-spanning helical segments, which
interact with a stimulating or inhibitory G-protein (GDP). The GDP of the α1 receptor activates phospholipase C and together with Ca2+ activates protein kinase C
(PKC). The stimulatory effects of β1, β2, β3, and also DA1 are mediated by activation of adenylate cyclase, which increases cyclic adenosine monophosphate (cAMP) and
thus enhances protein kinase A (PKA) and muscle contraction. In contrast, α2 and DA2 effects are mediated by an inhibitory GDP, which inactivates adenylate cyclase
and consecutively reduces PKA activity. Another reduction of PKA activity is through phosphodiesterase (PDE), which breaks down cAMP to AMP. On the other
hand, an inhibition of PDE will increase cAMP concentrations and thus facilitates (cardiac) muscle contraction. ATP, adenosine triphosphate; cAMP, cyclic adenosine
monophosphate; DAG, diacylglycerol; GDP, guanosine diphosphate; GTP, guanosine triphosphate; IP3, inositol 3 phosphate; PIP2, phosphatidylinositol.

vasomotor tone, for example, during spinal or epidural anaesthesia (sympathicolysis) or after induction of general anaesthesia
(vasodilation). In otherwise normotensive patients, vasopressor therapy is indicated when mean arterial pressure (MAP)
decreases below 60 mm Hg. Restoration of adequate blood pressure is the end-point of vasopressor therapy, although the target
pressure may be different in certain patients (especially those
with pre-existing hypertension or atherosclerosis, advanced
age, impaired tissue perfusion, or loss of cerebral blood flow
autoregulation).

Vasopressor effects of catecholamines
Vasopressors are often required to restore blood pressure, for
example, in sympathicolysis after spinal or epidural anaesthesia
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Figure 19.3 Adrenergic effects of commonly used catecholamines.

or in vasodilatory shock such as during sepsis or anaphylaxis and
after complicated cardiac surgery. Among the catecholamines,
noradrenaline, phenylephrine, and dopamine are potential candidates to exert vasoconstriction in these conditions, as a result of
their predominant action on α-adrenoceptors.
Phenylephrine
Phenylephrine acts as a pure agonist on α-adrenoceptors (Fig. 19.3).
It is often used to treat hypotension, particularly in patients with
aortic stenosis or hypertrophic subaortic stenosis. It increases
blood pressure by arterial vasoconstriction. Of note, unlike other
catecholamines, phenylephrine is indicated to treat haemodynamic
decompensation in the setting of systolic anterior motion abnormalities of the mitral valve.
There are concerns about its potential to reduce cardiac output, mainly as a result of reflex bradycardia. Recent reports suggest, however, that phenylephrine might also increase cardiac
output in preload-d ependent patients, by causing venoconstriction and thus increasing venous return (Rebet et al. 2016).
Furthermore, phenylephrine has uniformly been shown to exert
negative effects on microvascular blood flow, even when systemic blood flow was maintained by use of cardiopulmonary
bypass (Maier et al. 2009). Furthermore, it decreases renal
blood flow, whereas its effects on gastrointestinal and cerebral
blood flow and oxygenation are controversial (Thiele et al. 2011;
Poerman et al. 2015).
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Regarding its pharmacodynamic profile, phenylephrine is considered a second-line agent to treat hypotension and excessive vasodilatory states such as in vasoplegia after cardiopulmonary bypass
and in spinal shock.
Noradrenaline
Noradrenaline is alongside adrenaline the predominant endogenous sympathomimetic catecholamine acting on all subtypes
of adrenoceptors, which are located on the heart (contractility)
and on arterial (vasomotor tone) and venous (capacitance) vessels (Insel 1996). It is a potent α-adrenergic agonist with less pronounced β-adrenergic agonist effects (Fig. 19.3). Thus, besides
its vasoconstrictor action augmenting MAP, noradrenaline also
increases cardiac output by about 15% through a combined
increase in cardiac preload and contractility. This effect occurs
even when cardiac contractility is poor. Noradrenaline may
decrease renal, splanchnic, and cutaneous blood flow and oxygenation (Poterman et al. 2015).
During therapy, the doses required to maintain noradrenaline’s
vasoconstrictive effects may increase, possibly as a consequence of
down-regulation of α-adrenoceptors. One multicentre trial randomized 1679 patients with shock to either dopamine or noradrenaline as first-line therapy, and found no significant difference in the
primary end-point of 28-day mortality (De Backer et al. 2010).
Interestingly, mortality was lower with the use of noradrenaline
compared with dopamine in the subgroup of patients with cardiogenic shock. Similar results were seen in a meta-analysis including
2768 septic shock patients: dopamine administration was associated with greater mortality and a higher incidence of arrhythmic
events compared with noradrenaline administration (De Backer
et al. 2012). These data suggest that noradrenaline should be
regarded as a first-line vasopressor for patients with shock.
Adrenaline
Adrenaline, the other major endogenous sympathomimetic catecholamine, is synthesized, stored, and released from the chromaffin cells of the adrenal medulla and is a potent α-and β-adrenergic
agonist (Fig. 19.3), with β-effects predominating at low doses and
α-effects predominating at high doses.
Besides increasing arterial blood pressure and heart rate, adrenaline increases cardiac output and thus oxygen delivery, but (myocardial) oxygen consumption and lactate concentrations may be
increased as well. It has therefore been considered a second-line
vasopressor, which should be considered only when other vasopressors or inotropes have failed.
Like dopamine, adrenaline has the potential to decrease regional
blood flow, particularly in the splanchnic circulation.
Dopamine
Dopamine is the natural precursor of adrenaline and noradrenaline
and stimulates both dopaminergic receptors and adrenoceptors,
resulting in a complex and unpredictable cardiovascular profile
(Fig. 19.4). At low doses (up to 5 µg kg−1 min−1), dopaminergic
receptors are activated, leading to vasodilation in the renal and
mesenteric vascular beds. At doses between 5 and 10 µg kg−1 min−1,
β1-adrenergic effects predominate, increasing cardiac contractility
and heart rate. At doses greater than 10 µg kg−1 min−1, it causes
vasoconstriction via α-adrenoceptors (increasing blood pressure
but jeopardizing cardiac output). In general, there is an overlap
in receptor activation and thus effects. For instance, despite its
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Figure 19.4 Effects of different vasoactive agents on cardiac contractility [measured
by stroke volume (SV) or cardiac output (CO)] and vasomotor tone or afterload
[measured by blood pressure (MAP) or systemic vascular resistance (SVR)].

dopaminergic activation, dopamine exerted negative effects on
splanchnic perfusion, although MAP was increased (Marik and
Mohedin 1994). Early reports that low doses of dopamine increase
renal blood flow and the glomerular filtration rate have been disproved by clinical studies showing that low (‘renal’)-dose dopamine
(i.e. 2 µg kg−1 min−1) did not affect peak serum creatinine, survival,
or length of hospital stay (Bellomo et al. 2000). Dopamine use was
associated with increased mortality in patients with shock (Sakr
et al. 2006). The tendency to produce tachycardia and arrhythmias
is a feature of all catecholamines, but appears to be more prominent
with dopamine than with other catecholamines.
Besides its action on the cardiovascular system, dopamine has
different neurohumoral and immune effects, including suppressed
secretion of thyroid and growth hormones and prolactin.

Vasopressin
Vasopressin is a peptide hormone that is synthesized in the hypothalamus and then transported to and stored in the pituitary
gland. It is released in response to decreased intravascular volume and increased plasma osmolality. The hormone stimulates
V1 receptors in vascular smooth muscle cells causing vasoconstriction. Furthermore, vasopressin may increase blood pressure
by inhibiting vascular smooth muscle NO production and KATP
channels and by increasing the responsiveness of the vasculature to catecholamines. Of note, unlike those of catecholamines,
the actions of vasopressin may be preserved during hypoxia and
acidosis.
Increased concentrations of vasopressin have been found in
haemorrhagic and cardiogenic shock, whereas vasopressin deficiency predominates in septic shock, perhaps as a consequence of
depletion of pituitary stores, compromised synthesis, or both, in
the latter case.
In this way, exogenous administration of vasopressin or its synthetic prodrug terlipressin (O’Brien et al. 2002) might have an
additive value when catecholamines fail to restore blood pressure
adequately. The reason behind this is the assumption that endogenous vasopressin depletion has a causative role in sepsis-associated
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vasodilatory shock (Landry and Oliver 2001; Barrett et al. 2007).
Addition of vasopressin to catecholamines can raise blood pressure even in patients with pressor-refractory septic shock and thus
decrease catecholamine requirements. However, when compared
with noradrenaline, there seems to be no mortality benefit of adding vasopressin to augment blood pressure in septic shock patients
(Russell et al. 2008).
Originally, terlipressin, which has a high affinity to V1a receptors and a 10-fold longer duration of action than vasopressin, was
described as a rescue therapy in catecholamine-resistant septic
shock (O’Brien et al. 2002). In these conditions, it is frequently
added in addition to the catecholamine (mostly noradrenaline) or
used to replace it. Besides reversing vasodilatation, it seems to (partially) restore the vascular reactivity to catecholamines.
However, regional and microcirculatory side-effects (including
coronary vasoconstriction) jeopardizing organ perfusion (particularly in the splanchnic region and skin) must be taken into account
when using these drugs. On the other hand, the reduction in
splanchnic perfusion has been used as a treatment option in hepatorenal syndrome and gastrointestinal bleeding in liver cirrhosis
(Döhler and Meyer 2008).
Taken together, vasopressin should be used primarily as a low-
dose infusion (0.04 units min−1) as a replacement therapy for relative vasopressin deficiency rather than as a vasopressor agent.
Ephedrine
Ephedrine acts as a direct and indirect sympathomimetic. On the
one hand, it displaces noradrenaline from vesicles in nerve terminals thus causing α-adrenoceptor-mediated vasoconstriction. This
explains the tachyphylaxis observed with this drug. On the other
hand, it acts as a mild β-adrenoceptor agonist causing positive inotropy and chronotropy. Further effects include increases in myocardial oxygen demand, decreases in pulmonary vascular tone, and
bronchodilation.
Methoxamine
Methoxamine is a long-acting α1-agonist, which is less potent but
longer-acting than phenylephrine (Thiele et al. 2011).
Methylthioninium chloride
Mechanism of action: binds to inducible NO synthase and guanylate
cyclase. In addition, methylthioninium chloride is a potent, reversible inhibitor of monoamine oxidase-A, which is responsible for
breaking down serotonin in the brain.
Its (prophylactic) administration has been shown to prevent or
resolve vasoplegia occurring after cardiac surgery. Its dosing is
unclear but is usually 1–2 mg kg−1.
However, side-effects such as ventricular ectopy, increased pul
monary vascular resistance, and decreased renal blood flow must
be taken into account. Furthermore, methylthioninium chloride
may discolour patients’ skin, mucosae, and urine and may interfere with pulse oximetry readings. In 2011, the US Food and Drug
Administration warned about the use of methylthioninium chloride
in patients taking serotonin receptor inhibitors and triptans because
of its serotonin breakdown-inhibiting action in the brain.
Clinical indications
The end-point of vasopressor therapy is arterial blood pressure, and
restoration of adequate pressure is the criterion of effectiveness, but
adequate blood pressure does not guarantee adequate blood flow.
The end-point of inotropic therapy is increased blood flow (i.e. at
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the systemic level cardiac output), but the level of adequate blood
flow is even more difficult to determine. Both therapeutic aspects
should be taken into account when choosing therapeutic interventions for haemodynamic support.
In pregnancy, isolated α1-adrenergic stimulation by phenylephrine is preferred over ephedrine in the treatment of maternal
hypotension (Thiele et al. 2011).

Pathophysiology
Long-term administration of adrenoceptor agonists may alter
receptor response to agonism and intracellular signalling mechanisms. Adrenoceptors are desensitized and down-regulated, that is,
they become internalized into the cell. Furthermore, intracellular
G protein-mediated signalling shifts from stimulatory to inhibitory
G proteins, leading to down-regulation of most adenylate cyclase
isoforms.
Acute heart failure
Catecholamines are appealing candidates to augment inotropic
support in acute (worsening) heart failure and cardiogenic
shock. Although these drugs usually succeed in increasing cardiac output and thus oxygen delivery in these patients, there is
debate in the literature about its effects on short-and long-term
patient outcomes. From a multicentre trial including almost 5000
patients with acute heart failure, it appears that application of
catecholamine inotropes was associated with a much higher in-
hospital mortality (25.9 vs 5.2% in the whole cohort) (Mebazaa
et al. 2011). Differentiation between drugs revealed that in this
respect, noradrenaline and adrenaline increased mortality more
than dopamine or dobutamine (>2.5 vs 1.5-fold, respectively). In
order to combine positive inotropic and vasopressor actions and
reduce complications of high-dose usage of single agents, some
clinicians prefer a combination of two (or more) catecholamines.
The most frequently used combination is that of noradrenaline
and dobutamine, which according to preliminary data is equally
effective but associated with fewer arrhythmias and lower heart
rates and lactate concentrations compared with the use of adrenaline [titrated to achieve similar levels of blood pressure and cardiac
output (Levy et al. 2011)].
Of note, levosimendan (see ‘Levosimendan’) might have a small
beneficial effect on short-term survival, possibly because of its vasodilator capacity. Hence, catecholamines should be used with caution
or even avoided whenever possible in this group of patients.
A systematic review on the use of inotropes including the β-
agonists dobutamine and dopexamine and the commonly used
phosphodiesterase inhibitors in cardiac failure showed that
compared with placebo these drugs were associated with a non-
significant trend for increased rate of death [odds ratio (OR) 1.5]
(Thackray et al. 2002).
Sepsis and septic shock
Sepsis is often associated with vasoplegia leading to severe hypotension, which in turn increases the risk of death up to three-fold when
MAP decreases below 60 mm Hg (Dünser et al. 2009). Increasing
MAP from 65 to 85 mm Hg had no beneficial effect on patient outcome (Asfar et al. 2014). Hence, current guidelines recommend
maintaining MAP above 65 mm Hg (Dellinger et al. 2013). In addition to its effects on MAP, noradrenaline also increases blood flow
through an increase in cardiac preload and cardiac contractility
(Hamzaoui et al. 2010; D’Aragonet al. 2015).
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Concerning vasopressor support for septic shock, noradrenaline is the recommended and most commonly used agent. Early
results suggested a survival benefit when noradrenaline was used
for this purpose (Martin et al. 2000), unless very high doses were
required to stabilize MAP, which was an independent predictor
of mortality (OR = 9.7) (Martin et al. 2015). On the other hand,
the effects of catecholamines are diminished during sepsis. This
is a result of altered adrenoceptor function and catecholamine
degradation by peroxynitrite and superoxides. Adrenaline, on
the other hand, is less popular in the treatment of septic shock,
as its use has been associated with hyperlactataemic acidosis
and unfavourable effects on the splanchnic circulation (Meier-
Hellmann et al. 1997).
Comparison of different catecholamines with predominant
vasopressor action showed that dopamine and noradrenaline
were equally effective as initial agents as judged by 28-day mortality rates. However, there were significantly more cardiac arrhythmias with dopamine treatment (De Backer et al. 2010; Patel et al.
2010). In contrast, it could be shown that in community-acquired
septic shock, noradrenaline administration was associated with
higher mortality than dopamine (Povoa et al. 2009). As in cardiogenic shock, the combination of catecholamines may be helpful to combine their inotropic and vasoconstrictor effects while
simultaneously increasing their safety of use. However, the combination of noradrenaline plus dobutamine has not proved to
be superior to the single use of adrenaline (Annane et al. 2007;
Myburgh et al. 2008).
A side-effect of their vasoconstrictory action may be an impairment of regional perfusion (e.g. in the splanchnic or renal vasculature). Thus the question arises whether a low blood pressure
should be accepted or if vasopressors should be used to increase
it, and what the optimal threshold is. In a recent elegant study
it has been shown that increasing MAP from 60 to 75 mm Hg
improved renal oxygenation, glomerular filtration rate, and
urine output in cardiac surgery patients with postoperative kidney failure (Redfors et al. 2011). The authors also showed that a
further increase in MAP to 90 mm Hg did not affect these variables further. Contrary findings have been reported for patients
with sepsis, where increasing MAP from 65 to 85 mm Hg with
noradrenaline increased cardiac output but did not alter renal
function (Bourgoin et al. 2005). However, increasing MAP by
noradrenaline has produced inconsistent effects on microcirculatory tissue perfusion and tissue oxygenation (Georger et al.
2010) particularly in the splanchnic region (LeDouxet al. 2000;
Dubin et al. 2009). The use of phenylephrine for treating sepsis-
associated hypotension, on the other hand, was more uniformly
associated with negative effects on regional blood flow in splanchnic and renal vessels (Morelli et al. 2008). For instance, it resulted
in decreased creatinine clearance and increased lactate concentrations compared with noradrenaline.
In conclusion, the current literature does not allow definite recommendations in favour of one particular vasopressor to counteract
sepsis-induced vasoplegia. Nevertheless, noradrenaline is recommended as first-line treatment for hypotension in septic shock and
acute kidney injury (grade 1B recommendation) and addition of
dobutamine in case of myocardial dysfunction or hypoperfusion
(grade 1C recommendation); adrenaline (grade 2B) and dopamine
(grade 2C) are suggested as respective second-line drugs for these
purposes (Dellinger et al. 2013).

Acute respiratory distress syndrome
In ARDS patients, isolated α1-adrenergic stimulation (e.g. with
phenylephrine) may enhance hypoxic vasoconstriction and thus
reduce shunt flow (Thiele et al. 2011).
Subarachnoid haemorrhage and traumatic brain injury
In patients with subarachnoid haemorrhage, the so-called triple-H
therapy (i.e. hypertension, hypervolaemia, and haemodilution) is
recommended for the prevention of vasospasm. α1-agonists such
as phenylephrine are commonly used to induce the hypertensive
component of this therapy, although the scientific justification for
this is lacking (Thiele et al. 2011).
Similarly, vasopressors are used to increase cerebral perfusion pressure in patients with traumatic brain injury or otherwise
increased intracranial pressure.
Carcinoid tumours
Serotonin-producing carcinoid tumours may cause a hypotensive crisis, bronchospasm, flushing, and cardiac arrhythmias.
Catecholamines, which may exacerbate serotonin release in this
setting, are contraindicated for the treatment of hypotension,
and alternative drugs such as phenylephrine, octreotide, antihistamines, and hydrocortisone have successfully been used for this
purpose.

Inotropes
Inotropes are used for improving myocardial contractility and thus
increasing systemic blood flow (i.e. cardiac output) in situations of
hypoperfusion. Unlike vasopressors, for which an easily measurable
target (i.e. blood pressure) is available, inotropes cannot be titrated
as well, as myocardial contractility is difficult to measure with routine clinical monitoring techniques and there is no consent about
normal values or the adequacy of cardiac output. In addition, simply increasing cardiac output to predetermined ‘supranormal’ values
in all patients does not improve their outcomes. Rather, metabolic
measures at the downside of the circulation such as venous oxygen
saturations or lactate can be used to evaluate the adequacy of tissue perfusion. Current inotropic drugs include cardiac glycosides,
β-adrenoceptor agonists, PDE inhibitors, and calcium sensitizers.

Beta-adrenoceptor agonists
Dobutamine
Dobutamine is a synthetic catecholamine, which stimulates predominantly β1-and β2-adrenoceptors (Fig. 19.3), thus augmenting
inotropy of the heart and producing mild vasodilation (Fig. 19.4).
Dobutamine increases cardiac output by increasing both contractility
and heart rate, with a variable effect on blood pressure. Dobutamine
increases heart rate and thus myocardial oxygen demand, which can
cause myocardial ischaemia in patients with coronary artery disease.
On the other hand, this side-effect is used diagnostically in the cardiological assessment (dobutamine stress test).
Dobutamine is the agent of first choice in patients with low-output
cardiogenic shock and frequently used to augment oxygen delivery
to tissues in septic patients. Addition of dobutamine to noradrenaline can increase both cardiac output and blood pressure and is a
frequently used combination therapy in patients with septic shock.
Concerning regional effects, dobutamine generally does not
influence the distribution of organ blood flow to a major extent. As
a consequence, therapy is often aimed at increasing blood flow to
splanchnic organs or the kidneys.
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Dopexamine
Dopexamine is a synthetic derivate of dopamine that acts predominantly on β2-adrenoceptors (chronotropy and inotropy) (Figs 19.3
and 19.4) and dopaminergic receptors (vasodilation). Furthermore,
it exerts indirect action at β1-receptors by inhibiting the uptake of
endogenous catecholamines. Dopexamine is believed to (selectively) augment splanchnic and renal blood flow.
The matter of dosage has been emphasized in a meta-analysis on
the effects of dopexamine in high-risk surgery. While looking at all
dosages used in the different studies revealed no survival benefit,
the subgroup of studies using low dosages (<1 µg kg−1 min−1) did
find a reduction in mortality (Pearse et al. 2008).
Although this drug initially was thought to have beneficial effects
on splanchnic perfusion (Temmesfeld-Wollbrück et al. 1998),
clinical results are disappointing. All in all, dopexamine failed
to improve in-hospital mortality in patients undergoing major
abdominal surgery (Gopal et al. 2009), although it might reduce
the length of hospital stay (Pearse et al. 2008).

Phosphodiesterase inhibitors
The cyclic nucleotide PDEs comprise a group of enzymes that
degrade the phosphodiester bond in the second messenger molecules cyclic adenosine monophosphate (cAMP) and cGMP.
They regulate the localization, duration, and amplitude of cyclic
nucleotide signalling within subcellular domains. PDEs are
therefore important regulators of signal transduction mediated
by these second messenger molecules, that is, mainly activation
of protein kinase A, which in turn phosphorylates calcium and
potassium channels and myofilaments promoting their action.
As a result of these multiple activations, myocardial contractility
is increased.
There are 11 PDE families and more than 40 subtypes currently
known or identified, which are located in different tissues of the
human body and have different sensitivities and affinities for a particular second messenger molecule. These enzymes can be inhibited unspecifically or specifically by different drugs, the so-called
PDE inhibitors, which prolong or enhance the effects of physiological processes mediated by the second afore-mentioned messengers by inhibition of their degradation. The resulting increase
in intracellular cAMP activates protein kinase A to phosphorylate
key calcium-cycling proteins in cardiomyocytes thus exerting an
inotropic effect, which is independent of β-adrenoceptor stimulation (Fig. 19.2). The latter is important in two ways: first, it enables
a combination with inotropic catecholamines resulting in an additive effect, and second it offers an alternative to catecholamines
as β-adrenoceptors seem to be down-regulated in heart failure. In
vascular smooth muscle cells, this increase in intracellular cAMP
leads to vasodilation and thus may cause hypotension. On the
other hand, the afterload-reducing properties (both pulmonary
and systemic vasculature) are beneficial for augmenting cardiac
performance (both right and left heart) and increasing end-organ
perfusion. A major advantage of PDE inhibitors compared with
catecholamines is the fact that they do not increase myocardial
oxygen consumption. In addition, PDE inhibitors improve diastolic relaxation (lusitropy).
The most commonly used PDE inhibitors in anaesthesiology are
amrinone, enoximone, and milrinone for treating congestive and
acute heart failure, particularly right heart failure and pulmonary
hypertension. All three act as PDE3 inhibitors. In addition, there
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are the PDE3 inhibitors flosequinan, priximone, ibopamine, imazodan, indolidan, pimobendan, and vesnarinone, which either
have not yet reached the status of approval for clinical use or are
less commonly used in anaesthesiology. Other known inhibitors
(unspecific or of particular PDE subtypes) include caffeine, aminophylline, pentoxifylline, theophylline, and theobromine (found in
chocolate, tea, and cola nuts).
Amrinone acts as a systemic and pulmonary vasodilator, resulting in an increase in cardiac output and a decrease in pulmonary
capillary wedge pressure. Furthermore, it decreases myocardial
wall tension and thus oxygen consumption. Amrinone improves
left ventricular diastolic function including relaxation, compliance,
and filling in patients with congestive heart failure. A problem
resulting from the use of this drug is dose-dependent thrombocytopenia leading to impaired coagulation.
Enoximone acts in a similar way to amrinone and has been
widely used in the field of (cardiovascular) anaesthesiology as
an alternative inotropic agent. Compared with dobutamine,
enoximone exerts similar effects on cardiac output, but tends to
decrease cardiac filling pressures, an effect not seen with dobutamine. When compared with pure vasodilators (e.g. sodium
nitroprusside), enoximone causes larger increases in cardiac output but lesser decreases in arterial pressure. Although enoximone
is still available in many countries, further development of the
drug by the manufacturer has been discontinued because of negative study results.
Milrinone is more potent than amrinone and enoximone and
is used to treat both acute systolic and diastolic heart failure. In
cardiogenic shock, milrinone is mainly used when other inotropes
have been ineffective, as it may worsen hypotension. Because of its
prominent vasodilatory effect also on the pulmonary circulation,
milrinone is often preferred in the treatment of predominant right
heart failure. Recent meta-analyses suggested that milrinone might
increase mortality in adult patients undergoing cardiac surgery
(Zangrillo et al. 2012a; Belletti et al. 2015).
Unfortunately, the ability of PDE inhibitors to increase intracellular calcium is also the direct mechanism of the adverse effects.
Hence, PDE inhibitors may increase the incidence of atrial fibrillation or tachyarrhythmias, at least after cardiac surgery, which
raised some debate on their usefulness in this patient population
(Fleming et al. 2008). In addition, they may increase myocardial
ischaemia (particularly amrinone) and cause thrombocytopenia
and hepatic toxicity. PDE inhibitors should be used with caution
in patients with severe aortic or pulmonary valve stenosis and with
hypertrophic cardiomyopathy.

Levosimendan
Levosimendan is a so-called calcium sensitizer, that is, it sensitizes myofilaments to calcium by binding to the calcium-saturated
troponin C in cardiomyocytes, increasing load-independent contraction (Pagel 2007). As this binding is dependent on the actual
calcium concentration, drug binding is high during systole but
absent during diastole when calcium is low, so that diastolic relaxation is not impaired. However, unlike with other inotropes, an
increase in intracellular calcium is not required for evoking a positive inotropic effect with this drug.
The pleiotropic effects of levosimendan include vasodilatation by
opening KATP channels in vascular smooth muscle and in mitochondria. At higher concentrations, levosimendan, also acts as a
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PDE inhibitor (see ‘Phosphodiesterase inhibitors’). As a consequence, levosimendan improves cardiac contractility and exerts
mild vasodilation, also in the pulmonary vasculature. Thereby, it
does not increase myocardial oxygen demand (Nieminen et al.
2009). Finally, levosimendan may be cardioprotective, as seen
in a reduction of troponin I release in patients undergoing coronary artery bypass surgery treated prophylactically with the drug
(Tritapepe et al. 2009; Zangrillo et al. 2012b).
The main indications for its use are acute heart failure and
cardiogenic shock, especially after myocardial infarction or after
weaning from cardiopulmonary bypass. Compared with dobutamine, the haemodynamic effects seem to be superior, while
there is little evidence yet for a survival benefit (Garcia-Gonzalez
et al. 2006; Mebazaa et al. 2007). Although recent meta-analyses
suggested that levosimendan caused a significant reduction in
mortality in critically ill patients (Belletti et al. 2015) and those
with acute severe heart failure (Delaney et al. 2010) and after
coronary revascularization (OR 0.40) (Maharaj and Metaxa
2011), the most recent meta-analysis with trial sequential analysis
revealed inconclusive evidence that levosimendan affected mortality (Koster et al. 2015). Levosimendan did, however, increase
cardiac index and reduce the length of ICU stay, the incidence of
atrial fibrillation, and troponin I concentrations compared with
any other therapy for treating low cardiac output after coronary
revascularization.

Besides the aforementioned indications, levosimendan has
also been used successfully in treating sepsis-induced myocardial
depression (Maharaj and Metaxa 2011) and right heart failure associated with ARDS.
There is still debate on the exact timing and dosing of levosimendan (including the question of whether or not an initial
loading dose should be given), and it must be emphasized that levosimendan is not licensed in many countries.
Side-effects of levosimendan include increased incidence of atrial
fibrillation/flutter, ventricular ectopy, and sustained hypotension.

New and future inotropic drugs
Istaroxime
Istaroxime inhibits Na+/K+-ATPase and probably also stimulates
the sarcoplasmic reticulum calcium pump. As a consequence, calcium elimination outside the cell is decreased and calcium uptake
of the sarcoplasmic reticulum is promoted. In animal experiments,
these combined effects led to inotropic and lusitropic effects, which
were different from those of digoxin and were not associated with
an increase in myocardial oxygen demand. This favourable profile
with increased inotropy and accelerated relaxation without associated increased energy consumption has been verified in one randomized, double-blind, placebo-controlled, dose-escalating study
including 120 patients hospitalized with mild heart failure and
reduced ejection fraction (Gheorghiade et al. 2008). It remains to
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be shown if these effects can be repeated in other forms and severities of cardiac depression requiring inotropic support.
Cardiac myosin activators
Cardiac myosin activators directly influence the cross-bridge cycle
and accelerate the rate of actin-dependent phosphate release. As a
consequence, more cross-bridges enter the force-producing state,
and more cross-bridges are activated per unit of time so that the
contractile force increases. Furthermore, the systolic ejection time
increases, which may theoretically impair diastolic filling. There
are several agents under investigation, the most promising of these
being omecamtiv mecarbil (formerly CK-1827452). Two studies in healthy volunteers and heart failure patients showed dose-
dependent increases in stroke volume, fractional shortening, and
ejection fraction (Teerlink 2009).
Metirosine
Metirosine inhibits the enzyme tyrosine hydroxylase, which is
the key enzyme of catecholamine synthesis. As a consequence, all
concentrations of the catecholamines dopamine, noradrenaline,
and adrenaline are reduced in the body (Fig. 19.5). Metirosine has
been used in the treatment of phaeochromocytoma if regulation of
hypertension with α-adrenergic blockade wasn’t successful (Green
et al. 1982). However, metirosine is contraindicated in patients with
essential hypertension.

Summary
Selection of vasoactive agents should be guided by the therapeutic
goal (e.g. increasing blood flow or blood pressure) and the underlying pathophysiology. Choice of catecholamines in a given situation
should be based on the desired effects, that is, goals that can be
monitored.
Generally speaking, it is easier to affect blood pressure than cardiac
output, and how to optimize regional and microcirculatory blood flow
remains uncertain. Regardless of the chosen intervention, its haemodynamic effects should be closely monitored and always evaluated
against the clinical effects. Recent developments include the definition of haemodynamic goals (goal-directed therapy) and clinical end-
points, which seem to decrease morbidity and mortality, regardless of
the goals defined and interventions used (Hamilton 2011).
With regard to mortality, use of inotropic agents and vasopressors has been associated with adverse outcomes, whereas the use
of vasodilators has not. Inotropes in combination with vasodilators
have the highest mortality (Elkayam et al. 2007).
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Intravenous fluids
in anaesthetic practice
Robert G. Hahn
Introduction
Fluid therapy is an essential task for the anaesthetist to master.
Infusion fluids are given to virtually every surgical patient; however, the treatments are, for the most part, based on experience. The
goals of the therapy, besides preventing hypovolaemic shock, have
long been obscure, and the therapeutic windows for various fluids
are believed to be wide. However, the past 15 years have brought
forth the insight that the key issues are to maintain tissue perfusion and oxygenation. Moreover, not only underhydration but also
hyperhydration lead to a poorer outcome with respect to postoperative complications.

History
The challenge of maintaining the body’s electrolyte and fluid balance first became apparent to the Scottish physician William
O’Shaughnessy (1808–1889) during a cholera epidemic in the
1830s. Marked thickness of the blood and sparse urine production
in the victims initiated the first use of i.v. fluid infusion to combat
dehydration.
In the 1880s, Sydney Ringer (1834–1910) observed that the isolated heart required certain electrolytes to beat, and he used those
electrolytes to make infused fluid more ‘physiological’. Alexis
Hartmann (1898–1964) acknowledged the presence of buffer in the
body fluids by adding lactate to the Ringer fluids. Their findings
form the basis of the composition of the salt solutions, or crystalloid
fluids, we still use today.
The colloid fluids have a shorter history. The first attempts to
use colloids in the form of a primitive gelatin solution were made
during World War I, stimulated by increased awareness and
improved understanding of haemorrhagic shock. Pooled plasma
was used during World War II, which was followed by the development of modern artificial colloids, such as dextran, in the early
post-war era.

Crystalloid fluids
Ringer solution
Ringer solution consists of sterile water to which electrolytes have
been added. The composition is intended to resemble extracellular fluid (ECF). For purposes of manufacturing, however, there
are minor deviations, the most important being that the sodium
concentration is 130 mmol litre−1, which is somewhat lower than

that usually found in the ECF (mean 138 mmol litre−1, range 133–
146). The fluid might lack a buffer, but usually such a component
is added. Manufacturing problems have excluded use of bicarbonate, which is the natural buffer in the ECF. Instead, either lactate
or acetate is added, both of which are converted to bicarbonate by
virtue of metabolic conversion in the body.
Lactate and acetate are vasodilators, but the differences between
them are small under normal conditions. Acetate is a slightly more
effective buffer and more suitable during shock, as metabolism
takes place in all body cells and not only in the liver and kidneys.
Attempts have been made to create a crystalloid fluid that is even
more similar in composition to the ECF than the buffered Ringer
solutions. One such example is Plasma-Lyte® (Table 20.1).

Pharmacokinetics
Lactated and acetated Ringer solutions have quite similar kinetic
profiles. Small amounts of crystalloid fluid (5 ml kg−1) have a small
volume of distribution, suggesting very limited distribution to the
interstitial fluid space. Larger volumes (15–25 ml kg−1) distribute from the plasma to the interstitial fluid space in a process that
requires 25–30 min to be completed (distribution half-life is 8 min).
This time is longer than usually perceived, based on the fact that
the capillaries are very permeable to water and small-sized ions.
Volume equilibration across the capillary membrane in the hand
requires only a few minutes; the reason for the slow global distribution is most likely the restriction of fluid movement exerted by the
collagen–proteoglycan meshwork of the interstitium. When distribution is complete, one-third of the fluid that is not yet excreted
resides in the plasma, and two-thirds in the interstitial fluid space.
Hence, the entire interstitium is not expanded by these fluids.
Moreover, the fluid is not evenly distributed across the interstitial
fluid space; most of the volume accumulates in the subcutis and in
the gastrointestinal wall.
Elimination occurs by voiding. In volunteers, this may be
so prompt that the fluid exhibits one-compartment kinetics.
Anaesthesia and surgery is followed by a marked slowing of the
rate of elimination, whereby two-compartment kinetics is always at
hand. The half-life of the buffered Ringer solutions is 20–30 min in
conscious volunteers, but always exceeds 100 min during surgery
performed under general anaesthesia. Inhaled anaesthesia alone
doubles the half-life, which coincides with increased plasma concentrations of renin and aldosterone. Hence, the elimination of the
Ringer’s is highly context sensitive.
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Table 20.1 Composition of the most common crystalloid solutions compared with plasma and interstitial fluid
Na+
(mmol litre−1)

K+
(mmol litre−1)

HCO−3
(mmol litre−1)

Cl−
(mmol litre−1)

Glucose
(mmol litre−1)

Osmolality
(mOsm kg−1)

Ringer’s lactate

130

4

30

110

   0

274

Ringer’s acetate

130

4

30

110

   0

270

Isotonic saline

154

0

0

154

   0

308

1250

0

0

1250

   0

2400

140

5

27

  98

   0

294

Glucose 5%

   0

0

0

   0

278

278

Glucose 2.5% +
electrolytes

  70

0

25

  45

139

280

Plasma

142

4.2

24

108

5.5

295

Interstitial fluid

139

4.0

28

108

5.5

295

Saline 7.5%
Plasma-Lyte® A*

* Plasma-Lyte® A also contains 23 mmol L−1 of gluconate. All infusion fluids may contain small amounts of electrolytes, such as magnesium and calcium.

The rate of elimination is slightly increased on repeated infusion and is also more effective in the postoperative setting than just
before the surgery.
Induction of anaesthesia causes an excessive expansion of the
plasma volume, which is closely associated with vasodilation and
the decrease in mean arterial pressure. If the pressure decreases by
20–25%, the distribution of fluid from plasma to the interstitium
becomes temporarily arrested (Hahn 2010). This phenomenon can
be understood by transmission of the sudden decrease in arterial
pressure to the capillary level, whereby the Starling equation holds
that infused fluid is preferentially distributed to the plasma. From
a kinetic point of view, the size of the central volume of distribution becomes smaller when the arterial pressure is low. In contrast,
in conscious volunteers, the central volume of distribution of the
Ringer solution is usually 10–15% greater than the expected size of
the plasma volume, indicating that crystalloid fluid rapidly enters
perivascular fluid spaces before the more time-consuming penetration of the interstitial proteoglycan meshwork takes place.

Clinical use
Ringer solutions are used to replace preoperative loss of fluid as
a result of diarrhoea, perioperative blood losses up to 500 ml in
the proportion 3:1, and to compensate the blood volume for the
vasodilation that occurs during induction of anaesthesia. The pharmacodynamic effects are strongly related to the volume expansion
of the body fluid compartments, and the Ringer solution therefore
reverses the physiological changes resulting from extracellular
dehydration and hypovolaemia.
Hypotension caused by anaesthetic drugs that does not respond
adequately to a bolus infusion of 500 ml of Ringer solution should
be treated with a vasoactive drug rather than by providing more
fluid. Otherwise, the anaesthetist might overhydrate the patient
while the arterial pressure remains low.
Ringer solutions are slightly hypotonic (270 mOsm kg−1), which
makes them unsuitable for use in patients with brain injury.
The infusion rate depends on the clinical condition. The anaesthetist must keep in mind that the turnover of Ringer’s is greatly
dependent on the physiological situation. The volume effect is closer
to 50% than 25% during an ongoing infusion, and slow elimination

increases the volume effect even further during surgery performed
under general anaesthesia.
Ringer solutions have no allergic potential. They exert a slight
procoagulant effect up to haemodilution levels of 20–30%. More
pronounced haemodilution has an anticoagulant effect because of
an accompanying decrease in the plasma protein concentration,
which is always greater than the haemodilution when an infusion
fluid is administered. The latter should be divided by (1 − haematocrit) to obtain the plasma dilution.
Other adverse effects are caused by very rapid infusion or blunt
volume overload. Volunteers receiving 2 litres over 15 min reported
dyspnoea and headache. Rapid infusion during surgery might possibly be followed by instant pulmonary oedema, particularly in
patients with a compromised cardiovascular reserve.
Infusion of more than 2–3 litres of crystalloid fluid during surgery inhibits gastrointestinal function. The time lapse until normal
bowel function returns is prolonged by 1–2 days. The risk of suture
insufficiency, wound infection, and pulmonary complications is
higher if 6 litres is infused. Infusing 7 litres of lactated Ringer’s or
more during the day of surgery is associated with a risk of potentially fatal pulmonary oedema (Arieff 1999).
Administration of any infusion fluid at room temperature has a
cooling effect, which causes platelet dysfunction if the body temperature decreases to below 35°C. Shivering is also promoted by
thermal loss, which can be partially prevented by warming the fluids to body temperature before use.
Ringer solutions cause some coagulation in the infusion line if
administered together with erythrocytes. The reason is that the
calcium in the Ringer solutions may supersede the capacity of the
citrate in the transfusion bag to prevent coagulation by binding free
calcium ions. Isotonic saline and Plasma-Lyte® do not contain calcium and do not promote coagulation by this mechanism.

Isotonic saline
A sterile water solution containing only table salt is isotonic (‘normal’) at a concentration of 0.9%. The buffer is then replaced by a
surplus of chloride ions (154 mmol litre−1 vs 100 mmol litre−1 in
ECF) that causes metabolic acidosis on infusion of larger amounts
(>2 litres) (Scheingraber et al. 1999). For this reason, isotonic saline
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should be reserved for patients with vomiting, as they invariably
have a deficit of chloride ions.
As normal saline has a slightly higher sodium concentration than
plasma (154 vs 138 mmol litre−1), the fluid can be used to slowly
raise the serum sodium concentration in patients with hyponatraemia. Moreover, isotonic (or even hypertonic) saline is often preferred in patients with head trauma. The fluid is also often used in
paediatric surgery, as the tendency to develop subacute hyponatraemia is greater in children than in adults.
Isotonic saline is eliminated more slowly than Ringer’s, which
increases the volume effect by 10% (Drobin and Hahn 2002). The
glomerular filtration rate and renal cortical perfusion are reduced
by 10–15% (Stenvinkel et al. 1992; Chowdhury et al. 2012). A few
studies also report a higher incidence of complications, such as
abdominal pain, when 0.9% saline is infused, compared with
Ringer’s (Williams et al. 1999). One retrospective study found
higher mortality and a higher incidence of complications when
isotonic saline rather than Plasma-Lyte® was used for volume
resuscitation during major abdominal surgery (Shaw et al. 2012).
However, the untoward physiological effects of using isotonic saline
instead of any of the Ringer solutions are quite small as long as the
infused volume does not exceed 2 litres (Young et al. 2015).
The medical indication for using isotonic saline is quite slender,
but the solution still has a dominant role on the market for infusion
fluids sold in 1-litre bags or smaller in Europe. The reasons include
a slightly higher price compared with the Ringer solutions and the
widespread use of isotonic saline as a vehicle for drugs. In intensive
care, repeated use of isotonic saline as a vehicle might add up sufficiently to cause clinical metabolic acidosis.

Hypertonic saline
Saline is also marketed as solutions in strengths of 3% and 7.5%.
The hypertonic nature of these fluids augments plasma volume
expansion by recruiting fluid from the intracellular fluid (ICF)
space. Kinetic calculations show that 7.5% saline is four times more
potent than 0.9% saline in expanding plasma volume. Elimination
is strongly related to the capacity of the kidneys to excrete the
sodium load (Hahn 2010). When this occurs, fluid returns to the
ICF space.
The main use of 3% saline is to raise the serum sodium concentration in hyponatraemic patients admitted to hospital. Another
indication is for reduction of intracranial pressure in patients with
brain oedema. The higher concentrations are used, alone or in fixed
combinations with a colloid, as pre-hospital resuscitation fluids. The
fixed combinations are seven times more potent as a plasma volume expander than isotonic saline. They have inspired enthusiasm
in the idea that it would be possible to reduce mortality, neurological sequelae, or both, after trauma by early resuscitation using only
250 ml of fluid. A series of studies performed in the 1980s showed a
tendency towards reduced mortality; however, no single study had
power enough to demonstrate a reduction of the mortality. More
recent evaluations of the hypertonic fluids in the pre-hospital setting have been disappointing (Bulger et al. 2010, 2011).
Besides being effective plasma volume expanders, hypertonic saline solutions improve microcirculatory flow and reduce
endothelial oedema and inflammatory response. However, the
clinical importance of these effects is uncertain.
Adverse effects of hypertonic fluids include volume overload in
patients with a compromised cardiac reserve. Pain of infusion is
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fairly common, and thrombophlebitis might develop if a small vein
is used for infusion.
Hypertonic fluids should not be infused together with
erythrocytes.

Mannitol
Mannitol is an isomer of glucose that is used as an osmotic diuretic.
The isotonic concentration is 5%. Mannitol distributes quickly
throughout the ECF space and does not undergo metabolism.
Elimination is by renal excretion only and operates independently
from the serum sodium concentration. The half-life is roughly 100
min.
Mannitol in a concentration of 10–20% is often used as a bolus
infusion to treat failing diuresis. The hypertonic solution also has
a long history as treatment for intracranial hypertension, where it
serves as a complement to hypertonic saline.

Glucose
Glucose (dextrose) solutions are used to provide water to compensate for evaporation, that is, water derived from all body fluid compartments. The fluid also provides calories for metabolism, and it is
usually given to prevent blunt starvation. Three litres of glucose 5%
provides 600 kcal. This is only one-third of the daily caloric need
in an adult, but the glucose still inhibits gluconeogenesis by reducing the muscle wasting typical of starvation. Unfortunately, this
nitrogen-sparing effect of glucose is poorer in the presence of the
physiological stress that accompanies surgical operations.
Glucose solutions are marketed in many concentrations. The
most widely used solution used during surgery is a mixture of
Ringer solution and glucose 5%, that is, the glucose concentration is 2.5%. Plain glucose 5% and 10% are intended for pre-and
postoperative administration at a lower rate, and glucose 20% is
included in parenteral nutrition programmes.

Pharmacokinetics
The infusion rate must be carefully controlled because of the risk of
hyperglycaemia. In extreme cases, the plasma glucose concentration reaches the renal threshold of 12–15 mmol litre−1, after which
osmotic diuresis ensues. This rate corresponds to infusion of 1 litre
of glucose 5% over 1 h in healthy volunteers (Sjöstrand et al. 2001).
During surgery, the clearance of glucose is reduced, whereas the
risk of hyperglycaemia increases. The renal threshold for glucosuria
is then already reached when 1 litre of glucose 2.5% is infused over
60 min (Sjöstrand and Hahn 2004).
The fluid volume component of glucose solutions has an initial
distribution volume of only 3 litres, which is much less than for glucose molecules. The infused volume then enters the ICF along with
the glucose molecules, a process facilitated by insulin. The osmotic
strength of the glucose is partially lost on incorporation into larger
molecules (glycogen) and completely lost when it is metabolized
into water and carbon dioxide. The infused water volume is finally
distributed over the total body water.
The plasma volume expansion after infusion of glucose 2.5%
and 5% is similar to that resulting from infusion of Ringer solution, although the effect of the 5% solution levels off more quickly.
Prolongation of the rate of elimination during surgery is not as
marked as for the buffered Ringer solutions but, in agreement
with them, elimination is quite effective during the postoperative
phase.
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If infused at a high rate (1 litre over 60 min), hypoglycaemia
and hypovolaemia might develop 30–45 min after infusion when
glucose 5% or higher is administered. The reason seems to be that
the plasma volume expansion elicits a diuretic response, while the
same water volume, by virtue of osmosis, is bound to accompany
the glucose molecules into the cells. The risk of this complication
seems to be greatest in patients with high glucose clearance, such as
in physically well-trained men (Berndtson et al. 2008).
As with hypertonic saline, glucose 10% and 20% solutions withdraw fluid from the ICF to the ECF by virtue of osmosis. Injection
of 70 ml of glucose 30% in an adult expands the plasma volume by
as much as 10% (Hahn and Nyström 2011).

Clinical use
Glucose solutions have a role as temporary fluid and caloric supplements in surgical patients who cannot eat or drink properly. In
perioperative care, the use of glucose is best established in the postoperative unit.
Glucose 2.5% with electrolytes is used routinely during surgery
in some countries, but most anaesthetists refrain from this practice.
One reason for this is that glucose is poorly utilized during surgery.
Glycogenolysis and gluconeogenesis maintain blood glucose concentrations in all but very special groups, such as insulin-treated
diabetics, poor-diet alcoholics, and small children. Moreover, there
is a risk of osmotic diuresis from hyperglycaemia when glucose is
infused, through which the body loses control of the fluid balance.
Animal studies demonstrate that marked hyperglycaemia increases
the risk of cerebral damage in case of cardiac arrest (Myers and
Yamaguchi 1977). On the other hand, infusing plain glucose is
the best way to compensate for evaporative fluid losses. If glucose
is administered in the postoperative period, electrolytes should
always be added to limit the risk of subacute hyponatraemia developing 2–3 days after surgery.
Glucose solution should only be infused cautiously before
Caesarean section, because of a risk of hypoglycaemia developing in the newborn. Similarly, caution should be practised during
labour. Here, the rate of infusion of glucose 5% should not exceed
1 litre over 6 h (Philipson et al. 1987).

the body’s own compensatory mechanisms and, therefore, easily
overcompensates an acidosis. It is good practice to infuse only half
the calculated amount as a bolus infusion. A repeat blood gas and
acid–base analysis is then taken, after which more bicarbonate can
be given, if needed.

Colloid fluids
Albumin
Albumin is manufactured from human blood donors and has a long
history as a plasma volume expander. In the plasma, albumin exerts
80% of the oncotic pressure and infused albumin therefore behaves
as a colloid fluid. Available preparations vary from iso-oncotic or
nearly iso-oncotic concentrations, 3.5%, 4%, and 5%, and even a
hyperoncotic 20% preparation.
Albumin has antioxidant effects of unclear clinical value. It is
a transport protein for hormones (such as thyroxin) and drugs,
which are then transferred from donor to recipient. The magnitude
of adverse effects from such binding is limited by mixing plasma
from many donors when the albumin solutions are prepared.

Pharmacokinetics
In volunteers, albumin 5% expands plasma volume by 80% of the
infused volume. The plasma albumin concentration is increased by
10% by an infusion of 10 ml kg−1, and the elevation is maintained
for at least 8 h. A concomitant reduction of the plasma volume
expansion occurs (half-life 2–2.5 h), which is explained by capillary
leak of albumin (Hedin and Hahn 2005) (Fig. 20.1). A diuretic effect
occurs in response to the volume expansion, although the albumin
is not excreted, but translocated to the interstitial fluid space.
The half-life of infused albumin molecules in the body is claimed
to average 16 h, which is longer than for endogenous albumin
(3 weeks). The difference in half-life between the plasma volume
expansion and the metabolism of the molecule implies that infused
albumin resides in the interstitial fluid space for many hours, where
it attracts water and thereby promotes oedema. Some attenuation
of this adverse effect by recirculation of albumin via the lymphatic
system is likely to occur.

Bicarbonate

Inflammatory conditions

Solutions containing large amounts of bicarbonate, an important extracellular anion, are used to combat metabolic acidosis.
Bicarbonate plays a key role as a receiver of hydrogen ions and in
the control of acid–base balance. The end-product from metabolism is carbon dioxide and water, which means that administration
of bicarbonate increases breathing. This is an issue for patients with
chronic pulmonary obstructive disease.
Bicarbonate creates a temporary relief of metabolic acidosis
that is severe enough to affect haemodynamic function. However,
an active search for the reason for the acidosis should not be
overlooked.
Sodium bicarbonate is usually marketed as hypertonic solutions (600–800 mOsm kg−1), which means that an infusion provides a substantial plasma volume support. The volume required
to compensate base deficit associated with acidosis is governed by
the concentration of bicarbonate in the solution. The amount of
‘missing’ bicarbonate in mmol is calculated as the product of body
weight and the decrease in standard bicarbonate concentration
(mmol litre−1) multiplied by 0.3. This equation does not consider

Clinical use

The plasma volume expansion resulting from albumin infusion has
a shorter duration in inflammatory states, and the half-life might be
reduced from 2.5 h to less than 1 h. The reason is that the glycocalyx
layer of the endothelial lining is damaged (through shedding) by
inflammatory stimuli and, to some degree, also by severe hypervolaemia. A shorter duration of the plasma volume expansion relative
to that reported in volunteer studies can therefore be expected from
any colloid fluid during the later stages of major surgery, as they are
always associated with a systemic inflammatory response.
Albumin is indicated for plasma volume expansion, but it has
unclear benefits over synthetic alternatives in the surgical setting.
Although questioned in the 1990s, albumin remains an effective
treatment alternative in hypovolaemic shock and is probably the
colloid of choice in septic shock (Caironi et al. 2014).
Albumin is the preferred infusion choice for the treatment of
hypovolaemia in neonates.
Albumin has been used to combat hypoalbuminaemia in the
intensive care setting. However, the goal with this treatment is
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Figure 20.1 Intravascular volume expansion resulting from infusing 800 ml of
various colloid fluids in young male volunteers with a mean body weight of 80 kg.
Computer simulations based on typical parameter values from volume kinetic
studies.

unclear. Special conditions where albumin is often used include
burns and nephritis. Albumin should be avoided in head injury,
where normal saline is a better choice for i.v. volume support (SAFE
Study Investigators 2007).
Direct adverse effects, such as allergy and coagulation disturbances, are relatively few. However, repeated administration of
large amounts imposes a burden on the metabolism of nitrogen,
as administered albumin will ultimately be utilized as amino acids.

Starch
Hydroxyethyl starch (HES) is a polysaccharide solution prepared
from plants. HES preparations are colloids intended for plasma volume expansion. They vary in concentration (6% or 10%) and with
regard to molecule size, which is expressed in kilodaltons (kDa).
HES preparations include a spectrum of molecular sizes, but the
mentioned one is the average. Hetastarch is 450 kDa, pentastarch is
about 260 kDa, and the most recent ‘third-generation’ starches are
130 kDa. Moreover, HES molecules link a number of hydroxyethyl
groups per unit of glucose, the degree of which is called substitution. Finally, the hydroxyethyl groups may be placed at different
sites on the carbon atoms of the glucose molecules, expressed as
the C2/C6 ratio.
A HES solution is usually described by the average molecular weight, degree of substitution, and C2/C6 ratio mentioned in
sequence. For example, the product Voluven® (Fresenius Kabi,
Bad Homburg, Germany), is denoted HES 130/0.4/9:1. These data
determine the characteristics of the solution. The degree of substitution is important to the half-life, while a large molecular size
is associated with an increased risk of allergic adverse effects and
haemorrhagic complications.
HES suppresses trauma-induced inflammatory activation and
improves microcirculatory flow, but not as much as the dextrans
do. Medium-sized HES (200 kDa) could possibly limit the increase
in capillary permeability that occurs during major surgery.
Impairment of kidney function has been associated with the use
of HES in several large studies of (mostly septic) intensive care
patients. Therefore, the importance of HES as a plasma volume
expander is limited.

HES distributes quickly over the plasma volume. Most preparations are manufactured to expand the plasma volume with the
same amount as that infused. Elimination occurs by direct renal
excretion (smallest molecules) and renal excretion after enzymatic
cleavage (larger molecules). HES is also the subject of phagocytosis
in the reticuloendothelial system, where the molecules can remain
for several years.
Pharmacokinetics has been studied based on measurement of
the disappearance of the HES molecules in amount/volume body
fluid, which might not correspond exactly to their volume effect.
The half-life of the plasma volume expansion resulting from ‘third-
generation’ HES solutions is about 2 h (see Fig. 20.1) while the half-
life of the HES in amount/volume is between 3.8 h (Lehmann et al.
2007) and 12 h (Waitzinger et al. 1998). Similar to albumin, a large
fraction of the HES molecules then remain in the extravascular
pool for a considerable time.

Clinical use
HES is used to treat hypovolaemia in the operating theatre. It is also
specifically used for fluid boluses when performing goal-directed
fluid therapy.
HES has a maximum daily dose because of an inherent risk of
coagulopathy. The highest recommended volume of Voluven® is 3.5
litres (24 h)−1 in an adult male, while less volume is allowed for
starches of higher molecular weight (hetastarch and pentastarch).
Most of the coagulation changes are the result of dilution of the
plasma protein concentrations, but there is also inhibition of platelet function.
The first 10–20 ml of a HES preparation should be infused slowly
during close observation of the patient. HES might induce anaphylactoid reactions, such as bronchospasm, muscle pain, bradycardia,
and pulmonary oedema. The incidence is 0.06% (Laxenaire et al.
1994). The mechanism not fully understood, as HES has very low
antigenicity.
Accumulation of HES in the reticuloendothelial system might
cause itching, in particular if large doses are infused daily over several weeks (as in the intensive care setting).
Hyperoncotic (10%) colloids may induce renal failure in severely
ill patients, in particular in the presence of dehydration. However,
iso-oncotic HES preparations are also associated with an increased
likelihood of delayed renal impairment and need for renal replacement therapy. Infusion of large amounts (several litres) of medium-
sized HES increases the likelihood of this adverse effect in septic
patients (Schortgen et al. 2001; Brunkhorst et al. 2008). The same
problem has been demonstrated with ‘third-generation’ (130 kDa)
HES solutions in septic patients (Perner et al. 2012) and in unselected intensive care patients (Myburgh et al. 2012). As a result of
these studies, HES should not be used in intensive care patients
and, if used in the operating room, be followed up with an assessment of renal function after 3 months.
Hypertonic saline in HES (HyperHAES®, Fresenius-Kabi, Bad
Homburg, Germany) is marketed for pre-hospital trauma care in
some countries. By virtue of osmosis, these solutions expand the
plasma by much more than the infused volume.

Gelatin and plasma
Gelatin contains polypeptides prepared from animals. This colloid
is most widely used in the United Kingdom and its former colonies.
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The molecular weight averages 30 kDa, which allows the molecules to be eliminated by renal excretion. Therefore, the volume
expansion is of short duration (2 h). Anaphylactoid reactions are
fairly common (0.35%) but rarely severe, and the effect of gelatin
on coagulation is slight. The risk of spreading disease with gelatin (‘mad cow disease’) necessitates careful preparation by heating
before sale.
There are two gelatin solutions on the market: Haemaccel® contains 3.5% gelatin prepared from animal collagen and Gelofusine®
is plasmion-succinylated gelatin mixed in 0.9% saline. The plasma
volume expansion from Gelofusine® over time is similar to that
obtained by Voluven® (Awad et al. 2012). Less is published about
the clinical use of gelatin compared with the other colloid fluids.
Plasma should only be used for plasma volume expansion if nothing else is at hand. The volume-expanding properties of autologous
plasma are similar to albumin 5% (Hedin and Hahn 2005) but
plasma also contains coagulation factors, which is the main indication for its use. Fever reactions occur at a frequency of 3–4% when
plasma is administered. Very rare complications caused by antibody reactions can also occur.

Dextran
Dextrans are polysaccharides synthesized by bacteria. These macromolecules are large enough to serve as ‘colloids’ in the bloodstream. Hence, they pass into the interstitial fluid space only
with difficulty, which makes them effective as plasma volume
expanders.
Marketed solutions have an average molecular weight of 40 kDa
or 70 kDa and concentrations vary between 3% and 10%. A solution of dextran 70 6% is iso-oncotic and expands plasma volume
by as much as the infused volume, albeit initially somewhat more.
The half-life is 4–5 h (see Fig. 20.1). The half-life of dextran 40 is
only 2 h.
The dextran polysaccharide molecules are split by an endogenous
enzyme and metabolized as glucose to water and carbon dioxide.
Smaller molecules are also excreted by the kidneys. No deposition
occurs.
Just like HES, dextran suppresses the trauma-induced immune
activation. The dextrans also have two characteristics not shared to
the same degree by other colloids. First, the fluid improves microcirculatory flow by decreasing blood viscosity. Second, there is a
risk of anaphylaxis that is of potentially greater severity than the
allergic reactions to other colloids.
Hypertonic saline in dextran (HSD) is a solution with 7.5% NaCl
and 6% dextran 70, which is used as a particularly powerful plasma
volume expander in pre-hospital care. The solution is seven times
more potent as a plasma volume expander than 0.9% NaCl (Drobin
and Hahn 2002).

Clinical use
Dextran is used for plasma volume expansion, to improve microcirculatory flow, and to prevent thromboembolism.
The preventive effect on thromboembolism can be turned into a
haemorrhagic disorder if the maximum dose of 1.5 g kg−1 of dextran per day is exceeded. This corresponds to almost 1.5 litres of 6%
dextran 70 in an adult male. This volume is only half as large as the
maximum dose of Voluven® (HES 130/0.4/9:1).
Anaphylaxis as a result of the presence of irregular antibodies
to dextran occurs at a frequency of 0.27% (Laxenaire et al. 1994).

Prevention should be instituted by slowly injecting 20 ml of small-
sized dextran molecules (1 kDa) intravenously just before dextran
40 or 70 is administered. This pre-treatment aims at blocking irregular antibodies, which changes severe anaphylaxis into mild reactions. The incidence of severe dextran reactions is reduced by 95%
using this practice, to 1.2 in 100 000 (Ljungström 1993).

Conventional fluid therapy
The conventional approach when planning how much fluid to
infuse during an operation is to sum up the perceived needs and
measured losses. This ‘fluid balance method’ is still the most fundamental way to plan the therapy, in particular in complex surgeries
that are poorly covered by outcome studies.

Before surgery
The first concern is if the patient is dehydrated before surgery
begins. This information requires that anamnesis is obtained from
the patient and that the medical records are reviewed. Questions
should include if there has been recent intake of food and water,
whether vomiting has occurred, and if urine has been passed.
Naturally, these issues are most important in acute surgery. At
least half of the perceived losses should be infused before surgery starts to prevent dramatic hypotension during induction of
anaesthesia.
If the fluid deficit amounts to several litres, it can be reasonable
to admit the patient to the intensive care unit, as close monitoring
might be needed to allow speedy volume substitution, while not
allowing pulmonary oedema or other complications to develop.
The remainder of the fluid deficit can be administered during
and just after surgery, when the patient is already under close
surveillance.
In patients with ileus, 200–300 ml of albumin is often given to
compensate for inflammatory exudation of proteins in the abdominal cavity.
Bowel preparation by enteric lavage causes dehydration, and it
should be compensated by 2–3 litres of buffered Ringer solution.
Normal fluid intake is 1 ml kg−1 h−1, and it should be regarded as
a need from 7:00 a.m. on the day of the operation (young adults and
middle-aged patients sometimes require 1.5 ml kg−1 h−1). Whether
given at that time or just before surgery begins, basic fluid administration should never be forgotten.

Onset of anaesthesia
It is common to perform fluid loading of 300–500 ml of buffered
Ringer solution just when general anaesthesia is induced to allow
for a larger volume to fill the cardiovascular system. The reason is
that general anaesthesia causes vasodilation. The only scientifically
sound reason for providing volume loading before induction of
anaesthesia is to safeguard against undetected blunt hypovolaemia,
which might otherwise cause cardiac arrest when the anaesthesia-
induced vasodilation withdraws volume to the ‘unstressed’ pool of
blood (Bonica et al. 1972).
Fluid loading by 500–1000 ml of Ringer solution has also traditionally been administered during the induction of spinal and
epidural anaesthesia. The anticipated preventive effect on arterial
hypotension is questionable, which leaves the anaesthetist to rely
on i.v. injections of an adrenergic drug (ephedrine, phenylephrine)
to combat this consequence of the anaesthesia.
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During surgery
The recommended rate of infusion of balanced electrolyte fluid
during surgery is 3–5 ml kg−1 h−1. A rate of 2 ml kg−1 h−1 tends
to cause postoperative nausea (Apfel et al. 2012); if used, this low-
volume regimen should be combined with flow-directed volume
optimization (goal-directed fluid therapy) or, possibly, with a slow
i.v. drip of noradrenaline.
The rationale behind the fluid administration is that the normal
daily intake of fluid should continue to be replaced, either by buffered Ringer solution or by glucose 2.5–5% with electrolytes. The
recommended rate is still 1 ml kg−1 h−1, or 75–100 ml h−1 in an
adult man.
Evaporative fluid losses from surgical wounds are smaller than
commonly believed. Slight exposure of viscera results in a loss
of 2 ml h−1, moderate incisions with partly exposed but non-
exteriorized intestines results in a loss of 8 ml h−1, and in major
exposure of exteriorized bowels, the evaporative fluid loss is 30–
35 ml h−1 (Lamke et al. 1977). Additional evaporative fluid losses
occur during general anaesthesia if an open breathing circuit is
used. Such losses should be negligible if a closed circuit is used.
The remainder of the basic fluid supplementation is intended
to compensate for vasodilation, exudative losses into the surgical
wound, and increased lymph flow.
Haemorrhage is traditionally substituted from the first millilitre
by three times the bled amount of Ringer solution. The anaesthetist
should still remember that the plasma volume expansion of crystalloid fluid is greater than 3:1 during the actual infusion and that
capillary refill compensates some of the haemorrhaged volume.
When 500 ml has been bled, the crystalloid might be substituted for
a colloid to avoid postoperative oedema. In operations where major
bleeding is expected, colloid fluid, blood, or both can be provided
from the first millilitre of the bleeding.
When an operation is performed in the lithotomy position, blood
loss can be replaced by only twice the amount of lost blood, because
of the fact that fluid is translocated from the legs to the central circulation. The last third of the replacement can be saved for a rapid
infusion when the legs are lowered from the stirrups at the end of
the operation, which is a sensitive phase with respect to hypovolaemic hypotension (Hahn 1993).

After surgery
Ongoing infusions should be adjusted to meet the postoperative
situation, which is characterized by a normal or slightly increased
rate of elimination of fluid volume but without evaporation and
(usually) without further blood loss. The basic fluid administration of 1 ml kg−1 h−1 should continue until the patient is capable
of drinking by mouth. If prolonged postoperative care is needed,
the baseline support often comes in the form of glucose solution
of 5–10% with electrolytes, which should now include potassium
if the urinary excretion exceeds 1 ml min−1. During the first postoperative hours after surgery, some additional volume of Ringer’s
might be infused to compensate for transudation of fluid into larger
surgical wounds, if any.
Anaesthesia and surgery, as well as intensive care, must be
accompanied by expansion of the body fluid volumes because
these situations are accompanied by vasodilation, disease/drug-
induced impairment of cardiovascular function, or both. After
accepting a temporary expansion of the body fluid volumes to
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maintain tissue perfusion, the anaesthetist later has to recruit the
excess fluid volume from (primarily) the interstitial fluid space
to become excreted as urine. Volume expansion usually resolves
spontaneously but major surgery and intensive care might require
active therapy on behalf of the anaesthetist. Therapy consists of
timely administration of diuretics and, if the oedema is severe, of
hyperoncotic albumin solution. One reason for why fluid recruitment can be difficult is that marked volume expansion with crystalloids ruins the elasticity of the proteoglycan meshwork of the
interstitial fluid matrix.

Outcome-guided fluid therapy
Assessing the effects of fluids
Outcome measures suitable for evaluation of fluid therapy have long
been unclear. Mortality, urinary excretion, and arterial pressure
were commonly used as late as in the 1990s. Mortality is important,
but it is a rare event of truly multifactorial origin. Therefore, very
large groups of patients must be studied to disclose real differences
among infusion fluids with respect to mortality.
Urinary excretion and arterial pressure should always be monitored during surgery to detect dehydration and subsequent tissue
hypoperfusion. However, the value of these parameters as outcome
measures may be questioned, as they are greatly affected by anaesthetic drugs, and they indicate overhydration poorly.
In the past decade, there has been a focus on evidence of hypoperfusion and records of surgical complications to evaluate fluid
therapy. Anaesthesia and surgery apparently change the haemodynamic and circulatory prerequisites for adequate perfusion.
Intermittent periods of impairment are common and should be
counteracted by infusion fluids. Serum lactate and base excess
are global markers of perfusion, and they are of interest in this
respect. A good way to monitor perfusion is to measure mixed
venous oxygen saturation (Sv O2 ); values should be higher than
70%. Lower levels indicate insufficient oxygen transport, which
initiates an increased peripheral extraction of oxygen from the
blood. Measuring Sv O2 is a good way to assess the benefit of a fluid
challenge.
The number of postoperative complications has also been used
as an outcome measure for fluid therapy. Bennett-Guerrero et al.
(1999) reported that 27% of healthy patients undergoing medium-
length surgery (lasting 1–2 h) experienced complications during
the postoperative follow-up. The complications prolonged hospital
time and were of similar types, regardless of the type of surgery. An
independent researcher visited the patients on the third day after
surgery and recorded any complication on a checklist. The number
of complications registered in this way is higher than the number
found in the medical records, but the idea is to record any deviation
from an uncomplicated postoperative course.
Since that study, counting the number of postoperative complications in this way has been used in many evaluations of fluid therapy.
The incidence of complications in younger patients is about 25%,
but it is usually around 50% in smokers, in the elderly, and in those
with cardiovascular disease (Möller et al. 2002; Brandstrup et al.
2003).
Besides being a tool for evaluation of fluid therapy, the relatively
high incidence of unwanted events indicates opportunities for
improvement of perioperative care.
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Restrictive fluid therapy
One way to evaluate fluid therapy in a surgical population is to
count the number of postoperative complications that arise after
the administration of one fluid volume compared with another.
Pioneered by Lobo et al. (2002) and Brandstrup et al. (2003), this
approach has shown that restrictive fluid therapy is beneficial in
several types of open abdominal operations, such as colon and pancreatic surgery. No consensus has been reached about what exact
volumes are meant by restrictive and liberal, but in one study, the
restrictive volume was 4 ml kg−1 h−1 and the liberal volume was
12 ml kg−1 h−1 of crystalloid fluid (Nisanevich et al. 2005). The reason for the benefits offered by restriction is probably that crystalloid fluid has a tendency to accumulate in subcutaneous skin and
in the gastrointestinal tract, whereby the site of surgery becomes
oedematous and the surgical wounds have difficulty healing.
Studies have also been performed that compare the effects of
15 ml kg−1 vs 40 ml kg−1 of crystalloid fluid on postoperative recovery. In laparoscopic cholecystectomy, the larger volume appeared
to facilitate postoperative recovery, while no difference was found
in knee surgery. These results show that the favourable effects of
restrictive fluid therapy in open abdominal surgery cannot be
translated uncritically to other types of surgery.

Goal-directed fluid therapy
The only evidence-based method of providing fluid in the individual patient is to use goal-directed fluid therapy, which has received
increasing attention over the past decade. The principle is to use the
Frank–Starling mechanism of the heart, which means that pumping increases when preload increases.
More fluid should be infused in a patient if stroke volume
increases by greater than 10% in response to a bolus infusion of 200
ml of colloid fluid. Stroke volume is then dependent on preload,
which is often called fluid responsiveness. When the increment in
stroke volume is less, the patient is considered to be ‘optimized’ with
respect to intravascular volume. Although the cardiovascular system is adequately filled, stroke volume can still be further increased
by administration of adrenergic drugs, but these are rarely included
in the goal-directed concept used during surgery today.
Many studies show that the incidence of postoperative complications decreases and that the time to intake of oral food is shortened
if stroke volume is monitored by oesophageal Doppler compared
with when fluid administration is provided by ‘standard of care’. In
contrast, the effect on hospital time is more variable. Operations
included are open abdominal surgery, traumatic femur fracture
surgery, high-risk surgery, and unselected surgical patients undergoing medium-length surgery (Venn et al. 2002; Wakeling et al.
2005; Noblett et al. 2006). There are exceptions to the favourable
outcome reports. Meta-analyses suggest that the greatest benefit
is to be found in the sickest patients (Cecconi et al. 2013). When
applied in abdominal operations, the number of postoperative
complications is similar after goal-directed and restrictive fluid
therapy (Brandstrup et al. 2012).
A number of methods other than oesophageal Doppler may be
used to titrate stroke volume, although they are less well evaluated
in outcome studies. Arterial pressure waveform might be analysed
by apparatuses such as LiDCO™ (LiDCO System, London, UK,
PiCCO™ (Pulsion Medical System, Feldkirchen, Germany), and
FloTrac™/Vigileo™ (Edwards Lifesciences, Irvine, CA, USA), which
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Figure 20.2 Respiratory variation in a patient has the same appearance in an
arterial pressure recording (top) as in a pulse pressure curve measured by pulse
oximetry (bottom). Over several respiratory cycles, the variation between the
highest and lowest pressures is divided by the mean value. A greater variation
(10–15%) indicates that more fluid should be infused.
Reproduced with permission from Cannesson M, Besnard C, Durand PG, Bohé J, Jacques D.
Relation between respiratory variations in pulse oximetry plethysmographic waveform
amplitude and arterial pulse pressure in ventilated patients. Critical Care, Volume 9, Issue 5,
pp. 562–568, Copyright © 2005 Cannesson et al. http://ccforum.com/content/9/5/R562. This
is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

all require arterial access. These devices measure dynamic haemodynamic parameters such as pulse pressure variation and stroke
volume variation. If mechanical ventilation induces higher values
than about 10%, stroke volume is likely to be preload dependent.
Pulse oximetry might possibly be applicable in patients under
general anaesthesia, as variability in the strength of the pulse wave
(a measure called plethysmographic variability index) shows good
correlation with invasive measurements of pulse pressure variation
(Cannesson et al. 2008) (Fig. 20.2).
It is likely that tissue perfusion and oxygenation are improved
by goal-directed fluid therapy. Those who advocate the approach
argue that modest hypovolaemia might not be detected by changes
in global haemodynamics, but that vasoconstriction still reduces
blood volume and flow in many vascular beds, such as in the gastrointestinal tract. Critics suggest that the use of colloid fluid for
titration rather than the effect on stroke volume creates the beneficial effect.

Special situations
Burns
Aggressive fluid therapy is mandatory during the first 24 h after
burn injury, as evaporation is markedly increased from damaged
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skin and inflammatory mediators dramatically increase the capillary permeability in both burned and unburned tissue. Moreover,
the negative hydrostatic pressure in the interstitium becomes
greatly reduced. In a healthy man, the pressure is –3 mm Hg,
which helps to keep the tissues together; in burned tissue, the
pressure can reach –40 mm Hg. This pressure exerts suction on
the plasma volume, which can become low enough to threaten the
patient’s life.
In burn injury, i.v. fluid therapy is guided by the total burn surface
area (TBSA%) based on the ‘9% rule’ (Table 20.2). In small children, the surface of the head is larger and the legs are smaller than
the estimates cited for adults.
Fluid treatment is a crucial early step in burn injury and must
already be initiated in the pre-hospital setting and during transport
to specialized hospital care. The most well-known fluid scheme for
the first critical 24 h is the ‘Parkland formula’, which holds that fluid
therapy should be performed with Ringer’s and amount to 2–4 ml
kg−1 for each TBSA%, of which half is given over the first 8 h and
the rest over the subsequent 16 h. Urinary excretion is an important monitoring parameter—it should be 0.5–1 ml kg−1 h−1. Other
formulas have also been developed, some of which include administration of fresh-frozen plasma or a synthetic colloid, but they have
not received as wide acceptance as the Parkland formula.
Colloid fluids are unsuitable for use early during fluid resuscitation. As a result of increased capillary permeability, colloids leak
into the interstitial fluid space, where they attract water that aggravates tissue oedema. In very large burns, glucose 5% solution might
be used to replace some of the Ringer’s. There is a risk that the renal
capacity to excrete sodium is exceeded, which allows hypernatraemia to develop in the wake of the massive turnover of water.

Children
ECF volume occupies a larger percentage of body weight in newborns (35%) than in adults (20%), and the turnover of fluid and
energy is faster. In premature children, ECF might even represent
as much as 50% of body weight. Consequently, their blood volume
is also greater per kilogram of body weight than that of adults.

Basal requirements
The daily requirement of fluid in children is often estimated by the
‘4/2/1 rule’. This rule holds that the volume needed is 4 ml kg−1 h−1
in a child up to 10 kg of body weight, 2 ml kg−1 h−1 for those
between 11 and 20 kg, and 1 ml kg−1 h−1 above 20 kg. In children,
Table 20.2 Guide for calculation
of burned body surface area (TBSA%)
Anatomical area
Head
Each arm

TBSA%
9%
9%

Trunk, anterior

18%

Trunk, posterior

18%

Each leg

18%

Perineum

1%

Adapted from The Lancet, 257, 6653, Wallace AB,
‘The Exposure Treatment of Burns’, pp. 501–504,
Copyright 1951, with permission from Elsevier.
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the 4/2/1 volume principle can be increased or reduced by 20%
when there is an anticipated alteration in the need for fluid (such as
fever). Moreover, 1.5 ml kg−1 h−1 rather than 1 ml kg−1 h−1 is proposed by some scholars to be the basal requirement in young and
middle-aged patients undergoing surgery.
Premature children have marked evaporation losses through
their immature skin; therefore, humidity in incubators must be
kept high.

Dehydration
Dehydration is common in children as a result of diarrhoea and
various surgical and medical conditions. Impaired skin turgor is
the earliest sign and corresponds to loss of 5% of the body weight.
Between 5% and 10%, dehydration is characterized by oliguria. The
circulation becomes impaired, the fontanelle sunken, and the eyes
halonated if more than 10% of the body weight is lost.
Dehydration of up to 5% of the body weight should be replaced
within 4 h, and 10% within 8 h. Ringer’s or solutions containing
glucose 2.5% are suitable. A special clinical condition, hypertonic
dehydration, might occur in small children with immature kidneys.
In this condition, serum sodium is elevated and volume substitution should be performed more slowly, over 1.5–2 days; it should
be based on infusion of glucose 5% solution with addition of only a
small amount of sodium.

Surgery
Clear fluids may be given by mouth to a child down to 2 h before
surgery. Breast milk is allowed down to 4 h. Children still easily
develop a preoperative fluid deficit, and any acute bowel surgery
can be assumed to be associated with dehydration of 5% of the
body weight.
The recommended fluid administration during operations
is higher in children than in adults and ranges between 5 and
10 ml kg−1 h−1, depending on the type of surgery. Some hospitals increase fluid administration during the first hour and give
25 ml kg−1 to children aged 3 years and under and 15 ml kg−1 to
those aged 4 and older.
Children become hyponatraemic and hypoglycaemic during
surgery more easily than adults. Therefore, isotonic saline has been
used for perioperative volume support more frequently in children
than in adults. If glucose is provided, a solution containing 1% or
2% of glucose in lactated Ringer is appropriate. A European consensus holds to a recommendation that the intraoperative infusion
fluid in children should contain 1–2.5% of glucose and as much
sodium as possible, while still maintaining the osmolality in the
physiological range. The fluid should also contain a bicarbonate
precursor to prevent metabolic acidosis (Sümpelmann et al. 2011).
Such an infusion fluid is not currently available in all countries.
Apart from basic volume support, blood loss should be treated
with a colloid in a 1:1 proportion or with Ringer solution in a 3:1
proportion, just as in adults. The colloid fluid of choice in children
has traditionally been albumin, and it remains to be so also in
neonates.
Children can be allowed to drink oral fluid 3 h after surgery. If
this is not possible, i.v. fluid administration should be re-instituted.

Day surgery
The practice of allowing patients to drink clear fluids up until 2 h
before surgery has limited the need for fluid administration in day-
surgery patients. Procedures lasting for less than 5–20 min hardly
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need i.v. fluid administration, whereas recovery and well-being
improve by infusing 1–2 litres of crystalloid fluid during operations
of longer duration. This fluid might be Ringer solution or glucose
2.5% with electrolytes. The role of i.v. fluid is greatest in patients at
high risk of postoperative nausea and vomiting and in those who
did not receive oral fluid before surgery.
In one study, laparoscopy patients were fit for discharge earlier
after having received 20 ml kg−1 of a glucose–Ringer’s mixture
compared with those who received only Ringer’s or no fluid. Those
patients also experienced less dizziness and faintness on standing
after the surgery (Cook et al. 1990).

Diabetic ketoacidosis
This medical entity often needs to be treated in the intensive care
unit during the first day after diagnosis is made. The patient has
insufficient insulin secretion, which results in hyperglycaemia.
The subsequent osmotic diuresis leads to severe dehydration with
marked loss of electrolytes. Development of acidosis results in
hyperkalaemia.
Fluid therapy is essential and should be instituted without delay,
before the patient develops circulatory shock. After starting continuous i.v. infusion of 10 units of insulin per hour, 1 litre of isotonic saline should be infused during the first hour to prevent brain
oedema. The acidotic effect of isotonic saline makes this fluid an
unsuitable choice for further fluid resuscitation (Chua et al. 2012).
Instead, 5–8 litres of Ringer solution or Plasma-Lyte® should be
provided over 24 h, and blood glucose and electrolytes monitored
every 2–3 h. When blood glucose reaches 15 mmol litre−1, the rate
of infusion of insulin should be reduced and a switch made to infusing glucose 5% instead of Ringers. Fluid administration should be
gradually reduced and the patient allowed to eat and drink normally on the second day.
Administration of potassium is an issue. Acidosis translocates
potassium from the ICF to the ECF, whereby urinary losses of
potassium increase. Although hyperkalaemia is present, there is a
total body deficit of potassium. When the acidosis disappears with
insulin treatment, potassium returns to the intracellular fluid, and
severe hypokalaemia might ensue. If there is diuresis and serum
potassium below 7 mmol litre−1, 30 mmol of potassium should be
added to each litre of Ringer’s from the second hour onward.
Bicarbonate is rarely needed, as the acidosis corrects itself with
the treatment previously described. However, bicarbonate should
be provided in case of failing circulation, which might occur if the
pH decreases below 7.0.

Hypothermia during surgery
Surgery involves a reduction of body temperature, as thermoregulation is impaired by general anaesthesia, and the patient is exposed
to cold air and surgical instruments. Evaporation and air currents
make things worse. A decrease of body temperature to below 35°C
induces coagulopathy and suggests a need for adopting routines to
limit heat loss.
Infusion fluids cause conductive heat loss of the same type as the
thermal loss as a result of contact with cold objects. Other mechanisms of heat loss during surgery are radiant (from skin and viscera), convective (by air currents), and evaporative (from skin and
airways).
Warming the infusion fluids to body temperature and covering the patient’s body with blankets are the simplest measures to

prevent hypothermia. The amount of heat loss from infusing 1 litre
of fluid at room temperature is 15 kcal. Two litres of fluid would
constitute more than 50% of the heat loss if a patient undergoes
laparoscopic cholecystectomy and is well draped. However, the heat
loss increases greatly if the viscera are exposed and the patient is
not fully draped.

Irrigating fluids
Accidental fluid administration might occur during endoscopy in
the genitourethral tract. Such surgery is performed in a water bath
to dilate the area and to rinse it free of blood and debris. The water
bath solution is occasionally absorbed into the patient’s venous system without the anaesthetic team being aware of it.
Fluid absorption is most common from transurethral resection
of the prostate (TURP) and transcervical resection of the endometrium (TCRE), but it has also been described in several other
operations where irrigating fluid is used. When cutting is done with
a monopolar technique (i.e. the current travels form the tip of the
resectoscope to a metal plate placed on the patient’s leg), irrigating
solution consists of sterile water to which a non-electrolyte solute
has been added to make the fluid non-haemolytic. Marketed solutions contain glycine, sorbitol, or mannitol. A more recent principle
is to use a bipolar electrode, which means that the current does not
travel through the patient, but enters and leaves the surgical area via
the resectoscope. In this situation, electrolyte solutions can be used
for irrigation (usually isotonic saline).
Glycine is an amino acid that is metabolized primarily in the
liver. The half-life is 1 h, but it can be much longer, as large amounts
seem to be deposited intracellularly and then released gradually.
Glycine is toxic to the nervous system, but the effects are reversible.
A subgroup of patients (10%) develops hyperammonaemia from
a surplus of glycine, which aggravates the neurological symptoms.
Sorbitol is metabolized as sugar in the liver and has a half-life of 30
min. Mannitol is not metabolized, but excreted by the kidneys. The
half-life is 100 min, but it becomes markedly prolonged in cases of
renal impairment.
More than 1 litre of irrigating fluid is absorbed in 5–10% of the
operations in most case series. This is the cut-off point above which
the incidence of adverse effects is increased (Hahn 2006). Symptoms
become more abundant and severe for larger volumes of absorbed
fluid (Fig. 20.3), and 3–4 litres give rise to a complex syndrome
called the ‘transurethral resection (TUR) syndrome’. A key issue is
that osmotic diuresis aggravates and prolongs the hyponatraemia
which causes a bewildering postoperative combination of hypovolaemia and swelling of the interstitial fluid compartment and of the
ICF space (Hahn and Gebäck 2014). Death from haemodynamic
shock or brain oedema may occur.
Glycine has the highest tendency, sorbitol an intermediate tendency, and mannitol the least tendency to cause symptoms when
absorbed. The symptoms that follow rapid massive absorption of
saline solution are not well known, but they have no capacity to
cause brain oedema, while the likelihood of overwhelming the cardiovascular system is still present. A study in mice shows that the
mortality rate from overload with isotonic saline is lower (33%)
than for glycine 1.5% (67%) (Olsson and Hahn 1999).
Absorption of electrolyte-free irrigating fluid is diagnosed by
measuring the serum sodium concentration at the end of surgery,
which is usually performed if symptoms arise. Two litres of fluid
depress serum sodium by 12–13 mmol litre−1; therefore, a serum
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Figure 20.3 Symptoms caused by glycine absorption. The incidence of
symptoms from the circulatory and neurological systems in 77 out of 423 patients
who absorbed greater than 300 ml of glycine solution during TURP. The most
common symptoms were hypotension nausea in the postoperative ward.
Data from Hahn RG, Shemais H, Essén P. Glycine 1.0% versus glycine 1.5% as irrigating fluid
during transurethral resection of the prostate. British Journal of Urology 1997: 79: 394–400.

sodium concentration of 126–128 mmol litre−1 can be expected at
the very end of an operation. When 0.9% saline is used for irrigation,
there is no possibility to indicate fluid absorption by serum sodium.
If anything, one would expect a minor increase in serum sodium.
There are also special methods that provide early warning of
ongoing absorption. The addition of ethanol to a concentration of
1% in the irrigating fluid, followed by a breath test for measurement
of ethanol concentration every 10 min, is best evaluated as such a
monitoring tool (Hahn 1996). The volumetric fluid balance is hampered by numerous errors in TURP but is a better choice in TCRE,
as the bleeding is then quite small.
Treatment of TUR syndrome consists of haemodynamic stabilization by i.v. calcium, adrenergic support, and hypertonic saline.
Ventilatory support might be needed, as depressed consciousness is
part of severe TUR syndrome. Diuretics can be provided once the
haemodynamic situation is stable.

Neurosurgery
Undamaged brain tissue is surrounded by a specialized vascular
epithelium (the blood–brain barrier, or BBB) which allows water
but no ions or larger molecules to pass. This implies that brain
water volume decreases in response to hypertonic fluid, but not
to hyperoncotic fluid. Therefore, infusion fluids aimed at reducing brain oedema are hypertonic mannitol and hypertonic saline.
Conversely, brain water content increases when a hypotonic fluid
is infused.
The goal of fluid therapy in neurosurgery is to maintain cerebral
perfusion by supporting systemic circulation and arterial pressure
while not allowing cerebral oedema to develop. Colloid fluids and
isotonic or slightly hypertonic crystalloids are then the rational
choice. Glucose is contraindicated because of the greater risk of
cerebral damage in the presence of hyperglycaemia (Myers and
Yamaguchi 1977). Moderate haemodilution is probably beneficial
in patients at risk of brain ischaemia, as a high blood haemoglobin
concentration raises the blood viscosity, which impairs blood flow
in the small vessels.
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Surgery or damage to the pituitary or hypothalamic region might
induce diabetes insipidus, which is characterized by water diuresis,
hypernatraemia, and hyperosmolality. Treatment consists of large
volumes of fluid aimed at slowly reducing the hypernatraemia,
along with synthetic vasopressin.
Vasospasm that develops 4–10 days after subarachnoid haemorrhage can be treated with plasma volume expansion and induced
hypertension. Hyponatraemia aggravates the spasm and should
therefore be prevented.
Crystalloid fluid, but only insignificant amounts of colloid fluid,
might enter the brain with a disrupted BBB. In theory, this would
favour the use of colloids in brain trauma. Nevertheless, a large clinical trial shows that isotonic saline is more beneficial than albumin
4% in patients with brain trauma (SAFE Study Investigators 2007).

Spinal and epidural anaesthesia
Induction of spinal and epidural anaesthesia is associated with a
decrease in arterial pressure, because of blockade of sympathetic
nerves that results in vasodilation and loss of venous return, which
increases with the number of anaesthetized dermatomes.
The increased ‘vascular costume’ caused by the loss of sympathetic tone is traditionally compensated for by volume preloading
with 500–1000 ml of Ringer solution given before the induction.
This practice is rather a safeguard against undetected hypovolaemia
(Bonica et al. 1972) because several studies show that, in normohydrated patients, the infusion cannot prevent spinal hypotension.
The i.v. injection of a vasopressor, such as ephedrine 5–10 mg, is
the only fully effective remedy, and it should be given immediately
when hypotension occurs.
In recent years, investigators have attempted to improve fluid
therapy during induction with the aim of alleviating at least some
of the hypotension. The issue is of particular interest in obstetrics,
as spinal is the preferred form of anaesthesia during Caesarean section. One method is to abandon preloading and infuse the fluid
as fast as possible when the block becomes established. Logically,
crystalloid fluid has a greater chance to remain in the bloodstream
when the sympathetic tone is just being lost than before the induction. A changeover from crystalloid to colloid loading with starch
solution is another way to improve the effectiveness of fluid therapy
in this setting. To have an effect on spinal hypotension, the amount
of colloid needed is then as much as 1 litre (Ngan Kee et al. 2001;
Dahlgren et al. 2007).
Those who abandon the effort to prevent spinal hypotension by
infusing fluid should still compensate for the increased ‘vascular
costume’ resulting from the vasodilation in general anaesthesia,
with the possible exception of operations where a restrictive fluid
therapy is specifically implemented. In spinal and epidural anaesthesia, there is a close correlation between the decrease in arterial
pressure and the amount of fluid that the blood strives to contain
(Hahn 1992). Spinal anaesthesia without arterial hypotension
does not seem to alter the disposition of crystalloid fluid (Hahn
et al. 2011).

Septic shock
Inflammation is a physiological reaction to many stimuli, and generalized inflammation is frequently a part of trauma, disease, and
severe disease. Sepsis is when infection is the cause of the inflammation, and septic shock is associated with acute circulatory failure.
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Careful monitoring involving fluid therapy is thus mandatory to
avoid organ dysfunction and organ failure.
Septic shock involves two phases. In the early phase, there is low
cardiac output, vasoconstriction, and reduced tissue perfusion.
Capillary leak is greatly increased, and the cardiovascular system
might be affected by toxic substances. The second shock phase
is characterized by increased cardiac output and a normalized
perfusion.
Treatment consists of early institution of plasma volume
expansion (within 6 h). Volume loading with crystalloid fluid is
indicated, although the recent ALBIOS study and other minor
works suggest that albumin improves haemodynamics and
reduces mortality (Caironi et al. 2014). Aggressive fluid therapy
might need to be continued throughout the first 24 h. The principles for guiding the therapy used by Rivers et al. (2001) include
that patients are intubated, mechanically ventilated, and volume
loaded to achieve a central venous pressure (CVP) of 8–12 mm Hg.
Vasoactive drugs, primarily noradrenaline or dopamine, are
given if the mean arterial pressure is 65 mm Hg or lower. Finally,
erythrocytes are transfused up to a haematocrit of 30% if central venous oxygen saturation is less than 70%. Vasoactive drugs
are used if the saturation is still below 70% despite an adequate
haematocrit.
Early optimization of these guidelines increases the likelihood
of patients surviving septic shock. In the study by Rivers et al.
(2001), mortality was reduced from 46% to 30% by following these
guidelines.

Trauma-related shock
Trauma-related shock is treated by first securing the airway and
then searching for sources of haemorrhage. External compression over the site of the bleeding should be instituted and venous
access obtained. Two litres (or 20 ml kg−1) of buffered Ringer’s
should be infused rapidly, and body-warm solutions used when
available. Meta-analyses indicate that using colloids is a less favourable choice. In cases of intensive vasoconstriction, venous access
might be sought via a central vein. Warm blankets should be used
to prevent hypothermia, which aggravates the bleeding by inducing
platelet dysfunction.
Further fluid administration is mandatory if the haemodynamics
are still greatly affected, and it often consists of erythrocytes and
plasma. Type O rhesus-negative blood should be used if time is
insufficient to allow the usual typing and crossmatching of blood.
However, type-specific un-crossmatched blood carries a very small
risk of adverse reactions and can be used if type O rhesus-negative
blood is scarce and the patient is hypotensive but not exsanguinating (Boffard and Joseph 2007).
A drop in blood pressure when fluid administration is intensified
raises suspicion of uncontrolled haemorrhage. This means that the
infusion fluid increases the blood flow rates enough to wash away
immature blood clots in the walls of large vessels that have been
formed to stop the ongoing haemorrhage (Riddez et al. 2002). In
these cases, the rate of infusion should be reduced and the goal of
normalizing the haemodynamics abandoned. The goal then should
only be that the infusion arrests aggravation of the acidosis until
definite surgical treatment controls the situation. To provide half as
much fluid at half the intended rate is a useful starting point.
Pre-hospital treatment with infusion fluids should not be practised if the transport time to hospital is less than 20–30 min (Bickell

et al. 1994). For longer transport times, the haemodynamic situation
is best stabilized at the scene of the accident or during transport to
hospital and is particularly warranted if hypotensive haemorrhage
is combined with head injury.
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CHAPTER 21

Drug interactions
in anaesthetic practice
Klaus T. Olkkola, Hugo E. M. Vereecke,
and Martin Luginbühl
Introduction
In anaesthetic practice, the desired effect is generally obtained by
means of a ‘cocktail’ of different drugs. As many patients who present for anaesthesia use medication for coexisting diseases, this may
affect the pharmacokinetics, pharmacodynamics, or both, of the
commonly used anaesthesia drugs. Therefore, in order to determine
the adequate dose for induction and maintenance of anaesthesia, one
needs to be aware of the nature and extent of potential drug interactions. This chapter highlights the major topics that may improve
clinical decision-making towards a more rational choice of drug
dose. We identify several levels of interactions that may affect the
dose–effect relationship of drugs in anaesthetic practice (Box 21.1).
Firstly, we address the pharmaceutical drug interactions. These
involve all interactions that may occur in mixtures of drugs or during the process of diluting and injecting. We distinguish between
chemical interactions and physical interactions and provide some
practical considerations for safe use of combinations of drugs
before they are administered to the patient.
Secondly, we focus on the pharmacokinetic drug interactions.
Pharmacokinetic interactions involve processes where one drug
affects the pharmacokinetics of another drug. Understanding the
relation between dose and plasma concentration helps to adapt the
speed and timing of drug titration according to pharmacokinetic
principles. When drugs interact at the pharmacokinetic level, drug
titration might need to be adjusted to achieve and maintain desired
plasma concentrations.
The desired effect is generally not evoked within the plasma.
Receptors in the brain and other organs need to be reached and
occupied by a sufficient concentration of drug before any effect
occurs. Eventually, the goal of drug dosing is to acquire better
control over this clinical effect. Therefore, we focus on pharmacodynamic drug interactions in a final section. A substantial understanding of interactions at the pharmacodynamic level has resulted
in the development of bedside advisory displays that will assist clinicians towards a more evidence-based balance between opioids
and hypnotics in the individual patient.

Pharmaceutical drug interactions
Pharmaceutical drug interactions are also called in vitro interactions and they can be further divided into chemical or physical

incompatibilities (Baxter 2010). Pharmaceutical drug interactions
usually occur before the drug is given to the patient.

Chemical interactions
Chemical interactions can be caused by acid–base, salt formation, oxidation–reduction, hydrolysis, or epimerization reactions
(Connors et al. 1986). The solubility of the drug is dependent on its
pKa value and the pH of the solution. If the pH of an injectable drug
is changed on mixing with other solutions while it is being administered to the patient, the change of pH may alter the ionization of
the drug and result in precipitation. When injecting, for instance,
thiopental with pancuronium or vecuronium through the same
giving set, a precipitate will form instantaneously due to a change
in pH (Hadzija and Lubarsky 1995).
Mixing of bivalent cation salts such as calcium and magnesium
salts with sodium bicarbonate will result in the formation of an
insoluble salt (Trissel 2003). The avoidance of the formation of
insoluble salts is especially relevant during parenteral nutrition. It
is of utmost importance to make sure that the ingredients of a parenteral solution are compatible with each other.
If the interaction results in precipitation or formation of an insoluble salt, there will be no difficulties in recognizing it. However,
interactions may take place without any visible change in the infusion solution or tubing. It is therefore important for the anaesthetist to be aware of the types of pharmaceutical interactions which
may occur with infusible drugs. The oxidation of drugs before their
administration is rather common. For instance, many catecholamines are likely to undergo auto-oxidation in the presence of
light and they are also sensitive to air. Another example of a light-
sensitive drug is sodium nitroprusside. Exposure to bright daylight
may increase its decomposition up to 15–30% in 5 h. When protected from light, a freshly diluted sodium nitroprusside solution is
stable for 24 h (Vesey and Batistoni 1977). The use of multiple-dose
vials exposes adrenaline to air which starts the oxidation process
leading to decomposition. The pH of the milieu also affects the stability of catecholamines and, for instance, adrenaline loses its efficacy in an alkaline milieu. Adrenaline hydrochloride is unstable in
glucose 5% in water at a pH above 5.5. The pH of optimum stability
is 3–4. The effect of pH on adrenaline stability is due to epimerization, the interconversion of L-adrenaline to its D form (Connors
et al. 1986).
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Box 21.1 Mechanisms of drug interactions
◆

Pharmaceutical interactions (= in vitro interactions):
• Chemical or physical incompatibility

◆

Pharmacokinetic interactions:
• Interference with absorption:
• Change in gastrointestinal pH
• Change in gastrointestinal motility
• Binding and chelation of drugs
• Toxic effects on gastrointestinal canal
• Effects on mucosal drug metabolism (induction or
inhibition)
• Effects on bacterial drug metabolism
• Change in regional blood flow
• Drug distribution
• Drug elimination:
◾

Drug metabolism:
• Stimulation
• Inhibition
• Changes in hepatic blood flow

◾

Interference with biliary excretion and enterohepatic
circulation

◾

Modification of renal excretion:
• Competition for active renal tubular secretion
• Changes in urine pH

◆

Pharmacodynamic interactions:
• Competition for same receptors
• Action on the same physiological system
• Modification of conditions at the site of action.

Physical interactions
Physical interactions are caused by physical events during the
administration of drugs. Adsorption or absorption of drugs into
some plastics of infusion sets and damage to red blood cells by
hyperosmotic solutions, such as mannitol 15–20%, are common
examples of physical pharmaceutical drug interactions (Trissel
2003). Although most pharmaceutical interactions are undesirable,
the interaction between protamine and heparin is an example of
a beneficial pharmaceutical interaction. Acidic heparin loses its
pharmacological activity when it forms a stable complex with basic
protamine.
Many drugs may be adsorbed or absorbed into some plastics of
i.v. giving sets. While only minor amounts are adsorbed to polyethylene and polyolefin, polyvinyl chloride (PVC) may give rise to a
major reduction of drug concentrations. It has been reported that
up 50% of glyceryl trinitrate can be lost within 24 h when glyceryl
trinitrate is stored in PVC bags in glucose 5% in water (Boylan et al.

1978). Insulin is another well-known example of a drug which is
adsorbed to infusion solution containers and tubing (Seres 1990).
Because most drugs prone to be adsorbed or absorbed to i.v. giving sets are carefully titrated and administered according to the
response, the diminishing activity due to sorption is not a major
problem in clinical medicine.
Propofol is given as an oil-in-water emulsion. When given undiluted, the adsorption or absorption of propofol to PVC does not
represent a significant portion of the drug delivered. Propofol is
incompatible with many drugs such as cisatracurium (Trissel 2001),
gentamicin, and netilmicin (Trissel et al. 1997) for Y-site injection.
Simultaneous injection (1:1 mixture) of these drugs with propofol
will cause emulsion breaking and oiling out which increases the
possibility of infusing large lipid droplets in the bloodstream which
may lead to fat embolism and serious injury for patient health.
Because the original product and the generic products of propofol differ in some respects, compatibility information developed
with one preparation cannot automatically be extrapolated to other
products.
Although most pharmaceutical interactions occur between drugs
which are dissolved in solutions, they are not limited to i.v. drugs.
One example of a significant pharmaceutical interaction is the reaction between carbon dioxide absorbents and volatile anaesthetics.
The reaction occurs especially with dry absorbents and it may
result in somewhat diminished anaesthetic delivery and delayed
onset of anaesthesia. Carbon dioxide absorbents are not equal but
there are quantitative differences between the products (Kharasch
et al. 2002).

Practical recommendations
It is not feasible to know all theoretically possible pharmaceutical
interactions. It is therefore important to recognize the most significant interactions and to know how they can either be avoided or
their consequences minimized. A few general principles may help
clinicians to cope with these interactions. The oral route should be
used whenever possible—it is essential that drugs are given intravenously only when it is regarded as necessary. Adding more than
two drugs to the same infusion fluid must be avoided. NaCl 0.9%
and glucose 5% are regarded as the safest infusion fluid alternatives. Sodium bicarbonate, dextran, mannitol, blood, and hyperalimentation solutions should not be used because they can react with
many drugs; bivalent cations may also cause problems. All additions should be marked clearly on the infusion set. The clearness of
the solution should always be checked immediately before the commencement of infusion. As numerous incompatibilities have been
demonstrated, drugs should never be mixed unless compatibility
has been established. Some factors affecting the stability of infusible
drugs are shown in Box 21.2.

Pharmacokinetic drug interactions
Absorption
A drug can influence the absorption of other drugs by many
mechanisms (Box 21.1). Clinically significant drug absorption
interactions are most often due to altered gastrointestinal motility
or inhibition/stimulation of first-pass metabolism in the intestinal
wall and liver. The absorption of drugs following subcutaneous and
intramuscular administration can be delayed or accelerated after
the administration of drugs affecting regional blood flow such as
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vasoactive agents or volatile anaesthetics but this mechanism is not
relevant with regard to anaesthesia.
The rate of absorption of orally administered drugs is directly
proportional to the rate at which they pass from stomach to intestine. As a result, all drugs affecting gastric emptying rate will either
delay or enhance the gastrointestinal absorption of drugs. Gastric
emptying before elective surgery is normal, but premedication with
opioids and anticholinergic agents may delay it. Figure 21.1 demonstrates the effect of an opioid, heroin, on the oral absorption of
paracetamol. Opioids may considerably delay the onset of action
of orally administered drugs although the absolute bioavailability would not be changed (Nimmo et al. 1975; Todd and Nimmo
1983). The α2-adrenoceptor agonist dexmedetomidine also significantly delays the oral absorption of other drugs (Iirola et al. 2011).
Before reaching the systemic circulation, many drugs undergo
first-pass metabolism both in the enterocytes of the intestinal wall
and in the liver. The biotransformation of drugs during first pass
and during elimination from the body is usually divided into phase
I and phase II reactions. As many drugs are lipophilic, they cannot
be excreted through the kidneys until they have been transformed
into more water-soluble forms.
Phase I metabolic reactions include oxidation, reduction, and
hydrolysis. Phase I reactions add a functional group to the drug
molecule whereas phase II reactions are conjugation reactions in
which the drug or its metabolite is attached to a water-soluble molecule, such as glucuronic acid, glutathione, sulphatic group, acetyl
group, methyl group, or glucosamine, transforming the whole
complex to be more hydrophilic (Fig. 21.2). Oxidation is the most
important of the phase I reactions and it is catalysed by cytochrome
P450 enzymes (CYPs).
CYP enzymes are divided into families, subfamilies, and specific isozymes on the basis of the homology of their amino acid
sequences. The first Arabic numeral indicates a family (homology
40–55%), the letter thereafter the subfamily (homology >55%), and
the last number the individual isozyme. CYP1, CYP2, and CYP3
are involved mainly in the metabolism of drugs and other xenobiotics while those belonging to the families CYP4, CYP5, and CYP7
have mostly endogenous functions (Levy et al. 2000).
Table 21.1 shows some common substrates, inhibitors, and inducers of CYP enzymes. Many substrates can also inhibit the same CYP
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Box 21.2 Factors affecting the stability of infusible drugs
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Figure 21.1 Effect of 10 mg of intramuscular heroin on the rate of paracetamol
absorption.
Reproduced with permission from Nimmo, W.S., Heading, R.D., Wilson, J., Tothill, P., and
Prescott, L.F. Inhibition of gastric emptying and drug absorption by narcotic analgesics.
British Journal of Clinical Pharmacology, Volume 2, pp. 509–513, Copyright © 1975 The British
Pharmacological Society.

Drug

Phase I

Phase II

Hydrolysis

Reduction

Cytochrome
P450
Oxidation

Conjugation

Water-soluble metabolites
Figure 21.2 Biotransformation of drugs.

enzyme. Simultaneous administration of the inhibitor and the substrate of any CYP enzyme will increase systemic substrate concentrations. The magnitude of the increase depends on the inhibitor,
its dose, and the time interval between the administration of the
inhibitor and the substrate. If the substrate is administered orally
and if it has a low oral bioavailability, the inhibitor is likely to cause
a major increase in substrate concentrations. Examples of such
drugs are midazolam and triazolam. For instance, ketoconazole can
increase the area under the oral triazolam concentration vs time
curve (AUC) up to 200 times as compared to the administration
of triazolam with placebo (Varhe et al. 1994). Although the major
part of the increases of AUC values is explained by the change in
the first-pass metabolism, the concentrations of both triazolam
and midazolam (Olkkola et al. 1994) also increase as a result of the
change in elimination clearance.
It is important to recognize that induction of CYP enzymes
may change the pharmacokinetics of a CYP substrate as radically
as inhibition and may result in a clinically significant drug interaction. The concomitant administration of enzyme inducers can
greatly increase the first-pass metabolism and result in reduction or
even total loss of therapeutic efficacy. The inhibition or induction
of CYP enzymes may cause the AUC values of oral midazolam to
vary at least 400-fold. Figure 21.3 shows the effect of inhibition and
induction of CYP3A enzymes on systemic exposure to midazolam.
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Table 21.1 Common substrates, inhibitors, and inducers of cytochrome P450 (CYP) enzymes
CYP form

Substrates

Inhibitors

Inducers

1A2

Amitriptyline
Caffeine
Lidocaine

Paracetamol
Ropivacaine
Theophylline

Ciprofloxacin
Fluvoxamine

Carbamazepine
Smoking

2B6

Bupropion
Ketamine

Methadone

Ticlodipine

Phenobarbital
Phenytoin
Rifampicin

2C9

Celecoxib
Diclofenac
Ibuprofen

Oxicam NSAIDs
S-warfarin

Amiodarone
Fluconazole
Miconazole
Voriconazole

Carbamazepine
Phenobarbital
Phenytoin
Rifampicin

2C19

Celecoxib
Diazepam
Moclobemide

Omeprazole
Propranolol

Fluconazole
Fluvoxamine
Ketoconazole
Omeprazole
Voriconazole

Carbamazepine
Phenobarbital
Phenytoin
Rifampicin

2D6

Amitriptyline
Codeine
Dextromethorphan
Fluoxetine
Haloperidol
Imipramine

Metoprolol
Oxycodone
Tramadol
Paroxetine
Tropisetron
Venlafaxine

Celecoxib
Fluoxetine
Paroxetine
Quinidine
Many antipsychotics

Not known

2E1

Ethanol
Enflurane
Halothane

Isoflurane paracetamol
Sevoflurane

Disulfiram

Ethanol
Isoniazid

3A4

Alfentanil
Bupivacaine
Buprenorphine
Ciclosporin
Cortisol
Fentanyl
Granisetron
HIV protease inhibitors
Lidocaine

Lovastatin
Methadone
Methylprednisolone
Midazolam
Ondansetron
Paracetamol
Ropivacaine
Simvastatin
Triazolam

Clarithromycin
Diltiazem
Erythromycin
Grapefruit juice
Itraconazole
Ketoconazole
Voriconazole
Verapamil

Carbamazepine
HIV protease inhibitors
Phenobarbital
Rifampicin
St John’s wort (Hypericum
perforatum)

Copyright © 2015, Indiana University. Reproduced with permission. Available at: http://medicine.iupui.edu/clinpharm/ddis/table.aspx

Distribution
Drug distribution is affected by several factors including binding of drugs to blood components, passive and active transport
through biological membranes, and tissue perfusion. Cardiac output and regional variation in tissue perfusion influence the increase
of alveolar concentrations of gases and blood concentrations of
i.v. anaesthetics. Practically all drugs are bound to blood components, red blood cells, plasma proteins, or more than one of these.
Protein-binding interactions have been studied extensively in vitro.
Concomitantly administered drugs obviously compete for binding
sites on blood and tissue proteins to produce displacement interactions. Because only the unbound fraction of drug is pharmacologically active, the increase of the free concentration will theoretically
increase its pharmacological effects. The displacing drug cannot

alter the binding substantially unless the drug is mostly bound to
a protein and the displacer is able to occupy most of the binding
sites and thus reduce the number of sites available to bind the drug.
These specific conditions are so rarely met that clinically significant
drug displacement interactions are non-existent in clinical practice.
Although the displacer may in some cases truly displace the drug
from the binding site, the interaction is not likely to be clinically significant. If the displacer is added to the drug treatment regimen of a
patient taking a low-extraction-ratio drug and if the displacer has a
long elimination half-life relative to the drug, the plasma clearance
of the drug is increased because it is directly proportional to the
free fraction. Accordingly, the total drug concentration is decreased
when the patient is given the displacer. As the elimination kinetics of the displacer is the rate-limiting step in the interaction, the
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Figure 21.3 Plasma concentrations (mean values showing standard deviations,
sd) of midazolam after an oral dose of 15 mg midazolam without pretreatment
(control), 7.5 mg during and pretreatment with itraconazole 200 mg daily for
4 days, and 15 mg 1 day and after pretreatment with rifampicin 600 mg daily
for 5 days in nine healthy subjects. Plasma concentrations during itraconazole
were corrected for a 15 mg dose of midazolam. Open circles control, without
pretreatment; solid circles, during itraconazole; solid squares, 1 day after rifampicin.
Adapted from Springer and European Journal of Clinical Pharmacology, Volume 54, 1998, pp. 53–58,
The area under the plasma concentration-time curve for oral midazolam is 400-fold larger during
treatment with itraconazole than with rifampicin. Backman, J., Kivistö, K.T., Olkkola, K.T., and
Neuvonen, P.J. With kind permission from Springer Science and Business Media.

slow accumulation and slow elimination of the displacer results
in insignificant changes in the unbound drug concentration and
drug response. However, problems may occur if the monitoring
of total drug concentration in plasma is used for the determination of the daily dose (e.g. valproate as a displaced drug) during
concomitant drug therapy (e.g. aspirin or naproxen as a displacer).
In that case a decrease in total plasma concentration will result in
an increase of the dose which in turn may lead to drug toxicity. If
free valproate concentration had been used to guide the dosing, no
problems would have occurred (Sandson et al. 2006). Many anaesthetics, including volatile anaesthetics, are able to displace drugs
from the plasma protein binding sites in vitro but clinically no significant interactions have been observed (Wood 1991; Grandison
and Boudinot 2000).

Elimination
Metabolic elimination
Metabolic drug interactions can both increase and decrease the
metabolism of drugs. The antiepileptic drugs phenytoin and carbamazepine and barbiturates are well-known inducers of drug
metabolism. Rifampicin, an antimicrobial agent for the treatment
of severe infections, smoking, and heavy consumption of ethanol,
may also induce hepatic microsomal enzymes. The administration of the inducing drug causes stimulation of not only its own
metabolism, but also the metabolism of many other drugs which
are substrates for the same microsomal enzymes. Induction develops within the period of several days or weeks. Table 21.1 shows
some common substrates, inhibitors, and inducers of CYP enzymes
and helps clinicians to predict the risk for drug interactions on the
basis of their metabolic pattern.
Many dietary supplements and natural products can also modify
the pharmacokinetics of drugs. St John’s wort (Hypericum perforatum) is a common roadside plant which has become popular as an
antidepressant. It is a rather potent inducer of CYP3A and can have
potentially hazardous interactions with the substrates of CYP3A

drug interactions in anaesthetic practice

(Fugh-Berman 2000; Nieminen et al. 2010). Grapefruit juice is an
inhibitor of CYP3A, efflux transporter P-glycoprotein, and influx
transporter organic anion-transporting polypeptide (subtypes 1A2
and 2B1). Both P-glycoprotein and organic anion-transporting
polypeptides are transporters that mediate the transport of various compounds through cell membranes. High concentrations
of transporter proteins have been identified in luminal surfaces
of the small and large intestine, proximal tubules of the kidneys,
luminal surfaces of biliary tract and hepatocytes, and in the blood–
brain barrier (Levy et al. 2000). Because the effects of grapefruit
juice on drug disposition are mediated by a multitude of mechanisms, the effects vary from drug to drug. It greatly increases the
concentrations of some orally given CYP3A substrates such as
midazolam (Paine et al. 2005), amiodarone (Libersa et al. 2000),
and simvastatin (Lilja et al. 1998) but, on the other hand, decreases
the concentrations of orally administered substrates of organic
anion-transporting polypeptides such as aliskiren (Tapaninen et al.
2010) and celiprolol (Lilja et al. 2003).

Renal elimination
There are few anaesthesiologically relevant drug interactions which
are mediated through altered renal elimination. The renal elimination of drugs which are weak acids or weak bases is influenced
by changes in urine pH. For instance, the elimination of salicylates
and barbiturates can be enhanced by alkaline diuresis. Acid diuresis enhances the elimination of bases, such as methadone and
ephedrine. Clinicians should be also aware that non-steroidal anti-
inflammatory drugs (NSAIDs) reduce the elimination of lithium
and their concomitant use can result in serious lithium toxicity
(Kristoff et al. 1986).

Examples of anaesthesiologically relevant drugs
Hypnotics
The pharmacokinetics of oral hypnotics used for premedication
is greatly influenced by inhibitors and inducers of CYP enzymes.
Hypnotics with low oral bioavailability and no alternative metabolic routes are most prone to clinically significant drug interactions. Midazolam and triazolam are both benzodiazepines with a
bioavailability of 20–60% which are metabolized predominantly by
CYP3A. Inhibition of this CYP enzyme may increase the exposure
to midazolam by 10–20-fold (Olkkola et al. 1994) and that to triazolam by 20–30-fold (Varhe et al. 1994). On the other hand, enzyme
induction makes normal doses of midazolam and triazolam inefficient (Backman et al. 1996). In contrast, even strong inhibition
of CYP3A results only in a clinically insignificant minor increase
in the exposure to oral diazepam (Saari et al. 2007) or temazepam
(Ahonen et al. 1996).
Because the i.v. hypnotics propofol, thiopental, and etomidate
are primarily used only for the induction of anaesthesia, enzyme
induction or inhibition does not have any major influence on their
pharmacokinetics and effects in humans in the usual clinical setting. Following induction of anaesthesia, the cessation of the effect
is mainly due to redistribution and not elimination.
Thiopental is a barbiturate which is eliminated by hepatic
metabolism. During long-term infusions, such as in the treatment
of status epilepticus, enzyme inhibition and induction are likely
to change its pharmacokinetics significantly (Russo et al. 1997).
Propofol is a drug with a high extraction ratio and a systemic clearance exceeding hepatic blood flow. Its elimination is dependent on
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hepatic blood flow and not on changes in enzyme activity. Although
alfentanil may cause a minor 10% decrease of propofol clearance,
propofol does not have clinically significant pharmacokinetic drug
interactions in humans (Mertens et al. 2004). Drugs affecting cardiac output are likely to affect the elimination of propofol.
Midazolam is a CYP3A substrate. Its elimination is reduced significantly by strong inhibitors of CYP3A. If midazolam is used in
small i.v. doses for sedation or for induction of anaesthesia, altered
CYP3A activity is unlikely to cause clinically significant drug interactions (Olkkola et al. 1996). However, during long-term infusion
of midazolam, altered CYP3A activity can have clinical consequences (Ahonen et al. 1999). Ketamine and S-ketamine are cleared
almost exclusively by hepatic metabolism. The extraction ratio is
0.8 and therefore its elimination is dependent on liver blood flow.
No clinically significant pharmacokinetic drug interactions have
been described for i.v. ketamine or S-ketamine but inhibition or
induction of CYP activity greatly affects the pharmacokinetics of
oral ketamine (Hagelberg et al. 2010).

Analgesics
Both opioid and non-steroidal anti-inflammatory analgesics are
used extensively in the perioperative period and also in the treatment of chronic pain. Although clinically significant drug interactions are not a major problem during the short-lasting and
well-monitored intraoperative period, they are much more likely in
the treatment of chronic pain.
Fentanyl is a drug with a high extraction ratio which makes clinically significant pharmacokinetic drug interactions during elimination unlikely. Itraconazole, a potent inhibitor of CYP3A, does not
affect the pharmacokinetics of fentanyl (Palkama et al. 1998) but a
2-day treatment with a strong CYP3A and -2D6 inhibitor, ritonavir,
used in the treatment of HIV infections, caused a three-fold increase
in the concentrations of i.v. fentanyl in healthy volunteers (Olkkola
et al. 1999). Such an increase is undoubtedly of major clinical significance and may result in life-threatening respiratory depression.
However, the effect of ritonavir on the metabolism of other drugs
is complicated because a longer treatment with oral ritonavir may
enhance the metabolism of some drugs such as methadone (Geletko
and Erickson 2000) and pethidine (Piscitelli et al. 2000).
Table 21.1 can be used to predict the effect of inducers and inhibitors of CYP enzymes on the pharmacokinetics of different opioids.
The metabolism of alfentanil (Kharasch et al. 1997), methadone
(Brockmeyer et al. 1991), and oxycodone (Nieminen et al. 2009,
2010) is affected to a clinically significant degree by agents altering
the activity of CYP enzymes. Although there is little information
on the metabolic interactions of morphine, there is some evidence
that rifampicin and possibly also other inducers may reduce the
clinical efficacy of morphine by increasing its metabolism (Fromm
et al. 1997). Remifentanil has no significant pharmacokinetic drug
interactions.
Codeine is considered to be a prodrug whose effects are mediated by its minor active metabolite morphine. It is demethylated
and glucuronated to yield morphine, codeine-6-glucuronide, and
norcodeine which are then further metabolized. The analgesic efficacy of tramadol is also dependent on metabolism because one of
its metabolites, O-desmethyl-tramadol, is an agonist of the μ-opioid
receptor. Inhibition or deficiency of CYP2D6 decreases the analgesic efficacy of both codeine and tramadol significantly (Desmeules
et al. 1991; Poulsen et al. 1996).

There is not much information available on the effect of enzyme
induction or inhibition on the pharmacokinetics of NSAIDs. Many
commonly used NSAIDs are substrates of CYP enzymes and their
kinetics are changed as a result of enzyme induction and inhibition.
However, knowing the wide therapeutic index, the clinical significance is limited. Chronic ethanol consumption and other enzyme
inducers increase the toxicity of paracetamol and may also reduce
its analgesic efficacy but otherwise paracetamol does not appear to
have clinically significant pharmacokinetic interactions with other
drugs (Miners et al. 1984).

Peripheral neuromuscular blocking agents
The depolarizing neuromuscular blocking agent suxamethonium is
rapidly metabolized by plasma cholinesterase. Drugs that inhibit
plasma cholinesterase may prolong the time to neuromuscular
recovery after the administration of suxamethonium. These drugs
include anticholinesterase inhibitors (e.g. donepezil, ecothiopate,
neostigmine, pyridostigmine, and rivastigmine), the antineoplastic
drug cyclophosphamide, bambuterol, and the monoamine oxidase
inhibitor phenelzine.
Modern non-depolarizing neuromuscular blockers are structurally either aminosteroids or benzylisoquinolinium compounds.
Enzyme-inducing agents such as antiepileptic drugs greatly antagonize the neuromuscular blocking effects of aminosteroids, probably mainly by enhancing their hepatic elimination although other
mechanisms may also contribute to the magnitude of the interaction (Alloul et al. 1996). Because benzylisoquinolinium derivatives
are mainly eliminated by non-enzymatic processes, their metabolism should not be affected by enzyme-inducing drugs. Some studies have shown that inducers antagonize the effects of atracurium
(Tempelhoff et al. 1990) while others have failed to demonstrate any
effect (Spacek et al. 1997). Enzyme induction or inhibition does not
affect mivacurium (Spacek et al. 1996).

Local anaesthetics
Local anaesthetics can be divided by structure into the aminoesters,
which are metabolized by plasma cholinesterase (cocaine, procaine,
chloroprocaine, amethocaine, and tetracaine) and hepatic esterases
and the aminoamides (lidocaine, prilocaine, mepivacaine, bupivacaine, ropivacaine, and etidocaine), which are metabolized in the
liver. Although the pharmacokinetics of aminoesters is affected by
drugs that inhibit plasma cholinesterase, they do not appear to have
clinically significant pharmacokinetic interactions.
Aminoamides are metabolized by CYP3A, CYP1A2, or both.
Lidocaine has not been reported to have clinically significant interactions with the inhibitors of CYP enzymes. The concomitant inhibition of both CYP3A and CYP1A2 will increase the exposure to
parenterally administered lidocaine by two-to three-fold but no
serious morbidity has been reported (Olkkola et al. 2005). If lidocaine is swallowed, as is sometimes done before endoscopic procedures, the combined inhibition of both CYP3A and CYP1A2 will
cause a major increase of the systemic concentrations of lidocaine
(Isohanni et al. 2006). Lidocaine is a drug with a high extraction
ratio and therefore its elimination clearance is directly proportional
to cardiac output. All drugs decreasing cardiac output also reduce
the elimination of lidocaine.
Bupivacaine has been reported to interact with the inhibitors
of CYP3A in healthy volunteers but these interactions are not
likely to have clinical consequences. Ropivacaine is metabolized
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Volatile anaesthetics
Modern volatile anaesthetics are mainly eliminated in unchanged
form by exhalation. Only minor amounts of different volatile anaesthetics are metabolized in the liver by CYP2E1: halothane 20%,
enflurane 10%, sevoflurane 5%, isoflurane 0.2%, and desflurane
0.02% (see Chapter 14). Although the metabolism of volatile anaesthetics can be modified by inhibitors (e.g. disulfiram) or inducers
(e.g. ethanol and isoniazid) of CYP2E1, these interactions are of
minor clinical importance.
Volatile anaesthetics can change the pharmacokinetics of other
drugs. Halothane has been shown to decrease the elimination of,
for example, fentanyl, theophylline, pethidine, and lidocaine in
dogs by decreasing liver blood flow and intrinsic hepatic clearance
(Levy et al. 2000). Halothane has strong haemodynamic effects in
humans and it can be expected to affect the pharmacokinetics of
at least those drugs whose elimination is dependent on liver blood
flow. However, the effect will not last longer than the duration of
anaesthesia. There is no evidence that halothane or other volatile
anaesthetics would have clinically significant pharmacokinetic
interactions in humans.

Pharmacodynamic drug interactions
The pharmacodynamic characteristics of a drug describe the time
course of the drug effect in relation to the administered dose or
drug concentration. Pharmacodynamic interactions describe the
effect of two or more drugs administered together. Several drugs
are often combined in contemporary anaesthetic practice as ‘balanced anaesthesia’ in order to decrease the incidence and intensity
of side-effects. Currently, clinicians need to build up experience
in balancing drug doses according to the demographic variability of their patients. The reproducibility of this learning process is
obviously rather low as it is primarily based on a trial-and-error
mechanism. Pharmacodynamic interaction models quantify the
combined effect of the drugs and may provide more evidence-
based information as a reference for anaesthesia drug titration.
Modern anaesthesia workplaces integrate these models and make
the information on drug interactions available in daily anaesthesia
practice. In this section, the principles of interaction research in
anaesthesia will be elaborated.
Interaction models are mathematical equations that describe
the relationship between the combined administration of multiple
drugs and the eventual effect, where the effect is often modelled
according to a sigmoid Emax model. The nature of pharmacodynamic
interactions can be categorized as three major mechanisms: additive, antagonistic (infra-additive), and synergistic (supra-additive).
Figure 21.4 presents the three possible interactions as isoboles,
which are lines of identical effect evoked by all combinations of
drugs A and B. The general assumption is that both drugs A and B
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Does of drug B

mainly by CYP1A2 but also to some extent by CYP3A. Its clearance is reduced by 77% by the CYP1A2 inhibitor fluvoxamine.
The CYP3A inhibitor erythromycin alone has a minor effect on
the pharmacokinetics of ropivacaine but when given together with
fluvoxamine, the clearance of ropivacaine is reduced by 85%. Thus,
the toxicity of ropivacaine is increased when it is used together
with inhibitors of CYP1A2. Concomitant use of CYP1A2 and
CYP3A inhibitors further increases ropivacaine concentrations
(Jokinen et al. 2000).

drug interactions in anaesthetic practice

ED50 for A + B
ED50 for A
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Dose of drug A

Figure 21.4 Isobologram: the axes are the dose axes of individual drugs. The line
of additivity shown on the graph connects iso-effective doses of the two drugs
when administered alone. If the isobole (iso-effect curve) bows toward the origin,
then the two drugs have synergistic (supra-additive) interaction. If the isobole
bows away from the origin, then the two drugs antagonize the effect of the other
drug (infra-additive interaction).

have the same effect. We assume that a dose ‘a’ of drug A and a dose
‘b’ of the drug B have the same effect. If drugs A and B are additive,
half the doses of each drug (a/2 + b/2) have the same effect as the
full dose of either drug. As such, the additive isobole will be typically linear. If the effect evoked by a combined administration of
half the dose of each drug (a/2 + b/2) is smaller than the effect of
individual drugs in the full dose, the interaction is called antagonistic; if the effect is larger, the interaction is synergistic. The isobole
then has a convex or a concave shape, respectively. In early interaction research, the decision on whether two drugs were synergistic,
additive, or antagonistic was made graphically (Greco et al. 1995).
With the availability of more powerful computers and specific software such as NONMEM® (ICON, Dublin, Ireland), pharmacodynamic models of drug interactions can be developed using a less
subjective methodology.

Different interaction models
Different structural models have been proposed to predict responsiveness based on population-derived observations of relevant end-
points of effect (Greco et al. 1995; Minto et al. 2000; Bouillon et al.
2004; Bouillon 2008). Heyse et al. (2012) have summarized and
compared several of these methods for interaction model development. According to the receptor theory of drug effect, the sigmoid Emax model is mostly used for pharmacodynamics [equation
(21.1)]:
E = E0 + (Emax − E0 ) ×

Cγ
C γ + C50γ

(21.1)

where E represents the effect of the drug at concentration C, Emax
the maximal drug effect, E0 the effect when no drug is present, C50
the drug concentration of half maximal effect, and γ the slope of
the curve.
The effect can be a continuous variable such as the Bispectral
Index™ (BIS™; Covidien, now Medtronic Minimally Invasive
Therapies, Minneapolis, MN, USA) or dichotomous (presence
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or absence of a response to a stimulus). For dichotomous data,
the effect corresponds to the probability of response [equation
(21.2)]:
Cγ
C + Cγ

P=

(21.2)

γ
50

where P is a number between 0 and 1 and represents the probability
of tolerance of a stimulus. Normalization of the drug concentrations C to the C50 yields equation (21.3):

P=

 C 
 C 
50

γ

 C 
1+ 
 C50 

γ

or P =

Uγ
1+U γ

(21.3)

where U represents a unit dose of the drug or in other words a fraction of its C50. An example of a practical application of the term
‘unit dose’ is the MAC for volatile anaesthetics (see ‘From MAC
reduction studies to response surface concept’).
One model for the combined effect of two drugs with a dichotomous effect was proposed by Greco et al. (1995) and Bol et al.
(2000) [equation (21.4)]:
P=

(U A + U B + k × U A × U B )γ
γ
1 + (U A + U B + k × U A × U B )

(21.4)

where UA and UB represent unit concentrations of drugs A and B
and k the interaction coefficient. In case of synergy, k is greater than
0, in case of infra-additivity k is less than 0, and it is 0 in case of
additivity. The Greco–Bol model implies a common steepness γ of
both drugs and it requires that the C50 of both drugs is known.
The most flexible and probably the most complex interaction
model was proposed by Minto et al. (2000). It assumes that any
combination of two or more drugs is considered as a new virtual drug where the potency and the steepness are affected by the
ratio of the drug concentrations. The ratio of the unit doses of the
involved drugs is defined as Θ:
ΘA =

UA
UB
and Θ B =
and
U A + U B + UC
U A + U B + UC
UC
with Θ A + Θ B + ΘC = 1 (21.5)
ΘC =
U A + U B + UC

If the Θ of two drugs is known, the Θ of the third drug can be
defined.
The Minto model for the probability of response with three drugs
is presented in equation (21.6):

P=

 U A + U B + UC 
 U Θ ,Θ 
 50 ( B C ) 

γ ( Θ B , ΘC )

 U + U B + UC 
1+  A

 U 50 (Θ B , ΘC ) 

γ ( Θ B , ΘC )

(21.6)

where U50 and γ are a functions of the ratio Θ B , ΘC. The model was
validated with data on the probability of response to verbal command from as many as 400 patients who were given combinations
of midazolam, propofol, and alfentanil (Minto et al. 2000). The
information about if a combination is additive or synergistic lies in

the related U50, and not in a specific interaction parameter as in the
Greco–Bol model.
Both Minto and Greco–Bol interaction models assume that any
single drug can be used alone to achieve the effect. In anaesthesia this is not always applicable, however, because opioids are weak
hypnotics, i.v. hypnotics or volatile anaesthetics are weak analgesics,
and only the combination brings the desired effect with reasonable side-effects. Instead of an interaction model, where two drugs
contribute to the common effect on the same level, Bouillon et al.
(2004) proposed a sequential or hierarchical model for the interaction of propofol and remifentanil in quantal effects. The model
is based on the fact that any noxious stimulus (such as laryngoscopy, skin incision, electrical stimulation, or tracheal intubation)
is attenuated by an opioid and that the concentration–effect curve
of the hypnotic drug is affected by the intensity of the transmitted
stimulus (Bouillon 2008). Equations (21.7) and (21.8) describe the
hierarchical model.

U opioid µ 
Aout = Ain ×  1 −
µ
 1 + U opioid 

(21.7)

where Aout represents the transmitted stimulus intensity after attenuation of the incoming stimulus Ain by the opioid and μ the slope
factor. The C50 opioid represents the opioid concentration reducing
the incoming stimulus intensity by half and not the concentration
of half maximal effect as in the Greco–Bol or the Minto model:

P=

 U hyp 
 A 

γ

out

 U hyp 
1+ 
 A 

γ

(21.8)

out

where Uhyp represents the unit dose of the hypnotic (normalized to
its C50) and γ the slope factor. Equation (21.8) implies that the C50
opioid also represents the opioid concentration that reduced the
C50 hypnotic for tolerance of a given stimulus by half.
The hierarchical model is applicable for synergistic interactions
and does not contain a specific interaction parameter. It is a simplification of the Greco–Bol model for situations where the C50 opioid
cannot be estimated from the data because it is far beyond the clinical concentration range (Bouillon 2008). Despite its limitations, it
has several advantages: (1) it intuitively reflects the simplified pain
transmission and pain control mechanisms and (2) it allows the use
of previous data on reduction of the MAC of volatile anaesthetics
by opioids to estimate their response surface. It also fits the data of a
recent sevoflurane–remifentanil interaction study at least as well as
the modified Greco–Bol model (Heyse et al. 2012). The hierarchical
model is especially suitable to predict the interaction of opioids and
hypnotics/volatile anaesthetics.

Defining ‘anaesthetic’ effect
Currently, anaesthesia is looked at as a balance between ‘drug-
induced hypnosis’ (amnesia, or unresponsiveness, or both, to
a verbal command), ‘analgesia’ (including the inhibition of
humoral or sympathetic stress responses), and ‘immobility’ (or
lack of motor response) after a painful stimulus. The three components are linked with each other because painful stimuli that
are not balanced by analgesic drugs may provoke an arousal, or
a motor response, or both. The balance between nociception
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and antinociception is therefore a central concept of anaesthesia and describes the intrinsic capacity of the subcortical brain
structures to transfer sensory information towards higher cortical regions. This capacity can be inhibited by several analgesic
techniques and several drugs. The hierarchical interaction model
integrates this concept. Adequate inhibition of the nociceptive
capacity involves inhibition of transfer of sensory information
towards the cerebral cortex, but also a sufficient block of the
motor response on a spinal level (reflex pathway) and of haemodynamic responses.
A commonly used measure for the anaesthetic drug effect is the
presence or absence of a response to a defined stimulus. With this
simple paradigm the complex neural networks can be assessed. The
higher the drug doses, the lower the probability of a response to a
certain stimulus.
Alternatively, continuous surrogate measures of the hypnotic
component of anaesthesia are available: the BIS™ (Sebel et al. 1995,
1997; Glass et al 1997), the Spectral Entropy® (GE Healthcare,
Helsinki, Finland) (Vakkuri et al. 2004; Vanluchene et al. 2004),
the Narcotrend® (Narcotrend Gruppe, Hannover, Germany)
(Kreuer et al. 2001), the index of consciousness (Revuelta et al.
2008), the Patient State Index™ (PSI™, SEDline, Masimo Corp,
Irvine, CA; Chen et al. 2002), and the auditory-evoked potential
index (Becton Dickinson, San Jose, CA, USA) (Mantzaridis and
Kenny 1997; Vereecke et al. 2005). These measurements allow
the hypnotic effect of anaesthetic drugs to be described in a continuous and gradual way, independent of the stimulus intensity.
They also provide quantification of overdosing when all clinical responsiveness has disappeared. Their limitation is that they
mainly reflect the hypnotic drug effect but are less effective in
measuring the effect of opioids and the nociceptive/antinociceptive balance (Struys et al. 2003).
New measures of the nociception/antinociception balance are
discussed in Chapter 26. It remains unclear whether any of these
measures allows a better prediction of responsiveness compared
to predicted drug concentrations alone. Therefore the probability
of suppressing the response to certain stimuli as an indirect measure of both hypnotic and nociceptive/antinociceptive effects may
appear equally useful for measuring the combined effect of hypnotics and opioids.
Beside the anaesthetic effects, side-effects such as respiratory depression have also been the subject of interaction studies
(Zanderigo et al. 2006; La Pierre et al. 2011). Box 21.3 contains a
non-limitative list of contemporary clinical and electrophysiological surrogate end-points that are commonly used in pharmacodynamic interaction studies to define anaesthesia effect.

From MAC reduction studies to response
surface concept
Early pharmacodynamic interaction studies in anaesthesia were
conducted with volatile anaesthetics. As in previous pharmacodynamic studies on single compounds, the effect variable was the
probability of motor response to skin incision as a function of the
alveolar gas concentration. The 50% effective concentration (EC50
or minimal alveolar concentration of the anaesthetic, MAC) was
determined under different conditions (without adding an opioid
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Box 21.3 Examples of end-points of ‘anaesthetic effect’

Dichotomous end-points of anaesthetic effect:
◆

Hypnotic drug effect:
• The observation of response to a standardized stimulus in
individual patients:

◆

◾

Loss of eyelash reflex

◾

Loss of response to verbal command*

◾

Loss of response to tactile stimulus (shake and shout)*

◾

The isolated forearm technique in subjects under NMBA.*

Nociception-antinociception balance:
• The observation of response to a standardized stimulus in
individual patients:

◆

◾

Loss of response to laryngoscopy*

◾

Loss of response to laryngeal mask placement*

◾

Loss of response to intubation*

◾

Loss of response to tetanic stimulation*

◾

Loss of response to incision$

Respiratory and haemodynamic end-points:
• For example, respiratory rate, heart rate, and blood pressure
changes.

Standardized sequence of dichotomous end-points
after applying progressively intensified stimuli
◆

Observers’ assessment of alertness and sedation scale (Chernik
et al. 1990).

Population-based end-points of anaesthetic drug effect
◆

Individual responses expressed as a probability of response
within the population:
• The MAC for inhaled anaesthetics
• Probability of response to laryngoscopy
• Probability of response to shake and shout.

Continuous measures of anaesthetic drug effect
◆

Surrogate measures of cerebral hypnotic drug effect:
• Electroencephalographic-derived indices:
◾

BIS® index

◾

Spectral Entropy®

◾

Narcotrend®

◾

Cortical State Index®

• Auditory-evoked potentials derived indices:
◾

AAI index

◾

AEPex® index
(continued)
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Cortical Input Index

• Measures that reflect the autonomic nerve system balance:
◾

Heart rate variability

◾

Analgesia Nociception Index (ANI)

◾

Surgical Pleth Index

◾

Skin conduction

• Measures that reflect spinal reflex responsiveness:
◾

RIII reflex

◾

Sensory-evoked potentials.

* ‘Loss

of response’ is generally defined as the absence of any motoric
or verbal response, eye opening, coughing, etc. In some studies
haemodynamic responses are also taken into account.$ Loss of a motoric
response to incision in the forearm is the classical approach to determine
the minimal alveolar concentration (MAC). In some studies, an
abdominal incision was used as an alternative. # The level of validation of
these monitors may vary significantly.

or nitrous oxide or with different opioid concentrations). One MAC
is the end-tidal vapour pressure percentage of an inhaled anaesthetic that correlates with a 50% probability of movement in the
population after skin incision and represents 1 unit dose of a volatile anaesthetic [equation (21.3)]. In MAC reduction studies, the
MAC of volatile anaesthetics was determined as a function of the
opioid concentration using logistic regression analysis (Fig. 21.5)
(Westmoreland et al. 1994; Lang et al. 1996; Katoh and Ikeda 1998;
Katoh et al. 1999).
The results were isoboles representing 50% (or 95%) probability
of no response to skin incision or other predefined stimuli such as
intubation, laryngeal mask insertion, or laryngoscopy (Fig. 21.5).
MAC was primarily developed to compare the potency of different inhaled anaesthetics. Clinical applicability was limited at first
as titration to a 50% probability of tolerance of incision does not
represent adequate anaesthesia and 95% probability of tolerance
would imply an overdose in many patients. Moreover, MAC reduction studies only covered a limited area of drug concentrations.
Therefore, the concept of the response surface of two interacting
drugs was introduced. The effect of any combination of two drugs
can be displayed in a three-dimensional plot, where the concentrations of drugs A and B are on the x-and y-axes and the combined
effect on the z-axis. The response surface represents the ‘full spectrum’ interaction between two drugs and is defined by one single
equation that allows flexible calculation of effect based on any combination of drug concentrations. Figure 21.6 shows an example of
such a response surface. The relationship between the 50% isoboles
and the response surface is also seen in Figure 21.6.
The isoboles determined in MAC reduction studies form a
slice on the response surface and therefore give only part of the
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Figure 21.5 Reduction of the sevoflurane minimal alveolar concentration (MAC)
by fentanyl: around 3 ng ml−1 effect-site concentration of fentanyl, a ceiling effect
occurs in the interaction. Higher doses of fentanyl do not cause an equally steep
reduction in MAC.
Reproduced from Katoh T, Kobayashi S, Suzuki A et al., The Effect of Fentanyl on Sevoflurane
Requirements for Somatic and Sympathetic Responses to Surgical Incision, Anesthesiology,
Volume 90, Issue 2, pp. 398–405, Copyright © 1999 with permission from the American Society
of Anesthesiologists, Inc.
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Figure 21.6 Relation of a response surface and isoboles. The response surface
model relates the effect-site concentration of two drugs A and B with an effect.
The effect is commonly defined as a probability of response to a stimulus
and relates to a single drug according to a sigmoidal Emax pattern. If the three-
dimensional response surface model is observed from the top, the classical
isoboles can be identified as contour lines representing a certain probability of
response such as the 50% isobole, which is depicted in a two-dimensional plot
in the lower panel. The shape of the three-dimensional surface provides detailed
insight into the nature of the interaction over a wide range of concentrations,
whereas the classical isobole only shows the combinations of two drugs with an
equal effect.
Reproduced from Minto CF, Schnider TW, Short TG et al., Response Surface Model for
Anesthetic Drug Interactions, Anesthesiology. Volume 92, Issue 6, pp. 1603–1616, Copyright ©
2000 American Society of Anesthesiologists.
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Desflurane

Isoflurane

Sevoflurane

Propofol

Figure 21.7 Mean effective therapeutic infusion of cisatracurium (showing sd) to
maintain the neuromuscular blockade constant at 90% (first twitch in the train-of-
four sequence 10% of the control value) during desflurane, isoflurane, sevoflurane,
and propofol anaesthesia. *P <0.02: infusion rate (desflurane) vs infusion rate
(propofol, sevoflurane, isoflurane); **P <0.002: infusion rate (propofol) vs infusion
rate (volatile anaesthetics).
With kind permission from Springer Science+Business Media: Canadian Journal of Anesthesia,
Desflurane reduces the effective therapeutic infusion rate (ETI) of cisatracurium more
than isoflurane, sevoflurane, or propofol. Volume 48, 2001, pp. 532–537, Hemmerling, T.M.,
Schuettler, J., and Schwilden, H. Copyright © 2001 Springer Science and Business Media.

information, although a relevant one. As explained before, many
equations exist to model response surfaces and studies differ also
in methodology for data collection. In the ‘criss-cross’ trial design
as proposed by Short et al. (2002), the concentration of one drug is
kept constant, while the other is increased in defined steps. With
two study groups the whole interaction surface can be explored
efficiently. Because skin incision cannot be applied repetitively
in the same subject, it has been replaced by other stimuli such as
electrical tetanic stimulation, laryngeal mask airway insertion, or
laryngoscopy in more recent interaction studies (Bouillon 2008;
Schumacher et al. 2009; Heyse et al. 2012).
By means of the hierarchical model, one can—at least with some
assumptions and limitations—extrapolate MAC reduction data
(available from literature) to full response surfaces, which saves
considerable effort and time. For this reason and because it was
successfully tested with volatile and i.v. anaesthetics, the hierarchical model is perfectly suited for application in a bedside advisory
system that provides depth of anaesthesia information only based
on drug concentration input (Luginbuhl et al. 2010). This model
is currently applied in the SmartPilot® concept of Dräger (Dräger
Medical GmbH, Lübeck, Germany) (Fig. 21.7). In contrast, the
advisory system called Navigator Suite® (GE Healthcare, Helsinki,
Finland) (Fig. 21.8) applies the Greco model as a structural model
to predict opioid–volatile anaesthetic interaction effects (Johnson
et al. 2008). It still needs to be shown in prospective clinical studies whether the different structural interaction models (Greco vs
Hierarchical model) will result in different performances in clinical
practice. Heyse et al. (2012) showed that predictions of effect are
not dramatically different between models within clinical ranges of
sevoflurane–remifentanil combinations.
Response surfaces that relate continuous measures of drug effect
(both for hypnotic and nociception/antinociception effects) to the
combined administration of inhaled anaesthetics and opioids are
currently under investigation and will provide a ‘full-spectrum’
view on the performance of surrogate measures to predict the
probability of response on several verbal or painful stimuli. In the

Because clinically relevant concentrations of opioids have little
effect on the electroencephalogram and its derived variables, the
effect parameter investigated in opioid–volatile anaesthetic interactions is the probability of tolerating skin incision (MAC reduction
studies). Opioids and volatile anaesthetics act strongly synergistically. Only small concentrations of opioids substantially reduce the
MAC, but a ceiling effect is already reached at intermediate opioid
concentrations (Fig. 21.5), which implies that a further increase of
the opioid concentration does not increase effect much more. The
results of the most important MAC reduction studies are summarized in Table 21.2. As far as the study conditions were similar, the
data are useful to compare the potency of the selected μ-receptor
agonists in reducing MAC and hence the potency of opioids for
general anaesthesia. The presence of residual concentrations of
an i.v. induction agent (thiopental) dramatically reduces the C50
of the opioid as illustrated by the data from McEwan et al. (1993)
(inhalation induction) and Westmoreland et al. (1994) (thiopental
induction).
Isoflurane–opioid interaction is best investigated. Given that the
mechanism of action of volatile anaesthetics is similar and that pure
μ-agonists such as fentanyl, remifentanil, alfentanil, and sufentanil
also act on identical receptors, it seems reasonable to assume that
the opioid concentrations reducing MAC by 50% are similar for all
volatile anaesthetics. Synergy is found not only for response to skin
incision but equally for verbal response at emergence (MACawake)
and for haemodynamic responses to skin incision. Katoh et al.
(1999) showed that the steepness of the MAC and MAC-blockade
adrenergic response (BAR) depression curves are not parallel,
which suggests the involvement of separate neurophysiological
pathways that reduce MAC and MACBAR.
Only recently, a response surface for opioid–vapour interactions
was successfully modelled on a dataset that studied responsiveness
to multiple stimuli (verbal, tactile, and painful) during sevoflurane and remifentanil anaesthesia. In this study, multiple models
were tested on the data, and the hierarchical interaction model of
Bouillon and colleagues seemed to fit the data best (Heyse et al.
2012). The models confirm the synergistic interaction between
sevoflurane and remifentanil on the tolerance to multiple stimuli
such as shake and shout, laryngeal mask placement, tetanic stimulation (as a surrogate of incision), and laryngoscopy. Through the
concept of MAC equipotency and by means of potency-correction
factors, the hierarchical model can now be extrapolated to all modern inhaled anaesthetics and opioids. Additionally, the effect of
66 vol.% of nitrous oxide was recently included as a covariate in the
hierarchical model (Vereecke et al. 2013).

Intravenous hypnotics vs opioids interaction
The pharmacodynamic interaction between i.v. hypnotics and opioids was first studied using isobolographic methods that resembled
the MAC reduction studies of the inhaled anaesthetics. Smith et al.
(1994) described the 50% and 95% probability of loss of consciousness and motor response to incision after a combined fentanyl–
propofol administration and found synergistic behaviour. Vuyk
et al. (1995) presented a response surface (using a logistic regression model) between propofol and alfentanil during surgery and
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Figure 21.8 Screenshot of the SmartPilot View® (Dräger Medical GmbH, Lübeck, Germany). On the left side, the combined potency of hypnotics and opioids is
presented on an isobologram, where the current position (orange dot) is defined by the predicted effect site concentration of the hypnotic (y-axis) and opioid (x-axis)
and represents their combined potency. Reference lines are isoboles representing 50% and 95% probability of ‘tolerance of laryngoscopy (TOL)’ and ‘tolerance to shake
and shout’ (TOSS). When volatile anaesthetics are used instead of propofol the MAC isoboles are used instead of TOL. The predictions of effect are adjusted according
to demographic characteristics of the patient and the (automatic, manual, or both) input of the drug administration history. On the right side, the predicted effect-
site concentrations of hypnotics, opioids, and neuromuscular blocking agents are displayed over time. Additionally, a prediction of the effect is also shown in terms of
the ‘Noxious Stimulation Response Index’ (NSRI), a transformation of the TOL isobole (for further explanations see text). The effect of nitrous oxide is included in the
predictions of effect; however, benzodiazepines (e.g. given as a premedication) are not.
© Drägerwerk AG & Co. KGaA, Lubeck. All rights reserved. No portion hereof may be reproduced, saved or stored in a data processing system, electronically or mechanically copied or otherwise
recorded by any other means without our express prior written permission.

Table 21.2 MAC reduction by opioids. The opioid concentrations reducing the MAC of the volatile anaesthetics by 50% are
summarized
Volatile anaesthetic

Fentanyl

Alfentanil

Remifentanil

Sufentanil

Isoflurane

1.671

0.157

0.52

−
28.82

1.375

Sevoflurane

1.83

n.d.

1.696

n.d.

Desflurane

0.54

n.d.

n.d.

n.d.

from: 1 Mc

induction), 2 Westmoreland,

Data
Ewan, Anesthesiology 1993; 78:864–9 (Skin incision, inhalation
A&A 1994; 78:23–8 (skin incision, IV induction with
thiopental), 3 Katoh, Anesthesiology 1999;90:398–405 (skin incision, inhalation induction), 4 Sebel, Reduction of the MAC of Desflurane with Fentanyl, Anesthesiology
1992;76:52–59 (skin incision, IV induction with thiopental). 5 Lang E, Anesthesiology 1996; 85(4): 721–8 (skin incision, inhalation induction). 6 Heyse B. et al. Anesthesiology
2012, (Laryngoscopy, inhalation induction). n.d. = no data. 7 Brunner MD, MAC reduction of isoflurane by sufentanil, British Journal of Anaesthesia 1994; 72(1): 42–6 (skin
incision, inhalation induction).
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defined 50% and 95% effective doses for several clinical relevant
end-points: loss of eyelash reflex, loss of consciousness, response
to laryngoscopy, response to intubation, response to skin incision,
absence of an autonomic response throughout surgery, and return
of consciousness at the end of surgery. On all end-points a clear
synergism with a steep descent in the isobole is found up to a mean
opioid concentration that is equipotent to 3 ng ml−1 of fentanyl.
A ceiling effect is seen at higher concentrations. Comparable to
volatile anaesthetics, a minimum amount of i.v. hypnotic drugs is
needed to guarantee unconsciousness in anaesthesia, even when
high doses of opioids are administered. The ceiling effect of opioids
further shows that extensive opioid doses have no advantages compared to moderate doses but rather may harm patients.
Other studies focused on haemodynamic response during total
i.v. anaesthesia and found synergistic isoboles after combined
hypnotic–opioid administration (Kazama et al. 1998; Nieuwenhuijs
et al. 2003). The synergism found on haemodynamic end-points
challenges the hypothesis that the use of synergistic interaction
between drugs to evoke a desired effect (unresponsiveness) results
in fewer side-effects (haemodynamic collapse). Nevertheless, with
a response surface method, Zanderigo et al. (2006) succeeded in
defining a range of propofol and remifentanil doses that are characterized with desired effects and minimal haemodynamic side-
effects. Although synergism seems to occur both on the desired
and undesired effects, the steepness of the isoboles are not parallel.
As such, the results of Zanderigo et al. (2006) support the notion
that, within certain ranges of propofol and opioid combinations,
balanced anaesthesia decreases haemodynamic side-effects during
propofol and remifentanil anaesthesia.
For the propofol–remifentanil interaction, several other response
surfaces have been described using both clinical end-points of
anaesthesia, and continuous electroencephalographic measurements and haemodynamic responsiveness (Mertens et al. 2003;
Kern et al. 2004). Minto et al. (2000) and Bouillon et al. (2004;
Bouillon 2008) used different —but equally effective—mathematical
approaches to model the propofol–remifentanil response surface.
Both concepts differ significantly in theoretical approach, but when
applied on a single dataset, the predictions of the models are only
slightly different and (as such) will probably not result in major
deviations in performance when used in bedside advisory systems
(Heyse et al. 2012).

Volatile vs intravenous hypnotic interaction
Induction of anaesthesia is commonly performed by means of a
bolus of an i.v. hypnotic first, followed by administration of inhaled
(volatile) anaesthetics once the airway is secured. In the immediate
induction period of balanced anaesthesia, the interaction of volatile anaesthetics and i.v. hypnotics must be considered, especially
in anaesthesia display systems. Harris et al. (2006) described additive isoboles for propofol–sevoflurane for the end-points ‘loss of
consciousness’ and ‘loss of response to skin incision’. This finding
was in concordance with the in vitro finding that the potentiation
of sevoflurane and propofol on the γ-aminobutyric acid (GABA)
receptor behaved according to an additive response surface (Sebel
et al. 2006). A response surface—as described by Schumacher et al.
(2009)—confirmed additivity for clinical end-points of anaesthetic
effect and two electroencephalographic-derived indices over a wide
range of drug concentrations for propofol and sevoflurane. The C50
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for volatile anaesthetics and i.v. hypnotics (such as propofol) can be
determined for continuous electroencephalographic effect and for
suppression of response to stimulation. Therefore, the Greco model
was equally suited for both data sets (Schumacher et al. 2009).

Hypnotic–hypnotic interaction and multiple drug
interaction models
The dose needed for induction and maintenance of anaesthesia is
reduced by premedication with benzodiazepines. The current information on the extent and shape of the interaction between benzodiazepines and hypnotics or opioids can be estimated from studies
that address ‘multiple drug interaction’ problems. The nature and
extent of the interaction between midazolam, propofol, and alfentanil has been described on the EC50 level for unresponsiveness to eye
opening on verbal command and on a 5 s tetanic stimulus (Vinik
et al. 1982). According to Vinik et al. (1994), propofol–alfentanil,
midazolam–alfentanil, and midazolam–propofol–alfentanil combinations behave synergistically. Only the interaction between
midazolam and propofol appears to have additive properties, which
is compatible with the GABA receptor binding of both molecules.
But as no study has been performed that contains a sufficient dose
grid, no full-range response surface interaction model is available,
and as such, the interaction of premedication on hypnotics and opioids is currently not applied in any commercialized advisory system for drug effect monitoring.

Volatile anaesthetics vs neuromuscular
blocking agents
Volatile anaesthetics potentiate the effects of non-depolarizing
neuromuscular blocking agents in a dose-dependent manner.
Although there are quantitative differences in the magnitude of
interaction, it can be demonstrated for all volatile anaesthetics.
Desflurane potentiates the neuromuscular blockade more than isoflurane and sevoflurane (Fig. 21.7). The mechanism of potentiation
by volatile anaesthetics is controversial. It may be increased blood
flow to the muscle, increased sensitivity of the motor end-plate,
decreased release of acetylcholine, change of the conductance of the
ionic channels of the end-plate, or induction of relaxation in the
central nervous system. The gaseous anaesthetic nitrous oxide has
a negligible effect on the pharmacological action of neuromuscular
blocking agents (Illman et al. 2008).

Advisory systems to optimize the dose
of interacting drugs
Anaesthesia advisory displays integrate the information on anaesthetic drug interactions and make it available to the clinician in a
user-friendly way. So far, two products are available on the market: SmartPilot View® (Fig. 21.8; Dräger Medical GmbH, Lübeck,
Germany) and the Navigator® Application Suite (Fig. 21.9; GE
Healthcare, Helsinki, Finland). Both systems calculate effect-site
concentrations of propofol, volatile anaesthetics, opioids, and
neuromuscular blocking agents over time based on demographic
data and drug dosing. While the doses given by infusion pumps
connected to the system are imported automatically, bolus doses
need to be entered manually. Inhalation anaesthetic doses are
derived from measured end-tidal concentrations. Some ventilators
use computer-controlled injection of inhaled anaesthetics in the
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Figure 21.9 Screenshot of the Navigator® Application Suite (GE Healthcare, Helsinki, Finland). This monitor shows simultaneously the predicted effect-site
concentrations of hypnotics, opioids, and neuromuscular blocking drugs in a time-based view together with a reference of drug effect (grey fields representing different
probabilities of tolerance of certain stimuli). The following stimuli can be selected: intubation, ‘shake and shout’, ‘incision’ and ‘effective post-op analgesia’. The time
course of the predicted effect-site concentrations of hypnotics and opioids are accompanied by a black line above, representing the combined effect of hypnotics and
opioids. This black line is plotted on a coloured reference zone that highlights ranges between the 50th and 95th percentile of probability that the patient will tolerate
the selected stimulus. Nitrous oxide is not included in the predictions of effect in this device. When adding benzodiazepines, the predictions of total effect will disappear
from screen, only to return when the predicted plasma concentration of the not modelled hypnotic drug reaches a lower threshold. The structural interaction models
used in this device are described by Greco and Minto.
Reproduced with permission. © GE Healthcare, Helsinki, Finland.

patient circuit. In these machines, a trajectory of the pharmacodynamic effect can be predicted in advance of the actual increase in
end-tidal anaesthetic concentration.
The interaction between opioids and hypnotics is displayed
in different ways on each device. The GE Navigator® relates the
effect-site of propofol, volatile anaesthetics, or opioid concentrations to an estimated ED95 scale, where the interaction is integrated on a time-based graph. The ED95 is related to tolerance
of intubation (analgesia) and tolerance of shaking and shouting
(hypnosis). SmartPilot View® presents the hypnotic and opioid
interaction information on a two-dimensional graph that shows
the combined individual drug combinations of a patient as a moving dot projected upon several reference isoboles. The reference
isoboles represent the probability of tolerance of skin incision,
laryngoscopy, or shake and shout. The user is able to modify the
combination of hypnotics and opioids on the same level of anaesthetic potency; that is, to switch from a hypnotic-dominated to an

opioid-dominated anaesthesia regimen, without losing track of the
chosen tolerance level.
To generate the combined potency of opioids and hypnotic drugs
on a time basis the SmartPilot View® uses the Noxious Stimulation
Response Index (NSRI), which is a number between 100 and 0
(Luginbuhl et al. 2010). Using this technology, regions of optimal
anaesthetic effect may be defined and targeted more easily and the
optimal position for rapid recovery and adequate postoperative
analgesia can be defined.
Both advisory systems predict the changes of drug concentrations and drug effects in the near future assuming that the drug
dosing remains unchanged during that time. This feature allows
decrement times for drug concentrations and time for the effect
to decrease from one isobole (e.g. 95% tolerance of laryngoscopy)
to another isobole (e.g. 50% tolerance of shake and shout) to be
estimated. By doing so the recovery may be anticipated in a more
reproducible way.
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All isoboles used in these machines have been published in the
public domain and are obtained from the response surface studies
presented earlier in this chapter. However, both systems use different models to predict the resulting effect. The Navigator Suite® uses
the Minto model to predict the propofol–opioid interaction and
the Greco model for inhaled anaesthetics vs opioids interaction.
The potentiation of effect evoked by nitrous oxide will not be seen
on this screen, as no interaction model for nitrous oxide is implemented in the system. In contrast, SmartPilot® uses the hierarchical model of Bouillon to model both the inhaled anaesthetics and
the i.v. anaesthetics and depicts the interaction with nitrous oxide
as a covariate of the hierarchical model. Additionally, solutions are
being developed for SmartPilot® technology to depict the transition
from inhaled anaesthesia to i.v. anaesthesia and vice versa without
altering the probability of response/tolerance during the process.
The two products are technically different and use different pharmacodynamic interaction models. The clinical utility of
these display systems remains to be shown and is currently under
investigation.

The Noxious Stimulus Response Index as a measure
of anaesthesia effect
In SmartPilot View®, a new numerical value is shown on screen that
is extracted from the interaction model information and may serve
as a predictor of tolerance/responsiveness vs different verbal or noxious stimuli. This index is called the NSRI and was first described
for the propofol–opioid interaction (Luginbuhl et al. 2010). Very
recently, the NSRI has been adapted to volatile agents interacting
with opioids (Hannivoort et al. 2016).
Fundamentally the NSRI is a mathematical transformation of the
tolerance of laryngoscopy isobole, which is defined by the concentrations of the hypnotic or volatile anaesthetic on one hand, the
opioid concentration on the other hand, and the respective C50:

PTOL =

 U hyp 
 A 

γ

out

 U hyp 
1+ 
 A 

γ

(21.9)

out

where PTOL represents the probability to tolerate laryngoscopy,
Uhyp is the unit dose of the hypnotic (or volatile anaesthetic) and
Aout the intensity of the transmitted stimulus (after attenuation by
the opioid); and:
NSRI =

100
 PTOL  s
1+ 

 1 − PTOL 

(21.10)

where s is an empirically determined slope factor and NSRI is a
number between 0 and 100, with 100 representing no drug present
and values near 0, very high concentrations of drugs. NSRI is therefore potentially suited as a measure for tolerance against several
clinical relevant stimuli.
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CHAPTER 22

Adverse drug reactions
in anaesthesia
Philip M. Hopkins
Introduction
According to Li et al. (2009), the use of drugs or the drugs themselves are involved in the great majority of anaesthesia-related
deaths. These workers conducted a large epidemiological study
of anaesthesia-related deaths in the United States between 1999
and 2005 and found an anaesthesia-related death rate of 8.2 per
million hospital discharges. Of the 2211 deaths they investigated,
46.6% were associated with a drug error, while a further 42.5% were
caused by the adverse effects of drugs that had been administered
at an appropriate therapeutic dose. While the factors that pertain to
errors of drug administration are covered elsewhere in this book,
this chapter deals with adverse drug reactions.

Definitions
The World Health Organization has defined an adverse drug reaction as ‘a response to a drug that is noxious and unintended and
occurs at doses normally used in man for the prophylaxis diagnosis or therapy of disease, or for modification of physiological function’. A more extensive definition has been provided by Edwards
and Aronson (2000) who suggested that an adverse drug reaction
should be ‘an appreciably harmful or unpleasant reaction, resulting from an intervention related to the use of a medicinal product,
which predicts hazard from future administration and warrants
prevention or specific treatment, or alteration of the dosage regimen, or withdrawal of a product’.
While these are both useful definitions, perhaps neither is ideal.
Both encompass side-effects of drugs that are common or even universal but for the purposes of this chapter I will limit discussion to
those adverse effects of drugs that, when they occur at normal dosage, can be described as unexpected.

Classification of adverse drug reactions
In addition to producing a new definition of adverse drug reactions, Edwards and Aronson (2000) produced a new classification
(Table 22.1).
One useful aspect of this classification is the recognition
that duration of treatment and dose can be important factors in
adverse drug reactions as indeed they can be for more common
side-effects. However, I prefer to distinguish adverse drug reactions in terms of whether they are relatively common or relatively
rare. Relatively common reactions can be considered to be an

inevitable consequence of biological variability. Such variability in
response to drugs is evident whenever we induce anaesthesia, for
example, where slow titration of the anaesthetic induction agent
until loss of consciousness leads to a range of dose of induction
agent being given to different patients. This is formally recognized
also in the definition of potency of inhalation anaesthetic agents
which is described in terms of the minimum alveolar concentration
(MAC)50. The MAC50 is an example of the ED50 or expected dose
to produce an effect in 50% of individuals. Such values are determined from cumulative, all-or-none dose–response curves. Just
as it is possible to define an ED50, one can define an ED90, ED95,
ED99, and so on, the implication being that the dose requirements
to produce the desired therapeutic effect can vary markedly and
this can be estimated for a particular drug by the slope of the dose–
response curve. Just as dose–response curves can be constructed
for the therapeutic effect of the drug, they can also be defined for
each unwanted effect. Again, it is likely that there will be biological
variability in the production of unwanted effects but within individual patients this need not be through the same mechanism or
mechanisms as the variability underlying differences in the therapeutic effect of the drug. An individual who is at the lower end of
the population distribution for the development of an unwanted
effect can therefore have an unexpected and unpredictable adverse
drug reaction: such an individual can be said to be intolerant of
the drug.
Drug intolerance therefore can be viewed as affecting those individuals at the extreme of a normal distribution curve. Unwanted
effects that result in drug intolerance can be considered to have
the potential to affect all individuals if they were given a sufficient
dose of the drug. In contrast, there is another group of adverse
drug reactions that affect a small number of the population when
given normal doses of the drug but would not occur in the great
majority of individuals even if they were given massive doses. This
type of adverse drug reaction is referred to as an idiosyncratic
reaction. Some idiosyncratic reactions have a marked hereditary
component, examples relevant to anaesthesia include porphyrias,
malignant hyperthermia, and plasma cholinesterase deficiencies.
Anaphylaxis, however, is an idiosyncratic reaction where a hereditary component is less obvious. In this case there is presumably an
underlying genetic predisposition to develop anaphylaxis but this
requires an environmental stimulus to interact with the genetic factor or factors to prime the immune system to be activated following
administration of the drug.
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Table 22.1 Classification of adverse drug reactions. SSRIs, serotonin-selective reuptake inhibitors
Type of reaction

Mnemonic

Features

A: Dose-related

Augmented

◆
◆

◆
◆

B: Non-dose-related

Bizarre

◆
◆

◆
◆

C: Dose-related and
time-related

Chronic

D: Time-related

Delayed

◆
◆

◆
◆
◆

E: Withdrawal

End of use

◆
◆

F: Unexpected
failure of therapy

Failure

◆
◆
◆

Examples

Common
Related to a
pharmacological action
of the drug
Predictable
Low mortality

◆

Uncommon
Not related to a
pharmacological action
of the drug
Unpredictable
High mortality

◆

Uncommon
Related to the
cumulative dose

Management

Toxic effects:
Digoxin toxicity; serotonin
syndrome with SSRIs
Side effects:
Anticholinergic effects of
tricyclic antidepressants

◆

Immunological reactions:
Penicillin hypersensitivity
Idiosyncratic reactions:
Acute porphyria
Malignant hyperthermia
Pseudoallergy (e.g. ampicillin
rash)

◆

Withhold and avoid
in future

◆

Hypothalamic–pituitary–
adrenal axis suppression by
corticosteroids

◆

Reduce dose or withhold;
withdrawal may have to
be prolonged

Uncommon
Usually dose related
Occurs or becomes
apparent some time after
the use of the drug

◆

Teratogenesis (e.g. vaginal
adenocarcinoma with
diethylstilbestrol)
Carcinogenesis
Tardive dyskinesia

◆

Often intractable

Uncommon
Occurs soon after
withdrawal of the drug

◆

Opiate withdrawal syndrome
Myocardial ischaemia
(β-blocker withdrawal)

◆

Reintroduce and
withdraw slowly

Common
Dose-related
Often caused by drug
interactions

◆

Inadequate dosage of an oral
contraceptive, particularly
when used with specific
enzyme inducers

◆

Increase dosage
Consider effects of
concomitant therapy

◆

◆

◆
◆

◆

◆

◆

Reduce dose or withhold
Consider effects of
concomitant therapy

Reprinted from The Lancet, Volume 356, Issue 9237, Edwards IR, Aronson JK. Adverse drug reactions: definitions, diagnosis, and management. pp. 1255–9, Copyright © 2000,
with permission from Elsevier.

While anaesthetists obviously manage patients whose concurrent
medication can encompass examples from the whole formulary, it
is not possible within the confines of this chapter to cover or even
mention every adverse drug reaction. I will therefore focus on those
adverse drug reactions that are of principal concern to anaesthetists.
These are anaphylaxis to drugs or chemicals the anaesthetized patient
is exposed to, the acute porphyrias, plasma cholinesterase deficiency,
and malignant hyperthermia. I will begin though by discussing briefly
the serotonergic syndrome. Although this is by no means encountered predominantly by anaesthetists, a severe form of the condition
can result from the administration of potent analgesics to patients
whose concurrent drug administration includes serotonergic drugs.

Serotonin syndrome
This is alternatively known as serotonin toxicity. It is a reaction of
variable severity (Boyer and Shannon 2005) caused by drugs that
increase the availability of serotonin at serotonergic central nervous system synapses. Milder forms of the condition are most commonly seen in patients taking selective serotonin reuptake inhibitor
(SSRI) antidepressants and this is a good example of drug intolerance. More severe serotonin toxicity is produced usually when such

drugs are taken in overdose or when they are combined with other
drugs that have serotonergic effects.
The clinical features of serotonin syndrome fall into three categories: neuromuscular hyperactivity, autonomic hyperactivity,
and altered mental state (Gillman 2005). Neuromuscular hyperactivity can include tremor, clonus, myoclonus, and hyper-reflexia.
Autonomic hyperactivity may be evident as fever, diaphoresis,
tachycardia, hypertension, and tachypnoea. The non-anaesthetized
patient may appear agitated, confused, or to be in a state of mental
excitement.
Serotonin toxicity first became apparent to anaesthetists as a
life-threatening drug reaction to pethidine (meperidine) given to
patients taking monoamine oxidase inhibitor antidepressants. In this
situation the prominent feature was often a hypertensive crisis. The
most commonly prescribed serotonergic drugs in modern medical
practice are the SSRI antidepressants and a single dose of an SSRI
has triggered serotonin syndrome (Gill et al. 1999). However, there
is a surprising range of drugs that have been implicated, including ‘triptan’ migraine treatments (Gillman 2010) and methylthioninium chloride (Ramsay et al. 2007). While pethidine is no longer
a popular perioperative analgesic drug, there is debate whether
other opioids can contribute to serotonin toxicity (Gillman 2005).
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Box 22.1 Drugs implicated in development of serotonin syndrome

Antidepressants
◆

Selective serotonin reuptake inhibitors:

adverse drug reactions in anaesthesia
Glycine

δ-Aminolaevulinic acid (ALA)
ALA Dehydratase

• Sertraline
• Paroxetine
• Fluvoxamine
◆

Non-selective reuptake inhibitors (including serotonin):
• Venlafaxine
• Clomipramine
• Trazodone

◆

Monoamine oxidase inhibitors:
• Phenelzine
• Selegiline
• Moclobemide
• Isocarboxazid
• Tranylcypromine.

Analgesics
◆

Pethidine (meperidine)

◆

Tramadol

◆

Fentanyl.

Antimigraine
◆

Sumatriptan.

Anticonvulsant
◆

Sodium valproate.

Antibiotic
◆

Linezolid (inhibits monoamine oxidase).

Non-prescription
◆

Cough suppressant:
• Dextromethorphan

◆

Herbal remedies:
• St John’s wort
• Ginseng

◆

Drugs of abuse:
• MDMA (methylenedioxymethamphetamine, ecstasy)
• LSD (lysergic acid diethylamide).

It should be noted that tramadol, as well as being an opioid agonist,
has serotonergic effects which are thought to contribute to its analgesic efficacy. There are reports of serotonin toxicity occurring in
patients taking SSRI antidepressants who were given tramadol for
analgesia (e.g. Mahlberg et al. 2004).

Plumboporphyria
Porphobilinogen (PBG)

• Citalopram
• Fluoxetine

Succinyl CoA

ALA Synthetase

PBG Deaminase
Hydroxymethylbiline
Uroporphyrinogen
cosynthetase

Uroporphyrinogen

Uroporphyrinogen
decarboxylase

Coproporphyrinogen
Coproporphyrinogen
oxidase
Protoporphyrinogen
Protoporphyrinogen
oxidase
Protoporphyrin
Ferrochelatase
Feedback inhibition

+Fe2+
Haem

Acute intermittent
porphyria
Congenital
erythropoietic
porphyria
Porphyria
cutanea tarda

Hereditary
coproporphyria
Variegate
porphyria
Erythropoietic
protoporphyria

Figure 22.1 Metabolic pathways of haem synthesis. The enzymes involved
at each step are listed on the left, and the type of porphyria associated with a
deficiency of each enzyme is shown on the right. The conditions highlighted in
boxes are the acute porphyrias.
Reproduced from James MF, Hift RJ. Porphyrias. British Journal of Anaesthesia. 2000 85:143–53,
by permission of The Board of Management and Trustees of the British Journal of Anaesthesia.

Treatment of serotonin toxicity is firstly non-specific, being
withdrawal of the implicated drug(s) and symptomatic treatment
of agitation with benzodiazepines, fever by cooling measures, and
autonomic hyperactivity by β-blockers if tachycardia, high blood
pressure, or both, are considered to be dangerous. The features
of serotonin toxicity are thought to be mediated predominantly
through 5-HT2A receptors. Cyproheptadine is a specific antagonist at this receptor subtype and may be considered if symptomatic
treatment is not effective. As a perhaps more readily available alternative, chlorpromazine also has antagonistic effects at the 5-HT2A
receptor and can be administered parenterally.
See Box 22.1 for a list of drugs implicated in the development of
serotonin syndrome.

Acute porphyria
The porphyrias take their name from the discoloured urine
that was the hallmark of diagnosis. On standing in sunlight the
urine becomes a purple colour because of the action of sunlight on the excess porphyrins in the urine. The porphyrins are
the intermediaries in the metabolic pathway that converts glycine and succinyl-coenzyme A into haem. As well as being an
important constituent of haemoglobin and myoglobin, haem
is found in the cytochrome enzymes. The production of haem
is normally a tightly regulated process, with regulation being
principally through a negative feedback inhibition of haem on
aminolaevulinic acid (ALA) synthase (Fig. 22.1). When there is
increased demand for haem, typically through increased metabolic requirements, there is less haem available for negative feedback on ALA synthase resulting in increased production of ALA,
which ultimately leads to increased production of haem for the
metabolic demands.
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The porphyrias are a group of conditions where each type is
caused by an inherited deficiency in one of the enzymes in the
synthetic pathway of haem. A complete lack of enzyme activity
would obviously be incompatible with life but reduced enzyme
activity leads to a build-up of intermediaries that are upstream to
the enzyme defect. In general, the haem precursors have adverse
effects on the skin (photosensitivity) and the nervous system.
Central nervous system effects can be manifest as anything ranging from mild anxiety and irrational behaviour to frank psychosis. Pain is the most obvious feature of peripheral nervous system
involvement. The precise combination of clinical features and their
permanent (chronic) or intermittent (acute) nature depend on the
enzyme defect.
It is the acute intermittent porphyrias that present the greatest
challenge to the anaesthetist for two reasons: (1) acute peripheral nervous system involvement may mimic surgical pain, for
example of the abdomen, and lead the patient to be inappropriately listed for emergency surgery; and (2) drugs administered
during anaesthesia may induce cytochrome enzymes leading to
increased demand for haem and subsequent build-up of haem
precursors stimulating an acute attack. While an appropriate clinical history including family history along with relevant imaging
may minimize the chances of surgical misdiagnosis of an acute
porphyric attack, the presentation of a patient with acute porphyria for anaesthesia requires the anaesthetist to avoid drugs
that are likely to trigger a porphyric attack through cytochrome
enzyme induction.
The most notable cytochrome enzyme inducers are the barbiturates and so thiopental is absolutely contraindicated in a
patient with porphyria. The situation is not always, however, as
clear-cut and a very good example is propofol. There are numerous reports of propofol being used in patients with acute porphyrias who did not have an adverse response when exposed
to propofol. However, in animal models of porphyria, propofol has been shown to increase ALA synthase activity which is
consistent with cytochrome enzyme induction and with propofol being potentially harmful to a patient with acute porphyria
(James and Hift 2000). A unifying hypothesis to explain these
apparently contradictory findings is that the animal models
of porphyria are very sensitive in detecting effects on enzyme
induction but single induction doses of propofol are not sufficient in humans to cause an acute attack. It would seem prudent, however, to avoid propofol infusions for maintenance of
general anaesthesia and possibly also for induction when sevoflurane appears to be safe. Table 22.2 classifies drugs that may
be administered during the perioperative period according to
their potential for inducing acute porphyria (see Table 22.3 for
key to Table 22.2). The Norwegian Porphyria Centre maintains
a regularly updated database of drug porphyrinogenicity (http://
www.drugs-porphyria.org).
For the patient known to be at risk of developing acute porphyria
who presents for surgery, the risks can be reduced by maintaining
hydration and a carbohydrate intake. Should an acute attack occur,
additional i.v. fluids will be needed to replace losses from vomiting,
which is common. Pain can be severe and can require high doses of
opioids. Sedation with phenothiazines (which also have antiemetic
properties) has been reported to be helpful but adequate analgesia should be the priority (James and Hift 2000). Tachycardia and

Table 22.2 Recommendations for the use of drugs in the
perioperative period for patients with acute porphyria (See Table 22.3
for a key to the recommendations)
Drugs

Recommendation

Inhalation agents

Nitrous oxide
Halothane
Isoflurane
Sevoflurane
Desflurane

Use
UWECO
Use
UWC
Use

Intravenous
induction agents

Propofol
Ketamine
Barbiturates
Etomidate
Paracetamol
Alfentanil
Aspirin
Buprenorphine
Codeine
Fentany1
Pethidine
Morphine
Naloxone
Sufentanil
Diclofenac
Ketorolac
Pentazocine

Use
UWC
Avoid
Avoid
Use
Use
Use
Use
Use
Use
Use
Use
Use
Use
UWECO
UWECO
Avoid

Neuromuscular
blocking drugs

Tubocurarine
Pancuronium
Suxamethonium
Atracurium
Rocuronium
Mivacurium
Vecuronium

Use
Use
UWC
UWC
UWC
UWC
UWC

Neuromuscular block
reversal agents

Atropine
Glycopyrronium bromide
Neostigmine
Bupivacaine
Lidocaine
Prilocaine
Procaine
Tetracaine
Cocaine
Mepivacaine
Ropivacaine
Sugammadex

Use
Use
Use
Use
Use
Use
Use
Use
UWC
UWC
ND/avoid
ND/avoid

Sedatives and
antiemetics

Clonidine
Domperidone
Phenothiazines
Temazepam
Benzodiazepines other
than listed

Use
Use
Use
Use
UWC
(continued)
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Table 22.2 (continued)

Sedatives and
antiemetics

Cardiovascular drugs

Analgesics

adverse drug reactions in anaesthesia

Table 22.3 Key to Table 22.2
Drugs

Recommendation

Cimetidine
Diazepam
Lorazepam
Metoclopramide
Midazolam
Ondansetron
Oxazepam
Ranitidine
Chlordiazepoxide
Nitrazepam

UWC
UWC
UWC
UWC
UWC
UWC
UWC
UWC
UWECO
UWECO

Adrenaline
Magnesium
Phentolamine
Procainamide
α-Agonists
β-Blockers
β-Agonists
Diltiazem
Disopyramide
Sodium nitroprusside
Verapamil
Hydralazine
Nifedipine
Phenoxybenzamine

Use
Use
Use
Use
Use
Use
Use
UWC
UWC
UWC
UWC
UWECO
UWECO
UWECO

Tramadol

UWC

Reproduced from James MF, Hift RJ. Porphyrias. British Journal of Anaesthesia. 2000 85:
143–53, by permission of the Board of Management and Trustees of the British Journal of
Anaesthesia.

hypertension can be managed with β-blockers, while seizures can
be treated with diazepam, midazolam, or single doses of propofol.
Magnesium infusions may help both hypertension and seizures.
Haematin, haem arginate, and somatostatin all reduce ALA synthase
activity and the latter has been used successfully in combination with
plasmapheresis to treat an acute attack (James and Hift 2000).

Butyrylcholinesterase deficiency
Butyrylcholinesterase is the official name for an enzyme that is
often referred to in the anaesthetic literature as plasma cholinesterase or pseudocholinesterase. The term ‘plasma cholinesterase’ arose
to distinguish it from acetylcholinesterase which is found predominantly in the synaptic clefts and is primarily responsible for the
degradation of acetylcholine released during synaptic transmission. It is now recognized, however, that butyrylcholinesterase is
also found within the synapses and indeed is found in most tissues.
Butyrylcholinesterase is a glycoprotein made up of four subunits,
each containing an active catalytic site.
Acetylcholinesterase and butyrylcholinesterase are part of
a larger gene family of hydrolytic enzymes that also includes
lipases and carboxylesterases. Butyrylcholinesterase is thought
to have resulted from a duplication of the acetylcholinesterase

Use

The drug is likely to be safe and may
be used freely

Use with caution
(UWC)

Though safety is not established
beyond doubt, the evidence suggests
that the drug is unlikely to prove
unsafe in practice. It may be used
provided no safer alternative is
available or suitable

Use with extreme caution only
(UWECO)

There is evidence to suggest that
the drugs may yet prove unsafe in
practice, or grounds to suspect this
may be so, or too little evidence to
suggest that it may be safe. Such drugs
should only be used if the expected
benefits strongly outweigh the risks,
and an adverse outcome must be
anticipated

Avoid

There is evidence that such drugs have
precipitated acute attacks in patients,
or other grounds for believing that the
risk of an acute attack is high

No data/avoid (ND/avoid)

There is too little evidence to draw a
conclusion, and it is wisest to regard
the drug as potentially hazardous and
avoid its use

Reproduced from James MF, Hift RJ. Porphyrias. British Journal of Anaesthesia. 2000 85:
143–53, by permission of the Board of Management and Trustees of the British Journal of
Anaesthesia.

gene early in the evolution of the vertebrates around 500 million years ago (Johnson and Moore 2012). Butyrylcholinesterase
shows approximately 50% sequence homology with acetylcholinesterase but the active sites of both enzymes contain a key
motif of a serine, histidine, and aspartate residues. As its name
implies, acetylcholinesterase is specific for acetylcholine whereas
butyrylcholinesterase will metabolize larger esterases and acetylcholine. This explains why butyrylcholinesterase can metabolize
suxamethonium (succinylcholine) and mivacurium whereas acetylcholinesterase does not.
The physiological function of butyrylcholinesterase remained
obscure until relatively recently. For many years it was assumed
that it had no function because individuals with virtually no
enzyme activity are healthy but this redundancy of function is not
consistent with persistence of the enzyme through the millennia
in the great majority of vertebrate species. Over the past 15 years
there has been a renewed interest in cholinesterases because of
the aetiological role of the cholinergic system in the development
and progression of Alzheimer’s disease. It is now recognized that
butyrylcholinesterase has an auxiliary role in the breakdown of
synaptic acetylcholine and indeed is the primary cholinesterase
in some central nervous system synapses (Duysen et al. 2007).
Butyrylcholinesterase also appears to have an antitoxaemic role
(Johnson and Moore 2012) and a postulated role in fat metabolism which explains why butyrylcholinesterase knockout mice
and humans deficient in butyrylcholinesterase have a tendency
to obesity.
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Suxamethonium (succinylcholine) apnoea
The prolonged action of suxamethonium in some individuals was
recognized within approximately 10 years of its introduction into
general anaesthetic practice. It was this discovery by Kalow and colleagues working in Toronto that saw the birth of the field of pharmacogenetics, which is the study of genetic variants on drug dynamics
and kinetics. Kalow’s contribution was indeed outstanding [see
Kalow (1964) for an early review]. He and his colleagues discovered
that, using benzoylcholine as a substrate for measuring cholinesterase activity in the plasma as opposed to suxamethonium, it was
possible to determine a graded effect of enzyme activity. The level
of phenotypic discrimination was further enhanced by investigating the inhibition of benzoylcholine hydrolysis by the local anaesthetic agent dibucaine. The percentage inhibition of benzoylcholine
hydrolysis by dibucaine became known as the dibucaine number
and the dibucaine inhibition test was used to identify three groups
within families that had experienced suxamethonium apnoea: dibucaine number greater than 70, greater than 40 but less than 70, and
less than 30. These groups corresponded respectively to individuals
with two copies of the normal gene, one copy each of the atypical
and normal genes, and two copies of the atypical gene. The addition
of two other inhibitor substances, fluoride and RO2-0683 (the dimethyl carbonate of 2-hydroxy-5-phenylbenzyl tri-methylammonium
bromide), led to the description of the fluoride-resistant, J, K, and
H plasma cholinesterase variants. Identification of individuals with
virtually no cholinesterase activity in their plasma introduced the
notion of the silent cholinesterase variant.
In addition to the variants in cholinesterase that reduce activity
and sensitivity to suxamethonium, there are two variants associated with resistance to suxamethonium. These have been named
after the home towns of the individuals who were first identified
with these variants and are known as Cynthiana and Johannesburg,
which have three times and two times the normal plasma cholinesterase activity respectively.

Molecular genetics of butyrylcholinesterase deficiency
The molecular genetic characterization of the human butyrylcholinesterase gene (BCHE) has revealed that the phenotypic characterization using plasma cholinesterase activity and response to
dibucaine, fluoride, and RO2-0683 inhibition studies underplayed
the diversity of variation (Pantuck 1993). BCHE is located on chromosome 3q26. The gene is 73 kb long and is made up of four exons
(containing the coding sequence) with three intervening introns.
The coding sequence encodes the 574 amino acids of each butyrylcholinesterase subunit. There are currently approximately 70 variants in the BCHE gene that have been shown, or are predicted, to
have an effect on butyrylcholinesterase activity. The most prevalent
of these is a substitution of threonine for alanine at amino acid position 539 (p.A539T) which is associated phenotypically with the K-
type allele. It is present in approximately 1 in 100 of the Caucasian
population. The genetic variant responsible for the atypical phenotype is a glycine for aspartate substitution at amino acid position 70
(p.D70G). This is found in approximately 1 in 3000 of the Caucasian
population but interestingly in approximately 80% of cases it is
found in conjunction with the p.A539T variant associated with the
K-type responder. There are two amino acid substitutions associated with the fluoride-resistant phenotype (p.T243M, p.G390V),
one amino acid change associated with the H variant (p.V142M),

and two amino acid substitutions associated with the J phenotype
(p.E497V, p.A539T). There are 22 BCHE variants that result in a
truncated protein or reduced expression of the protein and many
of these will be associated with a silent phenotype. Further variants
involving single amino acid substitutions also have a profound effect
on butyrylcholinesterase activity and are also associated with a silent
phenotype. The majority of these variants that are associated with a
silent phenotype are rare as are the remaining variants that result in
reduced butyrylcholinesterase activity.
The extent of variability in the BCHE gene is reflected in the
finding that up to 25% of some populations contain at least one
BCHE variant. In terms of suxamethonium sensitivity there is only
a clinically evident problem when both alleles contain a variant and
therefore the condition follows a predominantly autosomal recessive pattern of inheritance.

Non-genetic causes of reduced butyrylcholinesterase
activity
Butyrylcholinesterase is synthesized in the liver and therefore any
condition associated with reduced hepatic protein synthesis can be
associated with low plasma cholinesterase activity. Such conditions
include malignancy, malnutrition, chronic cardiac or renal disease,
hypothyroidism, and the catabolic phase of burns in addition to
liver disease. The most common condition associated with reduced
plasma cholinesterase activity is, however, pregnancy. Plasma cholinesterase activity is reduced by 20% from the first trimester until
delivery and then by 33% in the first 4 days postpartum, normalizing by 6 weeks postpartum. This degree of reduced activity would
not be expected to be clinically evident on a normal genotypic
background. The fact that investigation of women who have had
prolonged response to suxamethonium in the peripartum period
has subsequently been reported as phenotypically normal, probably
reflects the limitations of the classical phenotypic testing to identify
abnormal genotypes.

Management of butyrylcholinesterase deficiency
From the anaesthetic perspective, the drugs with prolonged action
in butyrylcholinesterase deficiency of most significance are suxamethonium and mivacurium. With patients known to be at risk it
is obviously easier to substitute mivacurium with another non-
depolarizing neuromuscular blocking agent. There are no alternative
depolarizing neuromuscular blockers to suxamethonium. When
suxamethonium is indicated there is no absolute contraindication
to its use but prolonged paralysis (up to 2 h) should be anticipated
and managed accordingly. Alternative approaches to rapidly securing an airway include awake fibreoptic intubation or substitution
of suxamethonium by high-dose rocuronium with sugammadex
drawn up and ready to administer should it be necessary to abandon
tracheal intubation and restore spontaneous ventilation.

Malignant hyperthermia
Malignant hyperthermia, like butyrylcholinesterase deficiency,
is a pharmacogenetic disorder of anaesthetic practice. It is most
important to apply terminology correctly as the correct diagnosis has important implications for management of the condition,
future anaesthetic management of the patient, and investigation of
the patient and their relatives. It is also important to distinguish
between the clinical reaction sustained by a patient (malignant
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hyperthermia) and the condition predisposing to malignant
hyperthermia under anaesthesia by understanding the following
definitions:
◆

◆

Malignant hyperthermia: a form of heat illness that develops
under general anaesthesia and which is characterized by a progressive life-threatening hyperthermic reaction.
Malignant hyperthermia susceptibility: this is the genetic predisposition to develop malignant hyperthermia under anaesthesia.

In many respects the clinical features of a malignant hyperthermia
reaction resemble those of exertional heat illness. Malignant hyperthermia is, however, given a separate international classification
of disease code and name because categorization of other forms
of heat illness requires a clinical assessment of cerebral function
which is clearly not possible for a patient under general anaesthesia.
Two other words within the definition of malignant hyperthermia are worth highlighting. Unless a malignant hyperthermia
reaction is treated (see later) it will always be progressive in the
continued presence of the triggering agents. Without intervention, therefore, the patient having a malignant hyperthermia reaction will have a continually worsening condition that does not
wax and wane or fluctuate but which will inexorably lead to death.
The other term that is important to understand is hyperthermia.
Hyperthermia refers to a high body temperature in the presence
of a normal thermoregulatory set point. Pyrexia or fever, on the
other hand, is where the thermoregulatory set point is increased in
response to pyrogens or to hypothalamic neuronal damage such as
can be caused by hypoxia or cerebral haemorrhage. In hyperthermia, the physiological processes for heat loss fail to compensate for
heat generation, heat gain, or both.

Pathophysiology of malignant hyperthermia dictates
its clinical features
The clinical features of malignant hyperthermia derive directly or
indirectly from a fundamental loss of intracellular calcium homeostasis within skeletal muscle tissue. The primary defect within the
skeletal muscle cells appears to lie within the structures involved in
excitation–contraction coupling (see Chapter 7).
The clinical features of malignant hyperthermia become apparent even before the intracellular calcium ion concentration becomes
sustained within the skeletal muscle cells. The process is initiated by
an increase in calcium release into the cell but this initially can be
compensated for by increased sequestration of calcium. The sequestration processes, however, are dependent on ATP and the increased
utilization of ATP and production of ADP stimulate both glycolysis
and the tricarboxylic acid cycle. This increased metabolic activity
increases oxygen consumption and carbon dioxide production and
these are the cardinal features of an evolving malignant hyperthermia reaction (Hopkins 2000). The increased demand for oxygen
and hypercarbia produce a sympathetic nervous system response
(increased heart rate) and, if the patient is breathing spontaneously,
an increased respiratory rate. The increased respiratory rate may initially compensate for the increased carbon dioxide production such
that the increase in end-tidal carbon dioxide may not be immediate.
However, in the paralysed and mechanically ventilated patient there
will be an early increase in end-tidal carbon dioxide.
As the reaction progresses and intracellular calcium release continues, the sequestration mechanisms cannot keep pace with the
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calcium load even though they may be working optimally. At this
stage the intracellular calcium concentration not only increases
above resting concentrations but progressively rises. The maintained increase in intracellular calcium concentration leads to
activation of the myofilaments. The increased contractile activity
within the muscles may not be initially apparent as an increase in
muscle tension or tone but it places a further demand on cellular
ATP which is required in the relaxation phase of the cross bridge
cycle of the myofilaments (see Chapter 7) and the ADP so produced further contributes to stimulation of cellular metabolism.
Myofilament contractile activity is energetically inefficient with
approximately 60% of the energy produced dissipated as heat. With
skeletal muscle constituting 40% of body mass, the endothermic
heat load on the body is substantial. The heat generated will cause
an increase in core body temperature which will be detected by the
thermoregulatory centre in the hypothalamus which subsequently
coordinates a homeostatic response. This will further increase sympathetic autonomic nervous system outflow leading to tachycardia, increased inotropy, and subsequent cardiac output increase,
increased sweat production, and peripheral vasodilatation. The
heat load is so great however, that even in individuals with excellent
cardiovascular function, maximal heat dissipation will not keep
pace with heat generation and the body temperature can increase
rapidly: a rate of increase in temperature of 1°C (15 min)−1 is not
unusual.
The sustained activity of the myofilament contractile apparatus
is associated with instability of the skeletal muscle cell membrane
(sarcolemma). This instability initially causes loss of potassium ions
but as contractile activity is maintained, there becomes frank loss of
integrity of the sarcolemma with leakage of larger molecules, notably myoglobin which has the potential to produce tubular renal
damage.
The consequences of a sustained intracellular calcium concentration within the skeletal muscle cells can in itself enhance and
maintain the malignant hyperthermia reaction. This is because
calcium ions act on the ryanodine receptor proteins (sarcoplasmic
reticulum calcium release channels) to increase calcium release
(calcium-induced calcium release). The loss of calcium from within
the sarcoplasmic reticulum store also activates a process known as
store-operated calcium entry in which sarcolemmal calcium channels (possibly Orai-1 or TRPC) are opened enabling calcium to
flow down its massive concentration gradient from the extracellular fluid into the sarcoplasm (Duke et al. 2010). Further mechanisms of intracellular calcium release such as heat-induced calcium
release and free radical-induced calcium release may also be operating under the conditions present in the malignant hyperthermia
reaction. A malignant hyperthermia reaction can therefore become
self-sustaining and self-amplifying which may explain why a reaction can be triggered by prolonged exposure to low concentrations
of inhaled anaesthetics and why a reaction can continue after the
triggering agents have been discontinued.
The cellular injury within the skeletal muscles may also result
in the reaction becoming irreversible. We have seen how crucial the production of ATP is in counteracting the calcium load
within the cells and also in myofilament relaxation. To achieve
the ATP production required, the cells are crucially dependent
on the functioning of their mitochondria. Unfortunately in this
circumstance, mitochondria take up calcium ions under conditions of intracellular calcium load and do this even to the extent
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that intra-mitochondrial calcium concentration impedes oxidative
phosphorylation. Without sufficient ATP production the muscle
tissue inevitably develops a state of rigor, loss of membrane integrity, and death. This process is associated with cell swelling and
oedema formation and if this affects sufficient numbers of muscle
fibres, the swelling within the confined fascial compartments of the
muscles will compromise blood flow and compound the muscle
injury with ischaemic damage. The reduced muscle perfusion also
means that therapeutic agents such as dantrolene will not reach
their site of action. It is for these reasons that early diagnosis of a
malignant hyperthermia reaction and appropriate intervention is
crucial in avoiding serious morbidity and death (Hopkins 2000).

Clinical presentations of malignant hyperthermia
The earliest sign that the patient may be susceptible to malignant
hyperthermia is the development of muscle rigidity after administration of suxamethonium. This is most commonly manifest
in the jaw muscles, which is known as masseter muscle spasm.
Measurement of the jaw muscle tone of patients anaesthetized and
given suxamethonium revealed that jaw muscle tone increased in all
patients (Leary and Ellis 1990). It tends to be more pronounced in
children where anaesthesia has been induced using a potent inhalation anaesthetic and typically the jaw rigidity peaks 30–45 s after
the administration of suxamethonium. Normally, after this time, the
jaw rigidity eases and after 60–75 s it is clinically evident as nothing more than slight resistance to mouth opening. In malignant
hyperthermia-susceptible individuals, however, suxamethonium
can cause more prolonged and more severe jaw rigidity such that it
may be impossible for the anaesthetist to open the patient’s mouth
for 2–5 min after the suxamethonium was given. Masseter muscle
spasm occurs in approximately 70% of individuals subsequently
identified as susceptible to malignant hyperthermia. Of patients
referred for malignant hyperthermia testing because of prolonged
jaw rigidity, approximately 25% prove to be truly malignant hyperthermia susceptible (Ellis et al. 1990). Occasionally masseter muscle
spasm is accompanied by the simultaneous development of generalized muscle rigidity and this is associated with a likelihood of
approximately 70% of the individual being susceptible to malignant
hyperthermia (Ellis et al. 1990).
The initial clinical features of the true hypermetabolic malignant
hyperthermia reaction are a result of the increased carbon dioxide
production and an increase in heart rate. As mentioned previously,
the manifestation of the increased carbon dioxide production
will depend on whether the patient is breathing spontaneously or
their lungs are mechanically ventilated. Some modern anaesthetic
machines also enable monitoring of oxygen consumption, which
will increase and this may be observed soon after the first evidence
of increased carbon dioxide production. As the reaction progresses, the body temperature will increase and muscle rigidity may
become evident as the body temperature approaches 40°C. At this
stage, potassium and myoglobin will be released into the bloodstream and may produce cardiac dysrhythmias and myoglobinuria
respectively. The high body temperature, possibly in combination
with inflammatory mediators activated by the tissue destruction,
initiates disseminated intravascular coagulation, which may be
apparent as increased bleeding at the surgical site or from puncture
wounds. In addition to hyperkalaemia, the biochemical picture of
malignant hyperthermia is typically a mixed respiratory and metabolic acidosis. In the acute phase the creatine kinase concentration

may not be dramatically elevated but this increases over 12–24 h
to reach a peak. Alanine and aspartate transaminase are also present in skeletal muscle and can be expected to increase even in the
absence of other markers of hepatic damage.
As the temperature increases above 40.5°C, apoptotic pathways
in all cells will be progressively activated and if the patient has not
succumbed to hyperkalaemia, coagulopathy, or profound acidosis,
the terminal event is likely to be related to central neuronal injury
with consequent progressive increase in intracranial pressure.
Although the sequence of events in a malignant hyperthermia
reaction is remarkably consistent, there is considerable variability
in the delay in onset of the clinical features after induction of anaesthesia and also in the rate of development of the clinical features
once the reaction has been initiated. Some of this variability is a
function of the inspired concentration of triggering agent used and
also which potent inhalation anaesthetic is administered (Hopkins
2011). Malignant hyperthermia can be caused by any of the potent
inhalation anaesthetics and all but desflurane have caused florid
reactions within 10 min of anaesthetic induction leading rapidly to
a life-threatening situation. Reactions involving desflurane do tend
to be delayed and more insidious.
The administration of suxamethonium appears to prime the
muscle of malignant hyperthermia-susceptible individuals to react
more aggressively to the potent inhalation anaesthetic trigger.
Indeed, there is dispute whether suxamethonium itself can trigger
a progressive life-threatening reaction in malignant hyperthermia-
susceptible individuals as opposed to muscle rigidity and rhabdomyolysis. Interestingly there is evidence from animal studies
and from patient data that non-depolarizing neuromuscular
blocking agents may afford some protection against the development of malignant hyperthermia in susceptible individuals when
exposed to triggering agents. This may be a reason why malignant
hyperthermia-susceptible individuals do not develop a clinically
apparent malignant hyperthermia reaction on every exposure to
triggering agents (Hopkins 2011).

Treatment of a suspected malignant hyperthermia
reaction
The key to successful treatment of a malignant hyperthermia reaction is to make the diagnosis as early in the course of the reaction
as possible. This requires knowledge of the clinical features, a high
index of suspicion, and vigilance. As with any anaesthetic emergency, once the diagnosis is suspected the anaesthetist should call
for help as treatment requires several simultaneous actions and
interventions.
The first line in treatment is to take measures to halt the malignant hyperthermia process. These are to remove the trigger drugs,
to initiate active body cooling, and to administer dantrolene. To
remove trigger drugs the vaporizer should be switched off and
the minute ventilation increased using high gas flows and a non-
rebreathing circuit if available. Activated charcoal filters placed in
the inspiratory and expiratory limb of a circle system are an alternative means to rapidly eliminate the inhalation anaesthetic from the
breathing circuit. These were introduced in North America in 2012
and Europe in 2015.
Active cooling measures will depend on availability of equipment.
In the operating theatre setting, active warming devices can be converted to active cooling mode; otherwise the patient’s body should
be exposed by removing sterile drapes and blankets. It should be
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remembered that the patient’s thermoregulatory mechanisms will
probably be fully activated and any form of external cooling is
likely to have a net beneficial effect. Sweat loss can be marked and a
good state of hydration should be maintained, with cooled i.v. infusions if possible. Where extracorporeal heat exchange is available
this should be prepared for use or alternatively devices for inducing controlled hypothermia can be fetched from adjacent intensive
care units.
Dantrolene, which acts within the skeletal muscle to reduce calcium release, is an effective treatment for malignant hyperthermia
if administered soon enough. The current formulation of dantrolene is difficult to mix, with each 20 mg vial requiring to be dissolved in 60 ml of sterile water. At least one member of the team
should be dedicated to preparing dantrolene, while others may be
required to fetch additional stocks of dantrolene. The initial dose of
dantrolene is 2.5–3 mg kg−1 although in adults each 20 mg should
be administered as soon as it is reconstituted. After the initial bolus
of 2.5–3 mg kg−1 further doses of 1 mg kg−1 should be given every
5 min until there is a satisfactory response. The desired response is
a reversal of the increased carbon dioxide production, a reduction
in the tachycardia, and a reduction in the body temperature. When
dantrolene is combined with active cooling measures it is relatively
easy, especially in children, to overshoot normal body temperature
and induce hypothermia and so once the temperature goes below
38.5 °C the administration of dantrolene can cease unless the reaction recrudesces.
In addition to standard minimum anaesthetic monitoring it is
appropriate to establish direct arterial blood pressure monitoring
and central venous pressure monitoring. Core and peripheral temperature should be monitored as should urine output and urine
pH. Arterial blood gases and serum potassium should be obtained
early in the course of treatment and samples sent to haematology
for coagulation indices, platelets, and haematocrit. Once the emergency is under control, an initial creatine kinase sample can be sent
but it should be remembered that 12 and 24 h creatine kinase concentrations are likely to be higher.
In addition to taking measures to halt the malignant hyperthermia process, the effects of the reaction must be treated. These
include hypoxaemia, acidosis, hyperkalaemia, myoglobinaemia,
disseminated intravascular coagulation, and cardiac arrhythmias.
To treat hypoxaemia and acidosis the patient’s lungs should be
hyperventilated with 100% oxygen. If acidosis is profound, sodium
bicarbonate is indicated. Sodium bicarbonate is also useful for the
management of hyperkalaemia which may also respond to glucose
and insulin and, if persistent, to haemodialysis. In extremis with
hyperkalaemic bradydysrhythmias, i.v. calcium chloride should be
used despite the theoretical possibility that it can exacerbate the
skeletal muscle intracellular calcium concentration. If myoglobinuria is detected then a regimen of forced alkaline diuresis should be
instigated. This can be achieved with i.v. infusion of a crystalloid
solution, sodium bicarbonate, and mannitol, although it should
be noted that the dantrolene formulation contains mannitol. The
goals for forced alkaline diuresis are a urine output greater than
3 ml kg−1 h−1 with a urine pH greater than 7. If i.v. crystalloid,
sodium bicarbonate, and mannitol fail to achieve the desired goals,
furosemide may be added on an empirical basis. Disseminated
intravascular coagulation should be treated aggressively and this
treatment should not be delayed pending the result of laboratory
tests. Therefore when there is clinically evident coagulopathy, fresh
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frozen plasma, cryoprecipitate, and platelets should be administered. Cardiac arrhythmias should be treated according to standard guidelines although calcium channel blockers are perhaps best
avoided as there is a theoretical interaction with dantrolene with
the possibility of a profound negative inotropic effect. Other than
hyperkalaemic bradydysrhythmias, the most likely arrhythmias to
be encountered are atrial or ventricular ectopics, and supraventricular tachycardia or ventricular tachycardia. Amiodarone
appears to be a good first-line antiarrhythmic although magnesium
might be an alternative for supraventricular tachycardia or ventricular tachycardia.
Once the patient’s condition has been stabilized and the hypermetabolic reaction reversed, the patient should be transferred to the
intensive care unit. The previously established monitoring should
continue with the addition of regular urine, urea, and creatinine
tests. The possibility of the development of compartment syndrome
should be remembered and if there is any doubt, compartmental
pressures should be measured.
Recrudescence of malignant hyperthermia can occur and its
likelihood is related to the severity of the initial reaction. It usually
occurs within the first 12 h of initial stabilization but it is recommended that the patient should be observed on intensive care for
24 h. If recrudescence does occur further dantrolene may be needed.
Weaning from sedation and mechanical ventilation should be
managed according to standard intensive care protocols.

Malignant hyperthermia: after the crisis
It is vital that the patient and their family are counselled about the
suspected diagnosis including the genetic nature of the condition.
They should be advised to warn all blood relatives of the index case
about the possibility of malignant hyperthermia under anaesthesia
and the need to warn any doctor planning treatment in hospital
that they may be at risk of this condition.
Modern training of anaesthetists and availability of modern
monitoring means that the majority of malignant hyperthermia
reactions do not progress to a fulminant state and it is uncommon nowadays to be able to make the diagnosis purely on clinical
grounds. It is essential therefore that the patient is advised to seek
confirmation of diagnosis and if confirmed, for family screening to
be instituted.

Diagnostic testing for malignant hyperthermia
Diagnostic tests have been available for malignant hyperthermia
susceptibility since 1970 (Kalow et al. 1970; Ellis et al. 1972). These
traditional tests require an open muscle biopsy from the thigh
and pharmacological challenge of the excised muscle specimens
within a maximum of 5 h of excision. The freshly excised muscle
is placed in a physiological saline and transferred to the laboratory
where it is challenged separately with caffeine and with halothane.
Malignant hyperthermia muscle is more sensitive to the calcium
releasing effects of halothane and caffeine than normal muscle.
When the muscle is exposed to increasing concentrations of either
agent a sustained contracture develops in malignant hyperthermia
muscle at lower concentrations than normal muscle. Two protocols
exist for these pharmacological challenge tests. The most widely
applied protocol is that of the European Malignant Hyperthermia
Group and this test was reported to have a sensitivity of 99% and
a specificity of 94% (Ording et al. 1997). However re-examination
of that study reveals an error in clinical categorization of the single
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false-negative result such that the point estimate for sensitivity of
the test is 100%. It is indeed vital that any test for malignant hyperthermia susceptibility should have a high negative predictive value
as incorrectly labelling an individual as not susceptible to malignant hyperthermia could have fatal consequences if they subsequently receive triggering agents.

The genetics of malignant hyperthermia
and DNA testing
Denborough and Lovell (1960) reported the first case of malignant
hyperthermia in an individual who had 10 relatives who had died
under general anaesthesia, and these authors immediately realized
the familial nature of the condition. In this family, death during
anaesthesia appeared to be inherited in an autosomal dominant
fashion but with incomplete penetrance (some individuals who are
obligate carriers of the trait were alive). In the 1980s, veterinary
researchers identified a locus on porcine chromosome 6 for halothane sensitivity in pigs (Davies et al. 1988), which was known as
porcine stress syndrome but when triggered by halothane anaesthesia produced clinical features very similar to human malignant
hyperthermia. The analogous region in the human genome to
this locus on porcine chromosome 6 is human chromosome 19.
Using markers for chromosome 19, two independent studies demonstrated linkage of human malignant hyperthermia to chromosome 19 and specifically the region of that chromosome containing
the gene for the skeletal muscle isoform of the ryanodine receptor
(RYR1) (MacLennan et al. 1990; McCarthy et al. 1990). Many variants in the RYR1 gene have since been found to be associated with
malignant hyperthermia susceptibility (Robinson et al. 2006). The
great majority of these variants are missense variants where there
is a single nucleotide change in the DNA sequence leading to a single amino acid substitution in the protein product. However, new
sequencing technology has enabled the sequencing of the RYR1
gene in thousands of individuals with no known history of malignant hyperthermia and approximately 6% of these have rare potentially deleterious variants in RYR1 (Kim et al. 2013). It is therefore
imperative to distinguish between variants in the RYR1 gene that
are functionally implicated in malignant hyperthermia from those
that are not. Even the latest modern bioinformatic tools are not
good predictors of pathogenicity of RYR1 variants because the
RYR1 protein is large (5038 amino acids) and its crystal structure
has not been determined. The current consensus is that adoption
of RYR1 variants for diagnostic use is only reliable if the functional
significance of that variant can be demonstrated by genetically
engineering the variant into an experimental cell line.
The situation is further compounded by a surprisingly high
degree of discordance between RYR1 genotype and results of the in
vitro contracture testing within malignant hyperthermia families.
This phenotype–genotype discordance persists even after exclusion
of genotyping errors and diagnostic misclassification by the in vitro
contracture test (Robinson et al. 2003). One explanation for these
findings is that malignant hyperthermia is not a simple Mendelian
single-gene disorder but instead follows a threshold genetic model
where combinations of genetic factors provide greater or lesser
contributions to the cellular defect or in some cases one or more
genetic factors may protect against malignant hyperthermia susceptibility. There is indeed evidence to support the presence of
interacting genetic factors in malignant hyperthermia susceptibility
(Robinson et al. 2000) and also evidence that some RYR1 variants

may contribute to susceptibility but on their own are unlikely to
cause a clinical reaction (Carpenter et al. 2009).
This uncertainty about the genetic model of malignant hyperthermia susceptibility led the European Malignant Hyperthermia
Group to develop guidelines for DNA testing in malignant hyperthermia (Urwyler et al. 2001). These guidelines support the use of
functionally characterized RYR1 variants in diagnostic screening
and the presence of one of these variants to be sufficient evidence
to confirm an individual at high risk. However, where a member
of a family does not carry a variant that has been found in other
members of the family, this negative genetic finding should not be
relied upon to exclude malignant hyperthermia susceptibility and
such individuals should have confirmation of negative status using
the muscle biopsy tests.
In approximately 25% of malignant hyperthermia families RYR1
variants have been excluded. In a handful of these, variants have
been found in the CACNA1S gene which encodes the CaV1.1 protein that acts as the voltage sensor in skeletal muscle excitation-
contraction coupling (see Chapter 7). Two of these CACNA1S
variants have been functionally characterized and can be used
diagnostically in the same way as functionally characterized RYR1
variants.
In the remaining malignant hyperthermia families the responsible gene or genes are yet to be determined and, even with modern
high-throughput next-generation sequencing technology, are proving elusive.

Anaesthetic management of the high-risk patient
Patients at increased risk of developing malignant hyperthermia
under anaesthesia should be identified during the preoperative
anaesthetic assessment. It may be that the patient or a relative has
a definitive diagnosis of malignant hyperthermia susceptibility or
there have been problems associated with anaesthesia. In the latter scenario it is the responsibility of the anaesthetist to find out
as much as possible about the nature of this problem. For elective
surgery it may be appropriate to delay the procedure while this
information is sought but in emergency surgery if malignant hyperthermia cannot be excluded as a possible cause of the problem then
the patient should be treated as a high risk for malignant hyperthermia. It is imperative in determining a patient’s risk of malignant
hyperthermia that the family history is obtained even if the patient
themselves has had uneventful general anaesthesia in the past. This
is because, as explained earlier, patients who are malignant hyperthermia susceptible can have multiple general anaesthetics without
apparent problem. The author is aware of several malignant hyperthermia cases that could have been avoided if the family history of
problems under anaesthesia had been obtained.
Once a decision to treat a patient as at risk of developing malignant hyperthermia under anaesthesia has been made, the plan for
anaesthetic management must exclude exposure of the patient to
the triggering agents (all the volatile inhalation anaesthetics including isoflurane, sevoflurane, and desflurane) and also suxamethonium. Patients at risk of developing malignant hyperthermia under
anaesthesia are understandably often extremely anxious about the
prospect of having an anaesthetic. An anxiolytic premedication
before transfer to the operating theatres can be useful and if necessary this can be supplemented by an i.v. sedative in the theatre
department before awake invasive procedures such as regional
anaesthesia or invasive monitoring.
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The use of prophylactic dantrolene is not indicated as malignant hyperthermia will not be triggered if the triggering agents
are avoided. Dantrolene is also not effective at always preventing a
malignant hyperthermia reaction if triggering agents are administered to a susceptible patient. Finally, dantrolene is associated with
side-effects that include muscle weakness and nausea.
In order to ensure that the malignant hyperthermia-susceptible
patient is not exposed to triggering of the condition, potent inhalation anaesthetists should be eliminated from the anaesthetic
machine and breathing circuits. It used to be recommended that
all departments maintain a completely vapour-free anaesthetic
machine for use with patients at risk of malignant hyperthermia.
With increased understanding of the condition, however, it is recognized that triggering is a dose-dependent phenomenon rather
than a hypersensitivity reaction. Although the minimum safe
concentration for potent inhalation anaesthetics is not known, it
seems unlikely that this is less than 100 parts per million (ppm).
The maximum tolerable limit for occupational exposure to volatile anaesthetics is 50–100 ppm in most countries. It is notable
that there are no convincing cases of malignant hyperthermia
triggered by occupational exposure including in anaesthetists,
operating theatre, and recovery room personnel, subsequently
diagnosed with malignant hyperthermia susceptibility. There is
even a celebrated anecdote of an ENT surgeon who performed
thousands of tonsillectomies in the era of insufflation of halothane
via a Boyle’s gag who was later found to be malignant hyperthermia susceptible.
Anaesthetic machines can be prepared for a malignant hyperthermia patient therefore by removing all components that are
exchangeable, such as soda lime and breathing circuits, and flushing through the machine (including integral ventilator and circle
system) with maximum flows of oxygen and air. The duration of
this flushing process depends on the particular anaesthetic machine
and is between 5 min and 1 h for the great majority of modern
machines. It should be noted however that these studies invariably
quote the time to achieve a volatile anaesthetic concentration less
than 5 ppm, which provides a large safety margin.
The choice of anaesthetic technique for the malignant
hyperthermia-susceptible patient will depend upon the surgery
being performed, patient co-morbidities, patient age, and the personal experience and preferences of the anaesthetist. Where feasible and acceptable to the patient, regional anaesthesia is a safe
choice. When general anaesthesia is required, a total i.v. technique
is mandatory.
Having taken these precautions the other facets of anaesthetic
management, including analgesia, fluid therapy, maintenance of
normothermia, and monitoring, should be as usual for the surgery,
patient, and anaesthetic technique used. At the end of the procedure general anaesthesia can be discontinued as normal and the
patient returned to the postoperative setting most appropriate for
the surgical condition and concurrent medical conditions of the
patient. It is accepted that it is possible for the signs of malignant
hyperthermia to appear initially within 20–30 min of the discontinuation of anaesthesia and therefore it is prudent to keep a patient
in the post-anaesthetic care unit for 30–45 min. Subsequent management requires no special measures.
Two particular scenarios require discussion and that is the management of the pregnant patient at risk of developing malignant
hyperthermia under anaesthesia or the women who is carrying a
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potentially susceptible fetus. The management of these two scenarios is identical and based on the assumption that the mother,
fetus, or both, can develop malignant hyperthermia if the mother is
exposed to triggering agents. This includes the use of suxamethonium in the mother, which does cross the placenta. The approach to
management of these women in labour is designed to minimize the
chances of requiring an emergency general anaesthetic. It is usually recommended that an epidural is sited relatively early in labour
so that if urgent Caesarean section is required the epidural can be
extended rapidly to achieve surgical anaesthesia, in most cases at
least as rapidly as can a general anaesthetic.

Conditions associated with malignant hyperthermia
Congenital myopathies
The association between the commonest congenital myopathy,
central core disease, and malignant hyperthermia was recognized
40 years ago. Central core disease gets its name from the characteristic histochemical appearance using oxidative enzyme stains
which reveal classically well demarcated cores running along the
length of type 1 muscle fibres. We now know that the main gene
implicated in central core disease is RYR1. Not all patients with
central core disease associated with RYR1 mutations are at risk of
developing malignant hyperthermia under anaesthesia however.
This is because the functional defect caused by the RYR1 mutation
in central core disease can be associated with either a gain of function of the RYR1 channel or a loss of function. It is only the gain-
of-function RYR1 mutations that are associated with malignant
hyperthermia. Unless a RYR1 mutation found in a central core disease patient has been functionally characterized, it is not possible
to predict whether it will be a loss of function (not associated with
risk of malignant hyperthermia) or a gain of function (associated
with a risk of malignant hyperthermia under anaesthesia). The risk
of malignant hyperthermia susceptibility in such individuals can be
ascertained using the muscle biopsy malignant hyperthermia tests
described previously.
The other main RYR1 myopathy is known as multi-minicore disease, in which histological examination reveals several smaller and
perhaps not clearly demarcated zones lacking oxidative enzyme
staining. There are three principal forms of multi-minicore disease
that are characterized by their age of onset, rate of progression,
and muscle group involvement. Unlike central core disease, multi-
minicore disease is inherited in an autosomal recessive fashion
but often DNA analysis reveals a compound heterozygous RYR1
genotype in which the child inherits a different RYR1 variant from
each parent. The risk of developing malignant hyperthermia under
anaesthesia in the child with multi-minicore disease and indeed
their parents with RYR1 variants is unclear and undoubtedly will
be RYR1 variant specific (Klingler et al. 2009). If presented with
such a patient or parent for anaesthesia it is recommended that the
anaesthetist seek specialist advice from a malignant hyperthermia
diagnostic centre.
Other forms of RYR1 myopathy have been described, mostly
associated with a non-specific myopathic histopathology, although
a RYR1 myopathy clinically and histologically resembling muscle
dystrophy has been reported. A late onset axial myopathy has also
been attributed to a RYR1 aetiology. Anaesthetists are advised,
therefore, to request a genetic diagnosis wherever possible in any
patient with a clinically significant myopathy.
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Rhabdomyolysis
There have been reports over the past 30 years of exertional rhabdomyolysis in patients susceptible to malignant hyperthermia.
Some of these are in patients with functionally characterized RYR1
variants (Wappler et al. 2001). Although the majority of malignant
hyperthermia-susceptible patients will go through life with no hint
of a non-anaesthetic manifestation of their malignant hyperthermia susceptibility, some will report frequent myalgia or muscle
cramps while a few have recurrent rhabdomyolysis. Very occasionally these symptoms can be sufficiently troublesome to warrant a
trial of oral dantrolene therapy.
Most recently a series of patients with rhabdomyolysis from a
variety of causes has been published and all of these patients had a
RYR1 variant (Dlamini et al. 2013). It is reasonable to suggest that
patients susceptible to malignant hyperthermia have an increased
risk of developing rhabdomyolysis secondary to any known trigger of rhabdomyolysis. It is, however, impossible to quantify this
increased risk.

Exertional heat illness
Anyone who maintains a sufficient intensity of exercise to generate
more heat than their body can dissipate will become hyperthermic
and develop symptoms related to hyperthermia or salt and water
depletion, or both. Some individuals appear to be inherently at
greater risk of developing exertional heat illness and it now seems
clear that some of these carry RYR1 variants and indeed may be
at risk of developing malignant hyperthermia under anaesthesia.
Characteristics of exertional heat illness that may raise the suspicion of possible underlying malignant hyperthermia susceptibility
include development of exertional heat illness where there were
no other recognized predisposing factors (concurrent viral illness,
obesity, lack of fitness, sleep deprivation, recent heavy alcohol consumption, prescription or non-prescription drugs), where the episode took place in temperate climatic conditions, and where the
victim was the only casualty among a group of participants in, for
example, a military training exercise or a mass participation sporting event.

Anaphylaxis
Anaphylaxis describes an acute severe allergic reaction. In the
nomenclature agreed by the European Academy for Allergology
and Clinical Immunology, anaphylaxis is divided into allergic anaphylaxis [immunoglobulin E (IgE)-mediated] and non-allergic
anaphylaxis (non IgE-mediated) (Johansson et al. 2001). This
nomenclature discourages the use of the term anaphylactoid.
Anaphylaxis results from activation of mast cells which degranulate to release histamine and leucocyte chemotactic factors. Also
released from activated mast cells are prostaglandins, thromboxanes, and leukotrienes. Mast cells can be activated by IgE antibodies, by complement or direct chemical injury. The consequences of
mast cell activation account for the symptoms and signs of anaphylaxis which are hypotension (blood vessel smooth muscle relaxation), bronchoconstriction (bronchial smooth muscle contraction),
angio-oedema (increased capillary leak), and an urticarial rash
(wheal and flare reaction to cutaneous amines).
Development of anaphylaxis under anaesthesia occurs in 1:10 000–
20 000 general anaesthetics (Harper et al. 2009) although a recent
prospective study reported an incidence of confirmed cases of

1:2300 anaesthetics (Savic et al. 2015) with an incidence of 1:350
anaesthetics with one or more features of anaphylaxis. The features
of anaphylaxis can vary in severity from an inconsequential (albeit
itchy) rash observed when the surgical drapes are removed, to rapid
development of cardiac arrest and inability to ventilate the patient’s
lungs. The causative agent may be an i.v. anaesthetic, a neuromuscular blocking drug, an analgesic, an antibiotic, an antiseptic (chlorhexidine), latex, or some other compound administered in the
course of surgery such as patent blue dye. Anaphylaxis to sugammadex has been reported (Savic et al. 2014).
In the treatment of severe anaphylaxis under anaesthesia, as with
other anaesthetic emergencies, teamwork is essential. The airway
should be secured with a tracheal tube and 100% oxygen administered, adrenaline should be given by i.v. bolus in 100 μg increments
and i.v. colloid administered unless the colloid is a potentially causative agent. If cardiac arrest occurs adrenaline should be administered in 1 mg boluses intravenously while cardiopulmonary
resuscitation is instigated according to resuscitation guidelines.
Once an adequate blood pressure has been obtained it may be necessary to set up an adrenaline infusion. After the acute phase, i.v.
administration of a corticosteroid and an antihistamine may contribute to the full resolution of symptoms and signs.
Once the patient’s condition has been stabilized it is the responsibility of the attending anaesthetist to collate information required
for investigation of the reaction and specialist follow-up (Harper
et al. 2009). Blood samples (5 ml clotted blood) for serum mast cell
tryptase should be taken immediately after stabilization, a further
sample 1–2 h later, and a baseline at 24 h after the reaction. A referral to the specialist clinic should include copies of the perioperative records and investigations and copies of previous anaesthetic
records. It is also useful if the anaesthetist can write a covering letter
giving an account of events.
Special investigation of suspected anaphylaxis during anaesthesia
is done ideally by an anaesthetist with an interest in allergy and an
allergist or immunologist. The patient’s history in relation to allergy
and previous anaesthetics is taken and the clinical records of the
adverse event are reviewed. Non-allergic causes of hypotension and
bronchospasm should be considered in the differential diagnosis of
the problem. The serum mast tryptase results are invaluable as they
have a high positive predictive value of 93% although the negative
predictive value is only 54%.
In addition to deciding whether the suspected anaphylactic reaction was indeed anaphylactic in nature, the specialist clinic will
conduct tests to identify the most likely causative agent. The British
Society for Allergy and Clinical Immunology has published some
guidelines with the intention of standardizing these tests (Ewan
et al. 2009). These promote a hierarchy of testing starting with skin
prick tests followed by intradermal tests if the skin prick tests are
negative to the agents to which the patient was exposed to before
the reaction. Serum specific IgE antibody tests are available for
some compounds including suxamethonium, gelatin, some antibiotics, latex, and chlorhexidine.
The problem with all of these tests is that none is validated. The
technique for carrying out the skin tests, especially intradermal tests,
is operator dependent while interpretation is somewhat subjective.
When comparing the skin tests, the skin prick test lacks sensitivity compared with intradermal testing but has superior specificity. The sensitivity and specificity of the serum IgE antibody assays
vary between the drug and the manufacturer. The skin tests are not
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applicable to opiates and non-steroidal anti-inflammatory drugs
which have a tendency to produce non-specific cutaneous reactions.
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CHAPTER 23

Physics in anaesthesia
Patrick Magee and Mark Tooley
Introduction

Dimensions and units

This chapter covers the background physics that is not otherwise
covered in the relevant chapters associated with the equipment
discussed. It is an introduction to some loosely related, but widely
applicable concepts.

Dimensions are the basic components of equations and are independent of the units used. For example a common term in physics and medicine is velocity that has the dimensions of length per
unit time, written dimensionally as L T−1. This means that, independent of the measurement system used, the measurement of
velocity requires that the numerical value of a length be divided
by the numerical value of a time. Equations or graphical axes
can be predicted and their validity can be checked by dimensional analysis. Each side of an equation can be represented in
basic dimensions and both sides should balance. The dimensions
needed to describe most events are mass (M), length (L), time
(T), and temperature (θ). An example of dimensional analysis is
described later in this chapter, but, first, units must be discussed.
All measurements need to have their correct unit and symbol
attached to them. Equations have a unique language and the syntax must be correct for communication within the international
community. In the past, many different systems of units were
used, for example, imperial and c.g.s. The Système International
(SI) of units was established in 1960 and is now the recognized
system of measurement communication. For completeness, the
base quantities and some useful derived physical quantities are
shown in Table 23.1.
In the SI system, the combination of basic units involves multiplication and division but multiplication is shown as a space and
division is shown as a negative superscript. For example, velocity,
in metres per second, is m s−1. Prefixes to the name of each unit are
usually in multiples of 103 and 10−3. There are a few non-SI units
that are still used in anaesthesia and these seem resilient to change.
One is the millimetre of mercury (mm Hg) for intravascular pressures (100 mm Hg = 13.3 kPa) and total and partial gas pressures.
The standard atmosphere (1 atm = 101 kPa) and the wavelength
unit, the ångstrom (Å = 10−10 m) are also still used.

Atomic structure
All matter can be divided into a limited number of substances, the
atomic elements. There are just over a hundred elements and the
basic building block in all of these is the atom.
A simplified model of an atom consists of a nucleus of protons
and neutrons, with electrons in various discrete energy states at different levels or shells around the nucleus. The characterizing difference between elements is the number of protons, called the atomic
number Z, which the atoms contain. The nucleus is positively
charged due to the protons, creating an attractive electrostatic force
between the nucleus and the electrons. By convention, the binding
energy of electrons in an atom is negative. Electrons in the shell
nearest the nucleus have the lowest energy (the ground state) and
successive shells have electrons of progressively increasing energy
as the distance from the nucleus increases. The nucleus has a diameter of approximately 10−14 m, and the whole atom a diameter of
10−10 m. There are a limited number of energy shells and the total
number of electrons in a shell is restricted. The shells are known by
the letters K, L, M, etc. as shown in Figure 23.1, and the maximum
number of electrons in these shells are 2, 8, and 18 respectively. The
atom is electrically neutral, since the electrons will balance the protons. The atomic number determines the electron structure of the
atom and therefore its chemical properties. The combined number
of protons and neutrons is the atomic mass number, A. The normal terminology is that A is written as superscript and the proton
number Z is written as a subscript. So, for example, helium is 42 He,
meaning 2 protons and 2 neutrons, and therefore 2 electrons.
All the nuclei of the atoms of one particular element have the
same number of protons, but the number of neutrons can vary.
Isotopes are atoms of the same element which have different numbers of neutrons and many are artificially produced. For example,
12
6 C refers to a stable carbon atom with A = 12 and Z = 6. Carbon 15
still has Z = 6, but has three more neutrons which make it unstable
and radioactive. It is called a radionuclide.
In each atom the outermost or valence shell is concerned with the
chemical, thermal, optical, and electrical properties of the element.
If an atom gains or loses an electron, the electric charge no longer
balances. An atom which loses or gains an electron becomes an ion
and the process is known as ionization.

Basic mechanics
The mass of a substance is its amount, measured in kilogram (kg).
Another way of thinking of the amount of the substance is its volume, measured in m3, or litres where 1000 litres = 1 m3. Density
is the mass per unit volume in kg m−3. Mercury, as an example of
a very dense substance, weighs 13 600 kg m−3, while air weighs
10 000 times less at 1.3 kg m−3 at standard temperature and pressure (0°C and 101.3 kPa).
Force F has units of newtons (N) and where it causes a mass m to
move with acceleration a in the absence of other forces then F = ma,
Newton’s second law of motion. On Earth the force of attraction
between an object of mass m kg, and the centre of the Earth is mg N,
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Figure 23.1 Electron shells in an atom.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 3.7, Page 56, with permission
from Oxford University Press.

Table 23.1 SI base units and some derivations
Physical quantity

Name

Symbol

length

metre

m

mass

kilogram

kg

time

second

s

electric current

ampere

A

temperature

Kelvin

K

amount of substance

mole

mol

luminous intensity

candela

cd

frequency

hertz

Hz

s−1

force

Newton

N

m kg s−2

pressure, stress

pascal

Pa

N m−2

energy, work

joule

J

Nm

power

watt

W

J s−1

electric charge

coulomb

C

sA

electric potential

volt

V

W A−1

absorbed dose

gray

Gy

J kg−1

dose equivalent

sievert

Sv

J kg−1

temperature

Celsius

oC

K

Base units

Derived units

where g is the acceleration due to gravity. Colloquially, this force of
attraction is often referred to as weight, whose value is m kg wt or
mg N. Another way of expressing Newton’s second law of motion is
that Force = rate of change of momentum, where momentum is the
product of mass and velocity, so that F = d(mv)/dt.
Newton’s first law of motion states that every body stays at rest or
in uniform motion (constant velocity) unless acted on by a force.
The third law is that every action (or force) must have an equal
and opposite reaction, where the body is in equilibrium. Thus your
weight on the ground is balanced by the reactive force from the
ground.

Pressure is force per unit area with units of (kg) (m s−2)/(m2), or
N m−2, or Pa. The pressure generated by a ventilator can be a force
or weight acting on a bellows over its cross-sectional area. Another
classical anaesthetic example is that the fixed force from a thumb
on a syringe plunger will create a higher pressure at the outlet of a
2 ml syringe than of a 20 ml syringe.
When a force F moves an object a distance d in the same direction as F, then an amount of work Fd N m (joules, J) is done. F
might be the result of a pressure P acting over the ventilator bellows
cross sectional area A. Hence F = PA and work = PAd J.
Work is transferred directly into energy. This may be potential
energy, when an object is given the potential to do further work, or
to kinetic energy, when movement takes place. In a process involving interchange between work and energy, some work is converted
into thermal energy, and is usually lost to the surroundings.
Energy can also be lost by being absorbed by interacting surfaces.
However, if the distance d that the object of mass m is moved is a
vertical height h, the potential energy of the object is mgh J. If the
object were then allowed to fall freely under gravity, and most of
the potential energy were recovered as kinetic energy ½mv2, with
some energy loss from air resistance, where v is the final velocity,
then 1 2 mv 2 ≤ mgh.
The ventilator bellows which produced work PAd J, converts this
to energy in inflating the lung to a volume V, through a pressure
change ∆P . At the end of inspiration the potential energy of the
lung would be V ∆P , although some losses will have occurred overcoming airway resistance and elastic forces in the lung. This expression would also represent the respiratory work done by the patient
if she had inflated her own lung. The units of pressure × volume are
the same as those of work or energy.
Power is work or energy per unit time, and therefore a ‘powerful’
device is one which is capable of giving high energy or work per unit
time. The units are N m s−1, or J s−1 or watt (W). Electrical power
is measured as voltage × current, and is converted into light, heat,
power transmission or other electromechanically useful activity.
For example, an electric motor converts electrical power or energy
into mechanical power or work, and a generator does the converse.

Input/output, linearity, drift, and hysteresis
Many measurements in anaesthesia can be simplified to a black box
in which an input is applied to a system, a transfer function acts on
the input, and a modified output is produced which is the product
of the transfer function and the input.
For clinicians, it is less important to know how the transfer
function is carried out, than to know its function. One aspect of
a system which is important, especially in such a system as converting a transducer output to a useful value, is its linearity (and
non-linearity). A linear system is one where the same function (e.g.
amplification of a certain gain) is applied to the whole range of the
input values whereas in a non-linear system the function applied to
the input changes throughout the range. If the relationship between
the input and output obeys the following three rules the system is
said to be linear:
◆

◆
◆

If the input increases N times, the output must also increase N
times
A sinusoidal input gives a sinusoidal output of the same frequency
The output does not depend on the previous history of inputs;
this can be expressed as no memory or no hysteresis.

391

Chapter 23

Hysteresis

Square wave at 1 Hz

Drift
Drift occurs where there is slow change in the output signal where
there is no actual change in the variable being measured. This effect
can appear to be at random but there is normally some underlying
cause. This can be, for example, in a strain gauge pressure transducer. When this is first switched on, there will be some slight heating of the resistors in the transducer, due to current passing through
them. This will alter the balance and affect the output. Normally
this drift will stabilize as the small heating effects equilibrate.

Frequency response
Another important aspect in a system is the frequency response.
Signals described with respect to time (the time domain) are typically those where a physiological signal such as blood pressure
or the electroencephalogram (EEG) are represented as a voltage
signal, either continuous or sampled, against time. Time-domain
signals can also be transformed or represented in the frequency
domain. The frequency domain is where the amplitude of the components is plotted against frequency. This can have advantages with
the analysis of the signals, by presenting the information in a different manner and this can unmask hidden details. An example of a
simple spectrum of a square wave is shown in Figure 23.3.
Any complex waveform may be represented as the algebraic sum
of a number of sine or cosine waves. This is usually a fundamental frequency and a number of harmonics which are multiples of
this frequency. For example, a square wave, as shown in the centre
of Figure 23.3, has a fundamental frequency, which has the same

Expiration
Inspiration

Pressure

Figure 23.2 Inspiration–expiration pressure–volume loop showing hysteresis.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 3.2, Page 51, with permission
from Oxford University Press.

Sine waves
7 Hz
5 Hz

Frequency spectrum

3 Hz

Power

Hysteresis causes distortion (non-linearity) and can occur in measurement in medicine, especially using certain transducers. If hysteresis is present, the signal output from a transducer, produced by
a physiological condition such as temperature, can differ depending on whether the temperature is increasing or decreasing. Also
hysteresis can occur naturally, for example, in the lung. Figure 23.2
shows the curve of pressure against volume for the lung, the difference between the curves of expansion and deflation shows hysteresis, and this area represents the energy spent overcoming airway
and tissue resistance.

Lung volume

physics in anaesthesia

1 Hz

1

3

5

7

Hz

Figure 23.3 A square wave and its frequency components. See text for details.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 3.3, Page 52, with permission
from Oxford University Press.

frequency as the fundamental sine wave, and an infinite number
of odd harmonics. In reality, a reasonable version of a square wave
can be made up of several harmonics, as shown in the left-hand
diagram of Figure 23.3. The diagram shows the harmonic composition of the square wave with three odd harmonics included and the
spectrum (the plot of the amplitude of the frequency components
against the frequency in Hz) of the square wave shown in the right-
hand diagram. The amplitude of each frequency component in the
spectrum is related to the amplitude of each sine wave component
in the left-hand diagram.
A waveform such as the EEG is very complicated but nevertheless
each time period can be broken down into different frequencies,
with each frequency having a different amplitude and phase. This
process is carried out by a mathematical method using the Fourier
series. This is also used in the digital domain by using the Fourier
transform, which is just a digital version of the Fourier series.

Fluid flow
A fluid is either a liquid or a gas. Flow depends on fluid viscosity and density, on the channel geometry, and on pressure. Flow is
laminar or turbulent. In laminar flow, layers of fluid run parallel.
In a circular pipe, velocity within the layers nearest the wall of the
pipe is least and peak velocity occurs in the mid line. In laminar
flow there is minimum energy loss. In turbulent flow, eddies and
vortices cause energy waste in heat and noise production, therefore
the pressure drop required to drive a given flow from one end of the
pipe to the other is greater.
When the dynamic viscosity (units N s m−2 or kg s−1 m−1), η is
constant, the fluid is a Newtonian fluid such as air or water. η for
blood is not constant, so it is a non-Newtonian fluid. Flow decreases
as viscosity (η) increases. As temperature increases, the viscosity of
liquids decreases, while that of gases increases.
Fluid flow only occurs through a pipe when there is a pressure
gradient between the two ends. At a low-pressure gradient the flow
rate is directly proportional to the difference in pressure and flow is
laminar. At a critical point the flow becomes turbulent, and the flow
rate is approximately proportional to the square root of the pressure
gradient, and to the reciprocal of the square root of both fluid density and of tube length. Reynolds’ number, Re, is a dimensionless
parameter, where:
Re =

V Dρ
,
η

(23.1)
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V is a characteristic velocity, D is a characteristic dimension, (e.g.
diameter), and ρ is fluid density.
In a smooth circular pipe, fluid flow changes from laminar to
turbulent when Re exceeds approximately 2000. Turbulence may
occur intermittently, locally and prematurely at lower values of Re
if the tube is not smooth or straight locally, for example, at bends,
orifices, and changes of diameter. The resistance to fluid flow down
a tube can be thought of as:
Pressure gradient (∆P)
Flow (Q )

(23.2)

In laminar flow, this ratio is constant.
Increasing ΔP or pipe diameter, or decreasing η or pipe length
will increase flow Q. The Hagen–Poiseuille equation for laminar
flow embodies these concepts, and states:
Q=

πr 4 ∆P
8 ηL

(23.3)

where r and L are pipe radius and length respectively. Note the
fourth power of radius, which means that this influences Q to a
much greater extent than the other variables. This has clinical
importance in relation to flow down intravenous cannulae, tracheal
tubes, and bronchi. A doubling of radius multiplies flow rate by 16.
Resistance to turbulent flow is less easily represented mathematically, but as indicated:
Qα

√ ( ∆P )
√ (ρL )

(23.4)

These expressions can be used to predict that flow becomes turbulent at a higher velocity (e.g. remains laminar for longer) with
more viscous and less dense fluids, and in smaller-diameter tubes.
As indicated in the Hagen–Poiseuille equation, the more the variables change to increase Q (↑r, ↑ΔP, ↓η, ↓L) the more likely the flow
is to approach turbulence. Turbulence also occurs at entry and exit
orifices or bends, and is associated with kinetic energy loss.
In contrast to a pipe, an orifice has a length many times shorter
than its diameter, and fluid behaviour is correspondingly different.
Nevertheless, an orifice can be used to measure flow. If a U-tube
manometer is placed with the outlets either side of the orifice, as
shown in Figure 23.4, the pressure downstream is found to be lower
than that upstream by an amount proportional to the flow squared;
this confirms that the flow is turbulent through such an orifice.
A Rotameter, shown in Figure 23.5, functionally resembles both
an orifice and a pipe. The tube has a tapering section and a bobbin
float inside, and it is a constant pressure, variable orifice flow meter.
In this application, constant pressure caused by the weight of the
bobbin is supported by the flowing gas. The higher the flow, the
higher up the tapered tube the bobbin is supported to allow the gas
to escape through the widening annulus. As in an orifice, the flow
here is turbulent and fluids of different densities, such as oxygen
and helium, flow at different rates. When gas flows are lower and
the bobbin sits lower in the tapered tube, the annular gap is more
like a pipe than an orifice, and the flow is likely to be laminar. Under
these conditions, the flow of fluids with similar viscosities, such as
oxygen and helium, will flow at similar rates. Therefore, Rotameter
tubes are calibrated for specific gases at specified temperatures over
a range of gas flow rates.

Figure 23.4 Orifice meter flow measurement device.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 7.2, Page 104, with permission
from Oxford University Press.

If the orifice flowmeter is evolved into a slightly different shape
with a smooth transition in pipe diameter at the throat, it becomes
a Venturi, see Figure 23.6. A fixed volumetric flow rate of fluid
has a certain mean velocity upstream of the throat. For continuity, the mean velocity has to increase through the reduced cross-
sectional area of the throat in order to maintain the same flow rate.
The energy increase associated with that velocity change is kinetic
energy, which has a velocity squared term in it. For conservation
of energy, an increase in kinetic energy is accompanied by a loss of
potential energy.
Because kinetic energy increases, the pressure ‘energy’ decreases
at the throat of the Venturi. Bernoulli’s equation, which is a way of
describing conservation of energy is:
P1 v12 P2 v22
+
= +
ρ 2
ρ 2

(23.5)

A Venturi can be used as a flow meter like an orifice, but with greater
accuracy, because the flow through it is more likely to be laminar.
It can be seen that, if a measurement of (P1 – P2) is obtained from
a manometer, this gives an equation for the two unknowns v1
and v2; the other equation is the continuity equation for flow rate
Q = A1v1 = A2v2, where v1 and v2 are the velocities at cross-sectional
areas A1 and A2 respectively of the Venturi at 1 (entrance) and 2
(throat) of the Venturi, giving Q. A Venturi has other uses too; for
example, the pressure drop at the throat of a Venturi can be used to
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Figure 23.5 The rotameter flow measurement device.

Figure 23.6 The Venturi flowmeter.

Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 7.3, Page 105 with permission
from Oxford University Press.

Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 7.4, Page 106, with permission
from Oxford University Press.

entrain another fluid. This is the principle behind medical suction
devices and to provide patients with oxygen-enriched air to breathe
(Mushin and Jones 1987a), or as a means of ventilating a patient
through an open bronchoscope. Another related application of the
lowering of pressure in a narrowed section of a tube is the Coanda
effect. Where there is a branching of the tube downstream of the
low pressure, the flow will tend to adhere to one wall rather than
the other; it can also be used as a fluidic valve mechanism to switch
flows between inspiratory and expiratory ports in a ventilator.

Pressure
If the pressure in a cylinder is quoted as 5 ATA, this means it is 5
ATmospheres Absolute, which means that the pressure inside the
cylinder will be 4 atmospheres above atmospheric or 4 atmospheres
gauge pressure. If the cylinder pressure is quoted as gauge pressure, then its absolute pressure is gauge pressure plus atmospheric
pressure.
Atmospheric pressure is related to the weight of the air above
a certain point. The numerical value of atmospheric pressure at
mean sea level (m.s.l.) is 1.0 bar, or 1.013 × 105 Pa, or 101.3 kPa,
also known as standard pressure. A reasonable approximation of
atmospheric pressure at m.s.l. is 100 kPa, which allows convenient calculation of partial pressures of components in gas mixtures
from volume percentage concentrations using Dalton’s law of partial pressures. However, pressure decreases with increasing altitude
as the weight of the air is less.

Columns of liquid in closed tubes, with a vacuum above the
fluid level (Toricellian vacuum), are sometimes used to measure
pressure. To deduce the expression for pressure in such a column,
consider a column of fluid of height h, cross-sectional area A, and
density ρ.
The volume of this fluid column is Ah, and its mass is ρAh. The
force exerted by the fluid column at its base, is thus ρgAh. The base
of the fluid column coincides with the surface of the surrounding
reservoir, which is acted on by ambient pressure. This pressure can
be calculated as the force exerted at the base of the column divided
by the area of the column:
P=

ρgAh
A
or

P = ρgh Nm −2 ( Pa ).

(23.6)

In a manometer, mercury is often the fluid used and therefore the
pressure is expressed in mm Hg (Hg is the symbol for mercury).
Standard pressure expressed on a mercury column is 760 mm Hg.
On a water column, standard pressure would be about 10 m H2O.

Partial pressure
Assume that a container of volume V contains compressed air,
which is a mixture by volume of one part oxygen and four parts
nitrogen (20% and 80% respectively), and has an absolute pressure
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of 5 bar. If the O2 and N2 constituents are separated, then put back
into the volume V sequentially and separately, and if the pressure
of each of these components were measured in turn, they would
be respectively PO = 1 bar and PN = 4 bar. These are the partial
2
2
pressures of the constituents. In this case PO + PN = PT, the total
2
2
pressure.
Dalton’s law of partial pressures states that in such a mixture each
gas exerts the same partial pressure within the mixture as if it alone
occupied the whole volume of the mixture, and the sum of partial
pressures of the constituents equals the total pressure of the mixture. Moreover, the ratio of partial pressures of the constituents to
the total pressure in the container equals the ratio of partial volume
to total volume.
Thus by Dalton’s law of partial pressures, the atmosphere, which
is composed of 21% oxygen and 78% nitrogen by volume, therefore
contains an oxygen partial pressure of about 21 kPa and a nitrogen
partial pressure of about 78 kPa.
The concept of partial pressure is important for a number of reasons, not least because the anaesthetic or metabolic effect of a gas
depends on its partial pressure rather than its concentration.

Heat
Heat and work are forms of energy. The SI unit of heat is the same
as that of energy, namely J, although the kilocal or Cal is still sometimes used, where 1 Calorie = 4.186 kJ. The first and second laws of
thermodynamics state respectively that the amount of mechanical
work achievable out of a system is proportional to the amount of
heat put into it, and that the amount of work gained is less than
the amount of heat put in. Heating a substance gives its molecules
increased kinetic energy, which can be put to mechanical use. Such
an increase in energy either raises its temperature or changes its
state. As characteristic temperatures are reached (e.g. melting point
or boiling point), the energy increase goes into changing the substance’s state into a more energetic one (e.g. solid to liquid, or liquid
to gas), without any associated temperature change. Loss of heat
involves the reverse processes. The gas laws have their origin in this
concept of the kinetic theory of gases.
The concept of pressure starts with considering change in
momentum of gas molecules.
Nmv 2
PV =
3

Figure 23.7a. The equation may be used to work out the volume
of gas released (V2) at atmospheric pressure (P2 = 1 bar) from a
cylinder of known size (size E, V1 = 5L), whose contents are stored
at known pressure (P1 = 138 bar absolute). A family of P–V curves
for different values of T may be drawn (Fig. 23.7b). It can be seen
that for increasing temperature, the curves become shifted upwards
to the right, suggesting increased thermal energy as indicated by
increased area under the P–V curves. Under these conditions the
combined gas law is sometimes written as PV = nRT, with each
curve corresponding to a different value of T, where n is the number
of moles of gas, R is the universal gas constant (8.314 J mol−1 K−1),
and T is the temperature in Kelvin.
Just as Boyle’s law assumes constant temperature, there are other
conditions where different variables are constant, and the gas law
can be expressed differently. For example, at constant pressure,
V = constant1 × T and this is Charles’ law. At constant volume,
P = constant2 × T, and this is Gay–Lussac’s law.
Each of these represents a straight line relationship between
temperature and either volume or pressure, and these are shown
in Figure 23.8a and b. The concept of absolute zero of temperature,
from which the Kelvin temperature scale evolved, arose from where
these lines crossed the temperature axis.

(A)

Pressure

Part 3

(P1, V1)

An isotherm (T constant)
P1 . V1 = P2 . V2

(P2, V2)
Volume
(B)

(23.7)

is the equation based on the molecular theory of gases from
which pressure P (force/area) is derived. V is the gas volume, N
is a constant referring to the number of molecules of gas, and
all other terms are as used previously; a constant mass of gas is
assumed. Notice that both sides of this equation contain energy
terms. This expression suggests that pressure is inversely proportional to gas volume, directly proportional to total mass and
to the square of molecular velocity. Molecular kinetic energy is
a function of temperature (absolute temperature, measured in
Kelvin). Thus at constant temperature PV = constant and this is
Boyle’s law.
Each P–V curve corresponds to a constant value of T (an isotherm) for a fixed temperature and two points on the same curve
can be thought of as being governed by the same rectangular hyperbola, that is, P1V1 = P2V2; these changes are isothermal (constant
temperature) by definition. This graphical relationship is shown in

Pressure

394

Increasing temperature

Volume

Figure 23.7 Graphs illustrating the relationship PV = nRT, (a) showing a single
isotherm (T constant) and (b) showing several curves, each corresponding to a
value of T.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 8.1, Page 119, with permission
from Oxford University Press.
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(A)

An ideal gas is one which is assumed to behave as previously
described, with perfectly elastic collisions between molecules and
container walls, with no intermolecular forces of attraction, and
for the size of molecules to be negligible. However, a real gas does
not behave as an ideal gas under all circumstances. Deviations start
to occur from the rectangular hyperbolic relationship between P
and V of an ideal gas towards the bottom left-hand corner of the
curve (Fig. 23.9); in other words at low volumes, low pressures,
and low temperatures where cool, slow-moving gas molecules are
compressed initially into a vapour, then into a liquid, when the volume shrinks dramatically as the molecules coalesce, then becomes
incompressible as a liquid, when the pressure rises rapidly.
From this position if the substance is heated and the volume is
allowed to expand, it is still possible to subsequently re-compress
the molecules into a liquid. However, if the temperature is raised
beyond a particular point, called the critical temperature for that
substance, that is, to a P–V curve displaced upwards and to the
right, then no matter how much compression occurs, it cannot be
re-liquefied. The substance has too much thermal energy to compress fast moving molecules into liquid. A vapour occurs in the gas
phase of a substance below its critical temperature. Oxygen is a gas
under most circumstances because its critical temperature is −116°
C. Water on the other hand has a critical temperature of 374.1°C,
so water in its gaseous state is a vapour under normal ambient conditions. Nitrous oxide has a critical temperature of 36.5°C, which
may be close to room temperature in some climates. The critical
pressure is the pressure needed to liquefy a substance at just below
its critical temperature. When a liquid is heated, it is said to boil
when its saturated vapour pressure is equal to the ambient pressure.
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Figure 23.8 Graphical representations of (a) Charles’ law and
(b) Gay–Lussac’s law.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 8.2, Page 120, with permission
from Oxford University Press.

Pressure

Another way of expressing the combined gas law is:
PV
PV
1 1
= 2 2
T1
T2

(23.8)

This equation is used to calculate changes in conditions of an
ideal gas when heated or cooled, or expanded or compressed.
We usually think of such changes as being isothermal, when
T1 = T2. It must be remembered that temperature is calculated in
K (°K = °C + 273) when the gas laws are being utilized. Gases can
have energy applied to them in different ways. Rapid compression results in molecules being forced together without adequate
time for heat exchange to occur, and so the energy is converted
into thermal energy as a temperature rise; such compression is
termed adiabatic. If the compression is applied slowly enough,
the excess thermal energy is dissipated to the environment outside the container, the temperature rise is minimal, and the compression is isothermal
If, instead of compressing the gas, heat is applied, then if the
volume of the container is kept constant the pressure will rise.
Alternatively, the volume of the container may be allowed to
increase, such that the pressure remains constant. Under these different scenarios, the pathway of pressure and volume which a gas
follows will differ depending on the circumstances indicated.

Liquid
Gas

Liquid and vapour
Vapour
Volume

Figure 23.9 Deviations from the ideal pressure–volume curves.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 8.3, Page 121, with permission
from Oxford University Press.
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Sublimation occurs when a substance goes directly from the solid
state to the vapour state without going through the liquid state. This
can occur, for example, with water under very low pressures. The
triple point of a substance occurs when solid, liquid, and vapour
states of a substance are in equilibrium.
The specific heat of a substance in J kg−1 °C−1, is the quantity
of heat (or work) required to raise 1 kg of the substance through
a temperature rise of 1°C. Different substances have different specific heats, and in general, solids and liquids have higher specific
heats than gases. Since work can be done on a gas, either by keeping pressure constant or volume constant, specific heats for gases
are quoted under these two conditions respectively and are known
as Cp and Cv. For air, Cp = 1.00 J kg−1 °C−1, Cv = 0.714 J kg−1 °C−1.
The amount of heat required to change the state of a substance
from liquid to vapour without any temperature change is called the
latent heat of vaporization. The latent heat of crystallization is liberated with no temperature change when a substance crystallizes or
freezes from a liquid to a solid state. Likewise, the same heat has
to be supplied to ensure melting from solid to liquid state with no
temperature change.
The temperature scale used now is °C (Celsius), chosen because
under standard conditions water freezes at 0°C and boils at 100°C.
However, gas law calculations require the use of the Kelvin scale of
temperature, where 0 K = −273°C, absolute zero, and one degree
change Kelvin equals one degree change Celsius. The Kelvin scale
was adopted as an international temperature scale in 1954 (Rogers
and Mayhew 1970). To do this, a fixed point of physical equilibrium was chosen as the reference point for the temperature scale,
the triple point of water. This is the point at which all three phases
of water (ice, water, steam) are in equilibrium with each other, and
although the pressure at which this occurs is very low (0.006 bar),
the associated temperature is only fractionally greater than that of
the ice point at atmospheric pressure (1.013 bar). It is considered to
be a reproducible physical state against which to calibrate a temperature scale. The internationally agreed temperature ‘number’ of the
triple point of water is 273.16. Hence the unit of thermodynamic
temperature (the Kelvin) is the fraction 1/273.16 of the thermodynamic temperature of the triple point of water. By this definition, the difference in temperature between the ice point for water
and the steam point is 100 units, which makes the range almost
identical with the Celsius scale. The Celsius scale has its datum at
273.15 K, that is, 0.01 K below the triple point. It is usual to denote
273.15 K as 0°C.
Patients gain and lose heat by convection, conduction, radiation, vaporization in the respiratory tract, and in sweat (Allan
1995; Sullivan et al. 2008). Convection is heat transfer through a
fluid medium such as air or water. This occurs because the warmer
molecules change their position within the fluid by diffusion.
Conduction is heat transfer through a solid medium. If an object
is heated at one end, this heat energy is transferred between adjacent molecules towards the other end as a result of the temperature
gradient. Bodies emit, absorb, reflect, or refract electromagnetic
energy to an extent depending on temperature and the nature of
their surface. Such radiation energy includes visible light and heat
in the infrared waveband. The largest proportion of heat loss is by
radiation. In the respiratory tract, body heat is given up to body
water as latent heat of vaporization, and vapour carries heat away.
The same applies when sweat is produced and vaporized by surface
body heat.
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Figure 23.10 Variation of heat of vaporization with temperature for nitrous
oxide.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 9.1, Page 135, with permission
from Oxford University Press.

Vaporization
If the molecules of a liquid are given sufficient heat energy, they
acquire more kinetic energy. The molecules near the surface of the
liquid are thus able to loosen themselves from the attractive forces
of neighbouring molecules and leave the liquid surface to form a
vapour. If the liquid is in a closed container, a state of equilibrium
exists, with as many molecules leaving the liquid state as re-entering
it. The kinetic energy of the vapour molecules creates a pressure
within the closed container, called the saturated vapour pressure
(SVP), which increases with increasing kinetic energy (temperature), and represents the pressure at which a vapour and its associated liquid can coexist in equilibrium in a closed container at that
temperature. Applying external pressure to a vapour will compress
those molecules together and reform them into a liquid (as well as
increase the amount of vapour dissolved in the liquid). As the temperature of a vapour is raised, the critical temperature is reached
(see ‘Heat’ section for definition), and the vapour behaves as a gas.
Thus at room temperature, oxygen is a gas and nitrous oxide is a
vapour. Just as pressurizing a vapour below its critical temperature
results in liquefying of the vapour, sufficient depressurization of a
liquid results in vaporization.
The energy required to vaporize a liquid with no temperature
change, the latent heat of vaporization, in the absence of another
energy source, is taken from the heat contained in the liquid
itself, its container, and surroundings. Hence a cylinder containing nitrous oxide which is suddenly opened to allow rapid depressurization and consequent outflow of N2O will become cold; water
vapour on the cylinder surface can turn to ice. The heat of vaporization is non-linearly related to the temperature of the liquid, falling as temperature rises. Once the critical temperature is reached,
the heat of vaporization is zero, since, by definition, the substance
can vaporize without the addition of any further heat. Figure 23.10
shows this relationship for nitrous oxide.

Vaporizers
A simple vaporizer could comprise a flask with an inlet and outlet
containing a volatile liquid initially at room temperature. A stream
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of gas is made to pass over the surface of the volatile liquid. As the
output switch is turned on, the initial output is high due to the gas
above the liquid being saturated with vapour (Mushin and Jones
1987b). However, as the gas flow continues, there is insufficient
time for the fresh gas to become saturated with vapour and the output falls rapidly (Palayiwa et al. 1991). There then follows a further
gradual fall in output because of the fall in temperature of the liquid
due to the latent heat of vaporization which results in a diminishing
vapour pressure (Nielsen et al. 1993). At equilibrium, the temperature of the liquid approaches that of the surroundings from which
the energy for vaporization is drawn, and this is the temperature
which determines the vapour pressure, and hence the output from
the vaporizer (White et al. 1996).
Figure 23.11 shows a vaporizer at an ambient pressure of Pambient
(101 kPa), containing a volatile liquid whose saturated vapour pressure (SVP) is Ps. If the vaporizer is efficient and there is maximum
access to the liquid by the gas, then the maximum fractional output
concentration in the vaporizing chamber is:
Ps

Pambient

(23.9)

If the vaporizer dial is set to a small fraction f of this output by
increasing the bypass flow, then the output from the vaporizer
becomes:
f × Ps
Pambient

(23.10)

Thus if f is a factor which constitutes, say, a 1% setting on a vaporizer calibrated at sea level, then at sea level:
f × Ps
= 0.01 (1%) by calibration
101

(23.11)

and the partial pressure exerted is 1% of 101 kPa or 1.01 kPa by
Dalton’s law of partial pressures.
If the same vaporizer is used where the ambient pressure may be
80 kPa (2000 m altitude), with the same setting f on the vaporizer,
giving a reading of ‘1%’, the output is in fact:
f × Ps
80

(23.12)

somewhat greater than the true output at sea level. The partial pressure of the volatile agent delivered from the vaporizer, however, is
still f Ps, the same as at sea level, assuming no ambient temperature
change. This is because a fixed mass of liquid agent is vaporized
per unit time, despite the change in volume concentration. Since it
is the partial pressure of the volatile agent which is important for
pharmacological and anaesthetic purposes, the vaporizer does not
need recalibrating at altitude.
Other aspects of vaporizers are covered in Chapter 24 on anaesthetic equipment.

Humidity
Air which is totally saturated with water vapour at a given temperature is said to be fully saturated, or to have a relative humidity (RH)
of 100%. The absolute humidity is the number of grams of water per
cubic metre of air, or mg litre−1. At 37°C a fully saturated sample of
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into bypass
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Figure 23.11 A vaporizer and its output in relation to ambient pressure Pamb,
SVP of the agent Ps, and dial setting fraction f.

Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 9.3, Page 137, with permission
from Oxford University Press.

air (100% RH) has an absolute humidity of 44 mg litre−1. This mass
of water vapour can be shown by the gas laws to have an associated
vapour pressure of 6.3 kPa (47 mm Hg). RH of 50% implies half
of this mass of water vapour and also a partial pressure of water
vapour at this temperature of half the SVP, so relative humidity can
also be described as the ratio of the vapour pressure of the sample
to the SVP at that temperature. As air cools, the SVP of the water
vapour decreases. This means the air is able to contain less water
vapour, so the relative humidity increases for a given water content;
water will condense out of the air if the temperature decreases to
the point where the air is saturated with water vapour. As the air is
reheated, the SVP of water rises and the water re-evaporates.
Historically, the humidity of air was measured by either the
Regnault hygrometer or the wet and dry bulb hygrometer (Mushin
and Jones 1987c). The former consists of an enclosed thin silver
tube containing ether and a thermometer to measure the temperature of the ether. There is also a tube through which air can
be pumped into the ether. As this happens, the ether evaporates
and its temperature and that of the silver tube surface falls. Cooling
continues until the air adjacent to the outside surface of the tube
becomes saturated with water vapour, which condenses on its outside surface (the dew point). This is the temperature at which the
air, containing the amount of water vapour it does at room temperature, becomes fully saturated with water vapour. Reference to
a table shows the partial pressure of water vapour for full saturation at the lower temperature, which is the same as the unsaturated
vapour pressure at room temperature. The room temperature SVP
can also be referenced, and the ratio of the two vapour pressures is
the relative humidity.
The wet and dry bulb hygrometer consists of a pair of thermometers, the bulb of one of which is covered in water-soaked cloth.
Evaporation of the water results in a fall in temperature of this thermometer, at a rate which depends on the humidity of the surrounding air, being greater at lower humidity. The difference between the
temperature readings of the two thermometers is related to the relative humidity and is read off a table.
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Electronic capacitive and dew point hygrometers are now available to measure humidity, the data from either of which can be
recorded electronically for future analysis.
As inspired gas is heated by the respiratory tract, its water vapour
capacity increases. At the same time, evaporation of water from the
mucosal surface of the respiratory tract increasingly humidifies the
air, increasing the water vapour pressure until the SVP for water
is reached at body temperature Ps, namely 6.3 kPa (47 mm Hg)
at 37°C, when the air is fully saturated (100% humidity) at that
temperature. Where the ambient pressure Pamb is 101 kPa, the fractional concentration of water vapour is:
Ps
6. 3
=
Pamb 101
= 6.2%, equivalent to 44 mg litre

−1

(23.13)

At 21oC, fully saturated air contains water vapour at 2.5 kPa (19 mm
Hg), equivalent to 2.4% or 18 mg litre−1.
A minimum of 50% RH is required to prevent static discharges.

Solubility of molecules in liquids
The fate of a gas above a liquid surface depends on the extent to
which it dissolves in the liquid, whether that be air in water or carbon dioxide in blood. Some molecules of gas enter the liquid and
some leave it, depending on their individual kinetic energies, until
equilibrium is reached. If the pressure inside the container with
the gas or vapour and liquid is increased, then the partial pressure of the gas above the liquid surface increases; this increases
the population density of gas molecules, resulting in more of them
dissolving in the liquid. Henry’s law states that for a fixed temperature the solubility of a gas in a liquid is proportional to its
partial pressure in equilibrium with the liquid. Note the condition
of constant temperature, because solubility decreases with increasing temperature. Thus gas bubbles are more apparent in liquids
which are heated.
Nitrogen is a compressible gas and goes into solution in body
tissue spaces under compression in an air-breathing miner, tunnel
worker, or diver. The longer the person is working under increased
ambient pressure, the more nitrogen becomes dissolved in body tissues, according to Henry’s law. On coming to the surface, the nitrogen is decompressed and forms bubbles in those tissues, exactly
analogous to opening a bottle of carbonated drink. This is decompression sickness (DCS, ‘the bends’). The problem of DCS is more
highly accentuated in diving, where for every 10 m increase in depth
in water, the ambient pressure increases by 1 atm. Significantly hazardous nitrogen loading can occur and failure to unload nitrogen
bubbles through the lungs by a staged ascent to the surface may
result in DCS. Nitrous oxide is much more soluble than nitrogen,
which is why its use may cause diffusion hypoxia after operation
and why it is avoided in patients with pneumothoraces. For example, at ambient pressure and body temperature, water dissolves 0.14
litres of nitrogen, but 0.39 litres of nitrous oxide. Blood dissolves
even more nitrous oxide under the same conditions, 0.47 litres.
The Ostwald solubility coefficient is the volume of gas dissolved
per litre of liquid at the relevant temperature. It is independent of
pressure, because although Henry’s law states that the amount of
gas dissolved in a liquid is proportional to the ambient pressure, if
this is measured as a volume at that ambient pressure, it is found
from Boyle’s law to be constant.

The partition coefficient is the ratio of the amount of a substance
in one phase (e.g. a vapour), dissolved in another substance, when
the two phase samples are of equal volume and in equilibrium
with each other. For example the blood–gas partition coefficient
for nitrous oxide at body temperature is 0.47, because, given 1 litre
of nitrous oxide in equilibrium with 1 litre of blood, 0.47 litres of
N2O dissolves in the blood. The concept of equilibrium is important, because this means that the partial pressure of the vapour
or gas above the liquid is the same as its partial pressure in the
dissolved state in the liquid. The word tension is sometimes used
synonymously with partial pressure in these circumstances. If the
partial pressure of the vapour or gas above the liquid is raised,
Henry’s law dictates that the amount dissolved in the liquid will
increase until the tensions are in equilibrium. For a relatively
insoluble substance this tension equilibrium will be reached more
quickly. Hence for an anaesthetic agent that is relatively insoluble
in blood, such as N2O, tension equilibrium is reached quickly, and
this is reflected in the fact that the alveolar partial pressure rapidly
reaches the inspired partial pressure. For anaesthetic agents which
are highly soluble in blood, such as halothane, the high blood solubility (2.5) means that more of it is transported by the circulation
away from the alveolus to the effector site and the partial pressure
or tension of the agent in the alveolus only slowly approaches the
inspired partial pressure.
Another important partition coefficient for anaesthetic agents is
the oil–gas partition coefficient. Because the solubility in oil is similar to the solubility in nervous tissue, and the anaesthetic action
appears to depend on this, a high oil–gas partition coefficient is an
indicator of anaesthetic potency. For example, N2O is not a potent
agent and has an oil–gas partition coefficient of 1.4, whereas sevoflurane is and has a coefficient of 53. The Overton–Meyer hypothesis suggests a near linear relationship between the logarithms of
lipid solubility and anaesthetic potency.
Gases and liquids are simply variants of fluids, so it is possible
for gases to dissolve in gases if pressure and temperature are appropriate. A clinical example of this is Entonox®, a 50:50% mixture of
oxygen and nitrous oxide. It is normally a gas mixture unless its
temperature falls below −6°C, when the mixture separates.

Diffusion
Compared to solids, molecules in liquids and gases are sufficiently
far apart with enough kinetic energy that they move randomly and
widely. Such motility allows the mixing of two species of molecules,
initially separated by a barrier. Diffusion occurs to the point where
the species are evenly mixed. The rate of diffusion depends on the
concentration gradient across the medium or the membrane in
liquid diffusion or partial pressure difference in gas diffusion (see
Fig. 23.12).
The greater the concentration difference of a substance between
two parts of a container, the greater the rate of diffusion per unit
area from a higher to lower concentration regions, even if the membrane separates two different media (e.g. a gas mixture and blood).
This is Fick’s law of diffusion, which also states that the rate of diffusion is directly proportional to the membrane area and inversely
proportional to its thickness. As the molecular species diffuses,
the concentration or partial pressure gradient diminishes and so
does the rate of diffusion. If one diffusing species dissolves in the
other, this increases the diffusion gradient, although gas molecules
become less soluble in liquids as temperature increases. Clinical
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Figure 23.12 Diffusion of fluids depends on partial pressure.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 7.8, Page 112, with permission
from Oxford University Press.

examples include oxygen and carbon dioxide diffusion across the
alveolar membrane in opposite directions. Diffusion occurs without the presence of a global pressure gradient if the concentration
gradient or partial pressure gradient of the individual species exists
as shown in Figure 23.12. It occurs across a semipermeable membrane at different rates if the permeability of the membrane to different substances varies.
The diffusion capacity of the lung is tested using carbon monoxide, as the diffusion of this gas across the alveolar–capillary
membrane is the rate-limiting step for the uptake of this particular
gas. Another clinical example of diffusion is the risk of diffusion
hypoxia: following an anaesthetic with nitrous oxide there is a diffusion gradient for N2O from the tissues to the lungs; if a postoperative patient breathes air, there is a diffusion gradient for N2
from the lungs into the tissues; however, N2 is less soluble in tissues than N2O, which means the predominant diffusion is by N2O
from the tissues into the lungs, which displaces N2 from the lungs
and its accompanying oxygen. For the same reason the use of N2O
is avoided in patients with body spaces containing nitrogen (air),
such as a pneumothorax.
Bigger molecules diffuse more slowly than smaller ones. Graham’s
law of diffusion states that the rate of diffusion of a gas is inversely
proportional to the square root of either its density or molecular
weight.
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therefore has twice the osmotic power of, say, a glucose molecule,
which does not dissociate. One mole of a substance which does
not dissociate, dissolved in 22.4 litres of solvent, exerts an osmotic
pressure of 1 bar gauge pressure (this is a corollary of Avogadro’s
hypothesis) (Davis and Kenny 2003). The term ‘osmolality’ is
used to describe the potential for exerting osmotic pressure. The
osmolality of the plasma, (strictly speaking, the osmolarity) the
interstitium and most other body fluids is around 300 mOsm
litre−1. Intravenous fluids are given which are isotonic (with equal
osmolality) to avoid fluid shifts by diffusion between them. The
plasma also contains large molecule proteins; these only contribute a small proportion of the osmotic pressure of the plasma,
the majority being due to electrolytes; the capillary membrane is
impermeable to protein but not to electrolytes, so protein molecules form the osmotic pressure to drive water molecules into
the plasma, sometimes referred to as ‘oncotic pressure’. At the
arteriolar end of the tissue microcirculation, the intravascular
hydrostatic pressure usually exceeds oncotic pressure so that fluid
loss to the tissues occurs; at the venular end of the tissue microcirculation, the intravascular hydrostatic pressure is exceeded by
the oncotic pressure, and tissue fluid returns to the circulation.
Osmotic pressure within the renal tubules governs the way the
kidney processes water and electrolytes.
The term osmolality is often used rather than osmolarity, and
is defined as millimol solute per kg of solvent (rather than millimol per litre of solution); this avoids the need to consider volume
changes in solutions due to temperature change. When icy roads
are gritted, the presence of particles in the water lowers the freezing point of water by 1.86°C for each milliosmol per kg of water.
Osmolality, usually of urine or plasma is measured using the same
principle of freezing point depression in an osmometer.

Two chambers separated by a
semipermeable membrane, initially with
equal volumes of water and glucose

Osmotic pressure

Osmosis
Suppose a semipermeable membrane separates two molecular species (e.g. glucose solution and water), and is permeable to one (say,
water but not glucose). Water diffuses across the membrane and
dilutes the glucose solution until the hydrostatic pressure on that
side of the container has risen to a level higher than that on the
water side of the membrane, as shown in Figure 23.13. This hydrostatic pressure difference prevents further diffusion of water across
the membrane, and is called the osmotic pressure. Water diffusion
is called osmosis in this context.
Osmotic pressure generation depends on the number of particles in a solution, and their size does not matter, assuming the
membrane is not permeable to them. A solution of NaCl has Na+
and Cl− ions, two ions in solution per molecule of solute, and

Osmotic migration of
water molecules

Figure 23.13 Osmosis and osmotic pressure.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 7.9, Page 114, with permission
from Oxford University Press.
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Dissolving such a solute in a solvent and raising its osmotic pressure also reduces the vapour pressure of the solvent, and this is
Raoult’s law. This is thought to be because the presence of the solute molecules reduces the surface area of the solvent at its surface
to allow them to vaporize, thereby reducing the vapour pressure
(Davis and Kenny 2003); the corollary of this is that the boiling
point of the solution is raised.
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Properties of ultrasound
Ultrasound is a form of mechanical energy that consists of high-
frequency vibrations at frequencies above the human hearing range
(>20 kHz) and up to frequencies in the tens of MHz range. The
frequencies used are dependent on issues such as the penetration
and resolution required. It is presumed that low-intensity ultrasound passes through living tissue without altering tissue function.
Higher energy can produce heating and cavitation, both of which
can alter cell function.
Ultrasound is generated by electrically inducing a deformation
in a piezoelectric crystal which compresses and decompresses the
medium to which it is coupled (see Fig. 23.14a) at a rate equal to
the frequency of the driving voltage. The pressure changes travel
through the medium in a longitudinal direction and the distance
between the points of maximum pressure, or compression, is
known as the wavelength. Figure 23.15 shows the relationship
between the period of the wave and the wavelength. The length of
this distance is dependent on the elasticity (compressibility) and
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Pressure wave
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Figure 23.14 Production of ultrasound from a piezoelectric crystal. The crystal is
surrounded typically by a metal shell (body of transducer), except at the left-hand
side. An electrical signal input causes the crystal to deform (a), and this creates
a pressure wave into the body with which it is mechanically coupled. Coupling
requires the use of a special gel to transfer the movement of the transducer to the
body as the movement is not transmitted by air. In (b) the piezoelectric crystal
also allows the reverse process to occur, and a pressure wave onto the crystal
causes an electrical signal to be induced, which is further amplified.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 10.1, Page 149, with permission
from Oxford University Press.

Figure 23.15 Diagram showing the period and wavelength of ultrasound
pressure waves. T is the period of the waveform (the time for one complete
oscillation), and is the reciprocal of the frequency, T = 1/f. The wavelength λ, is the
distance occupied by one oscillation. λ is related to the speed of the wave in the
medium c and the frequency by c = f λ.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 10.2, Page 150, with permission
from Oxford University Press.

the density of the medium, and the delay between the movement
of adjacent particles in the medium. As shown in the figure, the
wavelength (λ) and the transmission frequency (f) are related to
the propagation velocity c by c = f λ The magnitude of the wave
is the difference between the maximum and minimum pressure
values. The wave propagates by movement of particles: it cannot
travel in a vacuum and it does not ionize the medium through
which it travels.
The propagation of an ultrasound wave is not constant throughout the body. Different tissues allow the passage of the wave at
different velocities. Also the wave is attenuated differently by the
various tissues. For example, in soft tissues the ultrasound wave has
a velocity of between 1460 and 1630 m s−1 whereas in bone it is
2700–4100 m s−1. Bone attenuates the waveform about 10 times as
much as soft tissue.
The wavelength of the beam determines the limits of resolution. The intensity of the beam determines the sensitivity of the
instrument and governs the number and size of echoes recorded.
Attenuation increases linearly with frequency in soft tissues but in
air and water increases with the square of the frequency. The greatest penetration is achieved with the lowest frequency but because
the wavelength is long, the resolution is poor. A compromise is to
use the highest frequency that will ensure adequate penetration of
the tissues or organs being investigated. For example, a transmission frequency of 3 MHz is normally used for the kidneys, 10 MHz
is used for ophthalmic investigations, and 20 MHz is used to visualize catheter tip intravascular devices. The absorption of ultrasound
by the tissues results in the generation of heat which can cause
temperature increases of the order of 1°C. It is the reflection of the
ultrasound beam from the junction between two different tissues
or from tissue-fluid or tissue-air interfaces which forms the principle of the majority of diagnostic techniques. The same piezoelectric crystal is usually used as the receiver for ultrasound, when the
transmission is switched off. The pressure changes coupled to the
transducer will induce electrical signals proportional to the pressure (see Fig. 23.14b).
Imaging is carried out using pulsed echo ultrasound to produce a
real-time two-dimensional B scan. In this scanning method, many
transducers are used, either in an angular sector scanner way or
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as a linear array. The sector probe (Fig. 23.16a) has fewer transducers and the rotation is mechanical whereas the linear array
type (shown in Fig. 23.16b) has typically over 300 elements and
the beam movement is carried out electronically. The pulse echo
transducer is shown at three different paths although many paths in
reality make up the complete sector (the complete sector is shown
in Fig. 23.16a as positions 1–3). At each position the transducer
sends out ultrasound pulses and the return of these echoes from
the various boundaries gives depth information. The position of
the transducer in the arc is known and linked to the display, so the
echoes will have the correct position. The brightness of each echo
point will be related to its strength. A schematic version of this two-
dimensional scan is shown at the bottom of the diagram. The real-
time display often utilizes at least 100 scan lines (vertically) which
are refreshed 30 times per second to appear as a flicker-free picture
to the observer.
Other scanners can be miniaturized and inserted into the body
to provide images. Successful imaging has been carried out of most
parts of the body but, for the anaesthetist, the most important areas
are now visualization of needle positioning, echocardiography,
carotid artery and internal jugular vein visualizations, and fetal
imaging.

(A)

Transducer

Doppler
When an ultrasound beam encounters a stationary target, it is
partially reflected back towards the transmitter and the carrier frequency of the wave remains the same. When the reflector, which
can be a group of moving blood cells in a vessel, is moved towards
the transmitter however, it encounters more oscillations per unit
time than its stationary equivalent, so the frequency is apparently
increased. This is demonstrated in Figure 23.17.
Doppler velocimetry is a non-invasive technique for measurement of blood velocity (not flow) within the body. For a transmitted frequency of ft, a wavelength , and the velocity of sound in the
medium c, ft = c / λ.
If the beam hits an object which is moving directly towards the
transmitter at velocity v, the frequency of the waves arriving at the
reflector (fr) will now be f r = (c + v ) / λ.
The reflector will now act as a source which is moving towards
the transmitter, the actual frequency sensed by the transmitter (in
receiver mode) will be f r = (c + 2v ) / λ .
The apparent increase in frequency is given by
f r − ft = (c + 2v ) / λ − c / λ = 2v / λ = 2vft / c.
This equation applies so long as the speed of the reflector is
small compared with the speed of sound. For example, in tissue,
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Figure 23.16 The use of two-dimensional B-scanning transducers, using (a) a four-sector mechanical transducer, and (b) a n-element linear array.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 10.3, Page 151, with permission
from Oxford University Press.
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(A)

Reflector
TX

Measurement of absolute blood flow

RX

Reflector

(B)

non-invasive measure of renal blood flow and impedance allowing
measurement of the effects of certain drugs on the renal circulation
(Stevens et al. 1989; Munn et al. 1993; Tooley et al. 1994).

TX
RX

Figure 23.17 The Doppler effect. In (a) the transducer transmits (TX) an
ultrasound wave and it is reflected by a reflector to be received by the receiving
(RX) transducer. In part (b) the reflector has moved from its initial position
to a position nearer the transducer and on the return path, the waveform is
compressed which means the frequency is increased.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 10.4, Page 153, with permission
from Oxford University Press.

c = 1500 m s−1, ft = 2 MHz, v = 0.1 m s−1, giving a difference in
frequency of 267 Hz. This difference signal is in the audible range
and therefore the Doppler output can be amplified and delivered
to a loudspeaker or earphones. The sound pattern of pulsatile
blood flow in different disease conditions can be very descriptive
and a trained operator can recognize these changes.
Normally the Doppler beam is applied at an angle to the blood.
The resulting frequency shift is now multiplied by cos θ. For the
maximum frequency shift the transmitter/receiver must be aligned
with the direction of flow (cos θ = 1). If the beam is perpendicular
to the flow then no signal will be produced (cos θ = 0). The effect
of changing this angle is often erroneously neglected when making
Doppler measurements.

Duplex Doppler
Ultrasound scanning and Doppler can be combined enabling the
user to visualize the cross sectional anatomy of interest by using the
grey-scale image, and by placing a cursor over the particular vessel
to be measured. This cursor identifies the position on the image of
a range-gate of Doppler ultrasound (the position at which Doppler
signals will be detected). The user switches over to the Doppler
mode which normally freezes the image and then blood flow calculations can be made from the desired site. The angle between the
flow lines and the beam can be measured too.
A more advanced technique is colour flow (Doppler) imaging.
This technique uses a conventional black and white ultrasound
image, and a real-time colour image, which represents motion
detected by Doppler in the same scan plane. They are combined to
create a composite image. This allows the investigator to visualize
flow and anatomy simultaneously with much greater clarity than
before. Also advances in digital technology have improved both
Doppler and ultrasound images.
There are many applications of Doppler velocimetry of interest to
anaesthetists, for example, renal blood flow, uteroplacental artery
flow, transcranial middle cerebral artery, hepatic blood flow, cardiac output, and many others. Doppler velocimetry can be used as a

The measurement of blood flow comprises measurement of the
angle between the ultrasound beam and the vessel, estimation of
the mean diameter of the vessel, and estimation of the mean velocity of the flow in the direction of the ultrasound beam. The simplest formula involves converting the beam parallel to the vessel
axis, by knowing the angle, and multiplying this by the vessel cross-
sectional area to give mean flow. Deciding which is the mean velocity can create problems as the blood velocity profile in arteries is
complex. For example, near the aortic valve it resembles plug flow
(turbulent) but downstream the flow is more parabolic (laminar).
Even with so many causes of error, a reasonable estimation of volumetric blood flow can be made by using the formula:
mean flow = k A f d c / (2 f o cos θ)

(23.14)

k is a factor to convert the velocity to its mean value and depends
on where the blood flow is in the body. For parabolic flow k = 0.5.
A is the cross-sectional area of the vessel and is usually calculated
using the internal diameter of the vessel (d) and the formula d2/4. fd
is the Doppler shift, fo is the transmission frequency, c is the velocity
of sound, and θ is the angle of the ultrasound beam to the flow line.

Lasers
As explained in Figure 23.1, electrons can be considered as distributed in a number of concentric shells around the nucleus that
have different energies. If electrons move from one level or shell
to another, energy is consumed or liberated in specific steps called
quanta.
If external energy, above a certain threshold, is applied to suitable
gases, liquids, or solids, and therefore to the atoms themselves of
these materials, the atoms can leave the ground state energy level
(resting level) and achieve an excited level. The level of excitation
depends on the amount of applied energy being supplied by, for
example, heat, light, or electricity. In the excited state, the electrons
move to higher energy levels, further away from the nucleus. Once
an electron moves to a higher energy level, it eventually wants
to return to the ground state. When this happens, it releases a
photon—a particle of light.
The laser is a device that controls the way energized atoms release
photons. Laser is an acronym of Light Amplification by Stimulated
Emission of Radiation. In any type of laser, the lasing medium,
which gives the laser its wavelength or colour, is pumped to get the
atoms into an excited state. Typically, intense flashes of light or electrical discharges pump the lasing medium and create a large collection of excited state atoms (atoms with higher than normal number
of electrons in excited states). It is necessary to have a large collection of atoms in the excited state, which requires a large energy
input. There is then a population inversion, which is where the normal ground level electrons become dominant in the higher shells.
The electrons have absorbed energy to get to the higher levels and
all the atoms will have electrons at the same higher levels. These
electrons subsequently are encouraged to release energy in the
form of photons of light of a specific wavelength or colour by relaxing to a lower energy state. For example, two identical atoms with
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electrons in the same higher level, pumped from the same energy
source, will release photons with identical wavelengths. Laser light
has the following properties:
◆

The light is monochromatic—it contains one specific wavelength

◆

The light released is coherent—all the wavelengths are in phase

◆

The light is highly directional.

To achieve these properties a process called stimulated emission has
to occur. A photon emitted by an atom has a certain wavelength,
energy, and phase. If this photon then interacts with another atom
and electron in the same excited state, stimulated emission can
occur. The first photon can stimulate or induce atomic emission,
such that the subsequent photon from the second atom has the
same frequency and direction as the incoming photon.
The cavity containing the lasing material also contains a pair of
mirrors. Photons are reflected by the mirrors and so travel back
and forth through the lasing medium, constantly stimulating
other electrons to make the downward energy jump. In this way,
a cascade effect occurs. Since one of the mirrors is not completely
silvered, the laser light is able to pass through once an appropriate density of light is achieved. To give an example, Figure 23.18
illustrates how a ruby laser works. An energy source (pump),
such as a high-intensity flash from a mercury vapour discharge
lamp, emits radiation into the ruby rod. The light excites atoms
in the ruby and some of these atoms emit photons as they fall
back to the lower energy level. Some of these photons travel in
a direction parallel to the crystal axis, and are reflected by the
mirrors. As they continue to travel back and forth through the
crystal, they stimulate emissions in other atoms and a cascade
effect occurs.
There are many types of laser and the lasing medium can be solid,
liquid, gas, or semiconductor. Examples include:
◆

solid state lasers (e.g. ruby with a 694.3 nm wavelength)

◆

gas lasers [e.g. CO2 (far infrared) with a wavelength of 10 600 nm]

◆

◆

dye lasers: complex organic dyes in liquid solution; they are tuneable with a wavelength between 570 and 630 nm
semiconductor lasers: low power, current through PN (semiconductor) junction.

A laser can be placed in one of four classes:
◆

◆

◆

◆

Class 1: these lasers cannot emit laser radiation at known hazard
levels
Class 2: these are low-power visible lasers, at a radiant power not
above 1 mW
Class 3: these are intermediate and moderate power lasers, and
are hazardous only for intrabeam viewing
Class 4: these are high-power lasers (>500 mW continuous),
which are hazardous to view and are a skin hazard.

Biomedical applications
All biomedical applications of laser energy depend on tissue
absorption. However, the particular response depends on where
the absorption occurs (Cornelius 1983). There are three ranges
of radiant energy depending on the wavelength (infrared, visible,
and ultraviolet) which produce different tissue responses. Infrared
induces molecular vibration, leading to heating effects. Visible light
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Figure 23.18 Simplified diagram of a ruby laser. See text for details.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 29.9, Page 390, with permission
from Oxford University Press.

produces photochemical effects. Ultraviolet radiation can produce
molecular bond dissociation, as well as skin burns. CO2 lasers are
normally used for surgical applications, such as in gynaecology,
and argon-ion gas lasers can be used for ophthalmology. Solid state
lasers such as neodymium (Nd): yttrium-aluminium garnet (YAG)
can be used for dermatology.

Electricity
Electrical properties
Electric charge
Electric charge is a property of certain subatomic particles. Charge
originates in the atom (see Fig. 23.1), in which its most familiar carriers are the proton and electron. By convention, electrons carry a
negative charge while protons carry a positive charge. The protons
are located in the centre of the atom and the electrons in motion
outside of the nucleus in particular energy levels. In simplistic
terms, the protons are trapped inside the nucleus making it difficult for them to ‘escape’. Under certain conditions however, electrons can escape, and their movement is ‘electricity’. Charge may be
transferred between bodies, either by direct contact, or by using a
conducting material such as copper or wire. Static electricity refers
to the imbalance of charge on a body, usually caused by friction
when two dissimilar materials are rubbed together, transferring
charge from one to the other. Charge is measured in coulombs
(C) where one coulomb contains 6.24 × 1018 electrons.

Electric current
The movement of electric charge is known as an electric current,
and the magnitude of this is measured in amperes. One ampere
flowing for 1 second passes 1 coulomb of charge. So the current
(I) = C s−1. By historical convention, current flows from the most
positive part of a circuit to the negative and this concept is continued in this text and most others (but in fact the actual flow of
the electrons is in the opposite direction; the discrepancy arises
because of their negative charge). Current flowing through a wire
causes many observable effects, for example, heating and magnetism. Magnetism will be discussed later.

Voltage
Voltage was historically called tension or pressure, which captured the concept well, and a water analogy can further help with
this understanding and is discussed later. Voltage is the electric
potential energy per unit charge, measured in joules per coulomb
(V, volts = J C−1). It can also be referred to as the electric potential
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noting that the potential is a per unit charge quantity. It is the difference in voltage which is important. The difference in voltage measured when moving from point A to point B is equal to the work
which would have to be done, per unit charge to move the charge
from A to B.
When a voltage is generated by a battery, or by a magnetic force,
this generated voltage has been traditionally called an electromotive force (emf). The emf represents energy per unit charge (voltage) which has been made available by the generating mechanism
but it is not a force as such. The term emf is retained for historical reasons. It is useful to distinguish voltages which are generated
from the voltage changes which occur in a circuit as a result of
energy dissipation, for example, in a light bulb (or resistor).

Power
The power P (work done per second, in watts, J s−1) consumed by
a circuit is:

(

)

(

)

V J C −1 × I C s −1 .

(23.15)

Water analogy
A simple analogy to help understand voltage is water flowing in a
closed circuit of pipework, driven by a mechanical pump. The voltage difference between two points corresponds to the difference in
water pressure between the two points. If there is a difference in
pressure between two points, then the water flow (due to the pump)
from the first point to the second will be able to do work, such as
driving a turbine. In a similar way, work can be done by the electric current driven by the voltage difference due to the battery: for
example, the current generated by the battery can light a bulb in a
circuit. If the pump is not active, it does not produce a pressure difference, and the turbine will not rotate. Equally, if the battery is flat,
then it will not light the bulb.
This water flow analogy is a useful way of understanding many
electrical concepts and is also further discussed later. In such a system, the work done to move water is equal to the pressure multiplied by the volume of water moved. Similarly, in an electrical
circuit, the work done to move electrons or other charge-carriers
is equal to the electrical pressure multiplied by the quantity of electrical charge moved. Voltage is a convenient way of measuring the
ability to do work. In relation to flow, the larger the pressure difference between two points (voltage difference or water pressure difference) the greater the flow between them (either current or water
flow).
As discussed earlier, voltage usually means voltage difference.
Obviously, when using the term voltage in the shorthand sense,
it must be clear about the two points between which the voltage
is specified or measured. A voltmeter measures voltage difference
between two points, by connecting one lead of the voltmeter to the
first point and the other lead to the second point.

Magnetism
Magnetism is the effect that is observed when the north and south
ends (poles) of a bar magnet attract or repel neighbouring ferromagnetic items. Two bar magnets brought into close proximity
to each other show that opposite poles attract each other and like
poles repel.
A wire carrying an electric current also behaves like a magnet
by inducing a magnetic field around it. Therefore magnetic fields

can be created using electrical power, and can be used to provide
mechanical force, as in an electric motor. Conversely, if a wire is
moved through a magnetic field, an electric current is induced in
the wire proportional to its speed of movement. Therefore mechanical force, or movement, can create electric current, as in a dynamo
or in a power station.
If the current-carrying wire is coiled, a more intense magnetic
field is created, because each wire in the coil which carries current
induces a magnetic field around it. The close proximity of the coils
to each other magnifies the flux density as many times as there are
coils. If the single current-carrying wire, which induces flux Φ (in
webers), is coiled into N coil turns, then the flux thus induced is
NΦ (weber). An elongated coil ensures uniformity of the magnetic
field along its length. The coil can have an air core or an iron core.
The high magnetic permeability, μ, of iron compared to that of air
means that the flux density B of such a coil will be greatly enhanced
for a given magnetic field strength H, because B = μH. If the wire
is coiled around an iron core in a toroidal form, the flux density is
further enhanced because of the high permeability of iron.
A changing magnetic field induces a voltage in the coil proportional to the rate of change of the magnetic field, and the induced
voltage opposes the change of magnetic flux which produced it. The
transformer uses this property and transfers electrical energy from
one circuit to another by means of a magnetic field linking both
circuits, and this is discussed later in this chapter.

Basic electrical circuit rules
Ohm’s law states that the current (I) measured in amperes (A) flowing through a conductor of resistance (R) measured in ohms (Ω),
is proportional to the electromotive force (voltage, V) measured in
volts (V). For a constant voltage, V = IR. This law gives the basis of
solving most basic electrical circuits. Current flows through a component when a voltage is supplied across it. For example, a simple
circuit may consist of a battery (voltage) across a resistor. If the battery voltage is 9 V, and the resistance is 1 MΩ (106) , then the current through the circuit will be 9/(1 × 106) A, which is 9 μA.
There are some basic rules about voltage and current in simple
circuits:
1. The sum of currents into a point equals the sum of currents out.
2. Components connected in series have the same current going
through each of them.
3. Components connected in parallel have the same voltage across
each of them. Each parallel limb can consist of a number of components in series.
4. When two resistors R1 and R2 are connected in series the total
resistance (Rt) is the sum of R1 and R2. This can be shown by
the following: the voltage across both resistors will be V,
and the current will be the same through both. Therefore
V1 will be I R1 and V2 will be I R2. The sum of the two voltage drops across the resistors will be equal to the total V, so:
V = I R1 + I R2 = I (R1 + R2 ) = I Rt . Therefore Rt = R1 + R2 .
5. When the two resistors are connected in parallel the total resistance (Rt) is the reciprocal of (1/R1 + 1/R2). This can be shown by
the following: the voltage across both resistors will be V, and the
total current flowing before the branch is I. The current through
R1 will be V/R1 and the current through R2 will be V/R2. The sum
of the current flowing through the two resistors will be equal to
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Figure 23.19 A voltage divider.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 4.2, Page 64, with permission
from Oxford University Press.
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Circuits based on voltage dividers can be expanded to form bridge
circuits, typically the Wheatstone bridge. An example is shown in
Figure 23.20a.
These circuits can be found in many medical devices. The circuit
shown can be thought as two voltage dividers in parallel (A and B in
the diagram). If R1 = R4 and R3 = R2, then both points x and y will
be at the same potential. Both voltage dividers A and B will divide
the battery voltage the same amount. Therefore the voltage between
x and y will be zero, that is, the bridge is in balance. If R3 is replaced
with an unknown resistance such as a thermistor or a strain gauge
as shown in Figure 23.20b, then R2 can be substituted with a variable resistance, similar in value to the R3. Again the bridge can be
balanced by adjusting R2 so that the voltage between x and y is zero.
If a sensitive voltmeter is connected between x and y, then a very
small change in resistance R3 can be measured. In this way the tiny
change in, for example, pressure transducers which employ strain
gauges can be detected. The bridge in effect balances out the resting
potential (which can be a large voltage), so that tiny pressure signals
can be further amplified by other components, as discussed later.
The sensitivity of the bridge can be doubled by having a second strain gauge on the opposite side of the bridge, as shown in
Figure 23.20c. In the pressure transducer example, both strain
gauges are under strain under resting conditions. As pressure is put
on the transducer, one strain gauge will compress while the other will
expand, making one increase its resistance and the other decrease.
If the supply potential to the bridge changes, or there is noise on
the supply, then this does not affect the balance of the bridge (both
voltages on either limb go up or down the same amount). In a similar manner, temperature changes will have little effect on the bridge,
as the temperature change will affect each arm of the bridge equally.
This property is the reason why the bridge circuit is used in medicine, to maintain accuracy in a measured signal in the face of potentially unwanted changes elsewhere. The bridge also can remove the
level of the resting baseline pressure, and therefore make it incredibly sensitive to tiny changes from this baseline pressure.

R4

Transducer

Resistors can be usefully utilized as voltage dividers. This is illustrated
in Figure 23.19. Here: Vout = Vin R2 /(R1 + R2). This is solved as follows:
Vout = I R2 and Vin = I ( R1 + R2 ) , therefore Vout = Vin R2 / ( R1 + R2 ).

B

Transducer

the total current I, so V/R1 + V/R2 = V(1/R1 + 1/R2) = I. I is also
equal to V/Rt.
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Figure 23.20 Bridge circuit (a); bridge circuit with strain gauge replacing R3 (b);
bridge circuit with two strain gauges replacing R3 and R1 (c).

(a) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and
Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 4.3, Page 65, with
permission from Oxford University Press.
(b) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and
Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 4.4, Page 65, with
permission from Oxford University Press.
(c) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and
Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 4.5, Page 66, with
permission from Oxford University Press.

Alternating and direct voltage/current
Two types of current flow exist in electric circuits. The first is where
the voltage source (or current) is at a constant level, this is defined
as direct current (DC). The second is alternating current (AC),
where the signal oscillates, either at its simplest a sine wave as in
the domestic mains, or it may be a more complex oscillation such as
an EEG signal. Mains electricity in Europe is supplied as AC with a
sinusoidal waveform with a frequency of 50 Hz. However, the voltage of the AC wave needs to be quantified, and there are several
possible ways of achieving this. The mean of a sine wave is not useful as this is zero. The peak voltage values could be used, however
the normal method is to state the root mean square (RMS) of the
waveform. The advantage of this method is that this is the value that
would give the same heating effect (a resistor or electric fire) if that
value of DC voltage were supplied. For example, if AC of +325 V
to −325 V peak voltage (230 V RMS) was applied to an electric fire,
then the same amount of heat would be obtained if 230 V DC were
applied to the same electric fire. The RMS value is really the average
of the ‘heat producing’ parts of the waveform and since the negative and positive parts of the wave both produce the same heating
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effects, they can be taken as going in the same direction. The AC
voltage is converted to RMS by first squaring the waveform. This
has the effect of converting the negative parts of the waveform to
positive values. The mean is taken (the average of the waveform, the
‘heating’ effect) and it is then square rooted to take account of the
squaring at the first stage of the procedure.
Thus, domestic electricity supply in Europe is quoted as 230 V
with a frequency of 50 Hz, but in the United States is 110 V RMS
with a frequency of 60 Hz. These frequencies are used as they are
the most efficient for power transmission, but by coincidence these
frequencies fall into the range that is the most dangerous for the
human body. These frequencies can also cause interference in sensitive detectors used to monitor patients.

resistance of its coil but a change of current produces a change in
the magnetic field around the coil which in turn generates a voltage
in the coil with the opposite polarity to the driving voltage, which
opposes the change in current. It therefore slows down any change
of current. Figure 23.21d shows that when DC voltage is applied to
the inductor (by closing the switch), the effect is the opposite of that
which occurs with a capacitor. The time constant in this case is L/R
seconds, where L is inductance measured in henry (H).
In an AC circuit (a similar circuit to Fig. 23.21 but the battery is
replaced by the AC source) the voltage across the capacitor is constantly changing direction and the current and voltage never reach
steady state conditions as in the DC case. The current through a
capacitor is proportional to the rate of change of voltage and so
when a sinusoidal voltage waveform is applied (starting at zero),
the current is at a maximum at the start of the cycle. As the capacitor charges up, the current decreases and the voltage increases. The
minimum of the voltage cycle is the peak of the current waveform
where the rate of change approaches zero. The current waveform
peaks before the voltage one, and therefore the voltage lags the current by a quarter of the whole cycle (360 degrees), or 90 degrees.
The current flow increases as the frequency increases. The resistance to flow is inversely proportional to frequency and is called
reactance. It is calculated as Xc = 1 / (2π f C )Ω, where f is the frequency of the supply waveform in Hz.
The current and voltage relationships with an inductor are different and in this case the voltage peaks occur before the current peak
and so the voltage leads the current by 90 degrees. The inductive
resistance or reactance is X L = 2π f LΩ.

Capacitors and inductors
Two important components in electrical and electronic circuits are
the capacitor and inductor. The capacitor consists of two conductor
plates separated by an insulator, which could be air or a solid material. An inductor consists of a number of turns of a wire conductor
wound around a core of normally magnetic material. The capacitor and inductor behave very differently depending whether AC or
DC is applied across them. If a constant (DC) voltage is applied
(by closing the switch) across a capacitor, via a source resistance
as shown in Figure 23.21a, the capacitor will charge up exponentially from zero volts to the DC value across it and the current will
decrease exponentially with a time constant of RC seconds.
The steady state current (i.e. DC) through an inductor, as connected as shown in Figure 23.21c, will be limited only by the
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Figure 23.21 Capacitive and inductive circuits. (a, b) Capacitor charging circuit showing components and the corresponding current and voltage waveforms across the
capacitor C (time constant RC = 1 s). (c, d) Inductor circuit showing components and the corresponding voltage and current waveforms.
(a, b) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 4.7, Page 68, with permission
from Oxford University Press. (c, d) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011,
Figure 4.8, Page 69, with permission from Oxford University Press.
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Although reactance in both the C and L circuits is measured in
Ω, it cannot be used directly in Ohm’s law. A term called impedance
is used and this is resistance plus reactance. Both the reactive Ohms
and resistive Ohms present in the circuit must be considered and
the overall opposition to current flow (the impedance) calculated
at the frequency required, taking the phase difference into account.
This can be dealt with more rigorously using a mathematical technique called complex numbers (not dealt with here). Resistors in
AC circuits can still use Ohm’s law as in the DC case.

Transformers
A transformer consists of two separate (or more) coils (inductors)
normally placed around an iron core. The voltage in the primary
circuit induces magnetic flux in the iron core. This magnetic field
to which this flux belongs induces a voltage in the secondary coil.
The changing voltage applied to the primary coil causes a changing current flow, which causes a changing magnetic flux in the core.
Because of the changing flux, a voltage is induced in the secondary
coil, which opposes the direction of the flux change in the core. No
electrical connection between input and output exists or is necessary. Because only changing currents (AC) are involved the output
circuit can be isolated from a DC component at the input.
The coils are usually made of copper to reduce losses and the core
is made of steel with a high permeability to minimize hysteresis loss
and laminated to minimize other current losses.
Transformers are used for stepping down the domestic mains
supply to safe voltages, isolating patient circuits and also in electronic filters. The power available on the primary side of the
transformer will be similar to the secondary, so if the voltage is
stepped down by a certain ratio, then the current must be stepped
up by a similar amount [from power (W) = current (I) × voltage
(V)]. The amount of stepping down (or up) is dependent on the
ratio of the turns. If the primary has 1000 turns, and the secondary has 100 turns, then the voltage will be reduced 10 times. If the
secondary had 10 000 turns, then the voltage would be increased
10 times. By adjusting the number of coils on the primary and
the secondary winding it is possible to step up or step down the
voltage between the input and the output. The equations are simply Vs/Vp = Ns/Np and NpIp = NsIs, where V is the voltage, I is
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the current, and the subscripts s and p are the secondary and
primary, respectively.

Declaration of interest
None declared.

Further reading
Magee P, Tooley M. The Physics, Clinical Measurement and Equipment of
Anaesthesia for the FRCA, 2nd Edn. Oxford: Oxford University Press,
2011

References
Allan JR. The thermal environment and human heat exchange. In: Ernsting
J, King PF, eds. Aviation Medicine, 2nd Edn. Oxford: Butterworth
Heinemann, 1995; 219–34
Cornelius WA. Applications of lasers in medicine. Australas Phys Eng Sci Med
1983, 6: 106–14
Davis PD, Kenny GNC. Solubility. In: Basic Physics and Measurement in
Anaesthesia, 5th Edn. Oxford: Butterworth-Heinemann, 2003; 75–85
Munn J, Tooley M, Bolsin S, Hronex I, Lowson S, Wilcox J. The effect of
metoclopramide on renal vascular resistance and renal function in
patients receiving a low-dose infusion of dopamine. Br J Anaesth 1993;
71: 379–82
Mushin WW, Jones PL (eds). Macintosh, Mushin, and Epstein’s Physics for the
Anaesthetist, 4th Edn. Oxford: Blackwell Scientific Publications, 1987a;
73–6
Mushin WW, Jones PL (eds). Macintosh, Mushin, and Epstein’s Physics for the
Anaesthetist, 4th ed. Oxford: Blackwell Scientific Publications, 1987b;
101–24
Mushin WW, Jones PL (eds). Macintosh, Mushin, and Epstein’s Physics for the
Anaesthetist, 4th Edn. Oxford: Blackwell Scientific Publications, 1987c;
125–7
Stevens PE, Gwyther SJ, Boultbee JE, et al. Practical use of duplex Doppler
analysis of the renal vasculature in critical ill patients. Lancet 1989,
1: 240–2
Sullivan G, Edmondson C. Heat and temperature. Contin Educ Anaesth Crit
Care Pain 2008; 8: 104–7
Tooley M, Greenslade G, Halliwell M, Bolsin S. A pilot study to assess the
validity of Doppler pulsatility and resistance indices as correlates of
renal blood flow changes produced by dopamine in normal subjects.
Br J Radiol 1994; 67: 733–4, 799

407

408

409

CHAPTER 24

Equipment in anaesthesia
Antony R. Wilkes
Essentials
The anaesthetist will routinely use many different types of medical device during normal working practice, and will have access
to many other devices for more challenging use in emergency and
other difficult scenarios. The anaesthetist will expect and rely on
each medical device to work first time and not to compromise the
safety of the user, the patient, their relatives, or other healthcare
workers in the vicinity. The equipment will also be expected to be
effective, that is, that it will perform as expected when used in a
defined population of patients (e.g. small children). Manufacturers
and users of equipment use risk management procedures to reduce
the risk to patients and others of using the equipment. After use, the
equipment will either need to be reprocessed to make it safe for use
for a subsequent patient, or be disposed of safely.

Introduction
Ever since William Morton used his ‘Letheon’ inhaler to deliver
ether for the first successful operation carried out under anaesthesia on 16 October 1846, anaesthetic equipment has been central to
the art and science of anaesthetic practice. In the ensuing 170 years,
profound developments in anaesthetic equipment have taken
place: more controlled induction and maintenance of anaesthesia,
intubation of patients’ airways, provision of artificial ventilation,
and monitoring of the patient’s vital signs and of the equipment
itself—all making the delivery of anaesthesia safer.
Devices used in anaesthesia range from cheap, simple, disposable
equipment such as suction tubing to expensive, complex devices
such as anaesthetic workstations. Many types of device used in
anaesthesia are available from more than one manufacturer and
selecting the best device for a particular procedure can be difficult.
This chapter deals briefly with the medical devices that an anaesthetist is likely to encounter in routine clinical practice. The physics required for the understanding of the operation of anaesthetic
equipment is covered in Chapter 23, and monitoring is covered in
Chapter 25.

Regulations for medical devices
In Europe, current regulations require that medical devices placed
on the market comply with the Essential Requirements of the
Medical Devices Directive (European Council 2014). Conformity
with the Essential Requirements is demonstrated by placing a CE
mark on the device. The conformity procedure that the manufacturer has to follow depends on the class of the device. There are four
classes of device: I, IIa, IIb, and III, in increasing order of risk to

the patient. Examples of medical devices in each of the four classes
are stethoscopes (I), ECG recorders (IIa), lung ventilators (IIb), and
prosthetic heart valves (III). Similar classification systems are used
in other regions.
One way of demonstrating conformity with the Essential
Requirements is to comply with the relevant clauses of particular
European standards; standards that can be used in this way are
known as ‘harmonized’ standards. However, although conformity
with the relevant Essential Requirements is mandatory, compliance
with the requirements of standards is only voluntary.
European standards are usually developed jointly with the
International Organization for Standardization (ISO) or the
International Electrotechnical Commission (IEC). Examples of
international standards relevant to anaesthetic equipment are
shown in Table 24.1. Horizontal standards apply to many types
of device; vertical standards are specific to a particular type of
device.
Manufacturers do not have to demonstrate that their devices
are effective before placing them on the market in Europe; the
device is only required to do what the manufacturer claims it does.
Effectiveness can be established during clinical use. This is in contrast to the situation in other countries such as the United States,
where manufacturers are obliged to demonstrate the effectiveness
of a device before it can be placed on the market.
Adverse events may occur during the use of a medical device.
In Europe, and elsewhere, manufacturers are required to have
a vigilance system in place so that devices that have or potentially caused harm to the patient can be removed from use. This
requires users of the devices, including anaesthetists and operating departments, to inform both the manufacturer and the
competent authority [in the United Kingdom, the Medicines and
Healthcare products Regulatory Agency (MHRA] of any adverse
incidents that occur.

Selecting medical devices
For many devices, there is a choice of manufacturer and supplier.
Anaesthetists should be part of the decision-making process for
procuring medical devices used in anaesthesia and the choice of
medical device should at least be partly based on clinical experience. For example, the MHRA has published guidance on the
selection of medical devices (MHRA 2015) and the Association of
Anaesthetists of Great Britain and Ireland (AAGBI) has also published guidance on the procurement, maintenance and disposal or
reprocessing of medical devices (AAGBI 2009).
In addition, the Difficult Airway Society in the United Kingdom
has proposed that only devices for which there is at least level 3B
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Table 24.1 Examples of international standards related to anaesthetic
equipment
Standard reference

Title

Horizontal
IEC 60601-1

Medical electrical equipment—
Part 1: General requirements for basic
safety and essential performance

ISO 14971

Medical devices—Application of risk
management to medical devices

ISO 13485

Medical devices—Quality management
systems—Requirements for regulatory
purposes

ISO 10993-1 (and other subparts)

Biological evaluation of medical devices

ISO 5356-1

Anaesthetic and respiratory
equipment—Conical connectors—
Part 1: Cones and sockets

Vertical
ISO 11712

Anaesthetic and respiratory
equipment—Supralaryngeal airways and
connectors

ISO 5366-1

Anaesthetic and respiratory equipment.
Tracheostomy tubes. Tubes and
connectors for use in adults

ISO 7376

Anaesthetic and respiratory
equipment—Laryngoscopes for tracheal
intubation

ISO 80601-2-13

Medical electrical equipment—
Part 2–13: Particular requirements for
basic safety and essential performance
of an anaesthetic workstation

evidence according to the Centre for Evidence-based Medicine
(that is, from a case–control study) should be purchased (Pandit
et al. 2011).

Risks from medical devices
Depending on the type of equipment, risks from medical devices
used in anaesthesia arise from the following:
◆
◆

Fire (e.g. caused by sparks in oxygen-enriched atmospheres)
Electrical (e.g. electromagnetic in compatibility with other
equipment, failure of electrical supply)

◆

Pneumatic (e.g. high pressures)

◆

Contamination (e.g. inadequate reprocessing)

◆

Toxicity of materials (e.g. substances leaching out of plastics)

◆

Usability (e.g. misconnections).

Risks are mitigated by, for example, ensuring that electrical equipment is not susceptible to electromagnetic interferences; connectors for specific gas supplies are unique; particular substances (e.g.
gases) and individual sizes of devices are identified using unique
colour-coding; appropriate materials are used; and any restrictions

on use are clearly labelled. Where risks cannot be eliminated completely, alarms are provided to warn the user of any hazardous conditions. Alarms comprise both visual and audible components and
different levels are used to indicate the various severities of hazardous conditions to the patient, user, or both.
Developers of standards use the concept of a ‘single fault condition’ to protect the patient and user, that is, that more than one fault
condition is unlikely to occur simultaneously.
Instructions for use, when provided, are essential sources of
information related to the device and any residual risks associated
with its use and they should always be referred to before use of the
device.

Preventing cross-infection from medical
devices
Medical devices used in anaesthesia are manufactured either in a
clean environment or are sterilized before use (depending on the
extent of the invasiveness of use). Sterilization is carried out either
by the manufacturer (for single-use devices) or by a third party if
the device is reusable. After use on a patient, the device must be
cleaned before sterilization. Sterilization state is expressed in terms
of probability: the accepted sterility assurance level is 1 in a million, that is, if there are 10 million microbes on a device and it is
then sterilized, it is unlikely that more than 10 microbes will remain
viable. Therefore, if the device is cleaned thoroughly before sterilization, the risk of the device harbouring infectious material when
used is minimized.
Commonly used methods of sterilization include heat treatment
(e.g. autoclaving), ethylene oxide, and radiation. The device may
also be manufactured using an aseptic procedure. Symbols on medical devices to indicate the different methods are the word STERILE
followed by a symbol for a thermometer, EO, R, or A, respectively,
for the methods stated above.

Medical gas supply
Delivery of oxygen
Maintaining adequate oxygenation is a key requirement for any
interventional procedure in anaesthesia. Oxygen is also typically
delivered for several minutes before induction of anaesthesia (pre-
oxygenation). Oxygen can be delivered to the patient through
pipelines from cylinders, liquid oxygen reservoirs, or oxygen
concentrators.

Pipelines
The nominal pressure of gas in pipelines in hospitals in the United
Kingdom is 4 bar (400 kPa). The pipelines end in terminal units,
which are colour-coded and dimensioned specific to the particular gas. Flexible pipelines are then used to take the gas from
the terminal unit to the medical equipment (e.g. the anaesthetic
machine). The flexible pipeline comprises a quick connect probe
(e.g. Schrader®) (Fig. 24.1) to connect to the terminal unit, a length
of flexible hose, colour-coded for the specific gas, and a non-
interchangeable screw-threaded (NIST) connector, which is again
dimensioned specifically for the various gases. Hence, provided the
correct connectors have been placed on the pipelines, it is impossible to misconnect the gas supplies.
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Table 24.2 Colour-coding for gas cylinders used in anaesthesia
Cylinder colour

Gas or gas mixture
Oxygen

Nitrous oxide

Entonox® (50% oxygen/50% nitrous oxide)

Air

Carbon dioxide
Figure 24.1 Gas probes for connection to terminal outlets. From left to
right: nitrous oxide (blue), oxygen (white), and air (black). Note also the difference
in the dimensions of the collars on the connectors.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local
Health Board.

Cylinders
Numerous different gases and gas mixtures are supplied in cylinders. The internal physical volume of cylinders is measured and
expressed in terms of litres of water they can hold. To distinguish
between the contents of the cylinders, the cylinders are colour-
coded (see Table 24.2). Small gas cylinders, typically 5 litres or
smaller, are connected to anaesthetic equipment using a pin-
indexed connector. The different combinations of pins on the connector are specific to the particular gas or gas mixture (e.g. oxygen,
nitrous oxide, air and carbon dioxide), so that it is not possible to
misconnect a cylinder. When the cylinder is placed on the yoke
of the anaesthetic machine, a compressible washer called a Bodok
seal is used to prevent leaks of the gas. Larger gas cylinders are
connected to medical devices using side spindle pin index valves,
handwheel valve, handwheel side-valve, or bull nose outlet valves.
Cylinders containing oxygen for transfer of patients, emergency,
and domiciliary use have an integral valve with a range of selectable
flows, typically 1–15 litres min−1. They also have an integral handle
for carrying the cylinder.
Cylinders are available in a range of different sizes and are filled
to various pressures (Table 24.3). Therefore, the total volumes of gas
available from the different cylinders will vary. Typically, size E cylinders are used as back-up supplies of gas on anaesthetic machines.
Smaller cylinders are used to provide oxygen during transfer of
patients. Larger cylinders attached together in a manifold can be
used to provide gas supplies for a hospital.
Cylinders are typically made from molybdenum steel, although
cylinders for transport use are made from a lightweight aluminium
alloy with a fibreglass covering coated in epoxy resin. These newer
cylinders can be filled to greater pressures, up to 300 bar. This
increases the volume of gas available without causing an increase
in weight of the cylinder (apart from the weight of the additional
gas itself).

Oxygen 95%/carbon dioxide 5%

Helium

Heliox (79% helium/21% oxygen)

Pressure gauges attached to cylinders that contain only pressurized gas (e.g. oxygen and air) can be used to accurately indicate the
remaining contents of the cylinder. For example, if the gauge indicates a pressure of 100 bar in an oxygen D-sized cylinder (nominal internal volume of 2.3 litres) then 230 litres of oxygen remain
available, although not all of the gas can be withdrawn from the
cylinder.
The remaining contents of a cylinder can also be estimated from
its mass. The molar mass of oxygen is 32 g. A mole of an ideal gas
occupies 22.4 litres at standard temperature (0°C) and pressure
(101.3 kPa); at a typical room temperature of 23°C this volume
expands to 24.3 litres. One litre of oxygen at room temperature
therefore has a mass of 1.3 g and a D-size cylinder will contain
about 0.4 kg of oxygen.
Critical temperatures for gases relevant to anaesthesia are
given in Table 24.4. The critical temperatures of carbon dioxide
and nitrous oxide are much greater than for oxygen and nitrogen, and are greater than typical ambient temperatures. These
gases can therefore exist as liquids at normal room temperature when the gases are pressurized and are technically vapours.
Cylinders of carbon dioxide and nitrous oxide therefore contain
liquid at pressures of 50 and 44 bar, respectively. However, as liquid is incompressible, these cylinders are never filled completely
with liquid, but also contain some vapour of the particular substance to allow for expansion of the liquid if the cylinder and
its contents are warmed. If the cylinders are likely to be used in
warmer climates close to the critical temperatures of the gases,

411

412

412

Part 3

physics, equipment, measurement, and hazards

Table 24.3 Examples of cylinders used in anaesthesia
Cylinder size
D

E

F

G

J

ZX

Dimensions (length × diameter)
(mm)

535 × 102

865 × 102

930 × 140

1320 × 178

1520 × 229

Water capacity (litres)

2.3

4.7

9.4

23.6

47.2

10.0

1.0

Nominal cylinder pressure (bar)

137

137

137

137

137

300

300

Nominal contents (litres)

340

680

1360

3400

6800

3040

300

Nominal cylinder pressure (bar)

44

44

44

44

44

Nominal contents (litres)

900

1800

3600

9000

18 000

930 × 143

ZA
366 × 85

Oxygen

Nitrous oxide

the cylinders are filled with a smaller volume of liquid. This is
because, if the temperature of the cylinder exceeded the critical
temperature, the liquid would spontaneously vaporize causing an
extremely large increase in pressure (the density of any liquid is
many hundreds of times greater than the density of its vapour
state and thus the volume of a gas will be many hundreds of times
greater than its liquid state), which could lead to rupture of the
cylinder.
As a particular amount of a substance takes up less space when
in a liquid state than when in a gaseous state, such cylinders are
economical for storage space. When in use, as gas leaves the cylinder when it is opened, the liquid in the cylinder evaporates and
the pressure remains almost constant until the liquid is exhausted
(there will be a small lowering of pressure as a result of cooling
of the liquid from the evaporation and hence the saturated vapour
pressure of the gas above the liquid will decrease). Therefore, a
pressure gauge on a cylinder of nitrous oxide or carbon dioxide will
not provide an indication of the quantity of gas remaining, but will
remain fairly constant until the liquid is exhausted. At this point,
the pressure will start to decrease rapidly as the final reserves of
vapour are used.
As the nitrous oxide evaporates in the cylinder, energy is
required and this is taken from the cylinder itself, with the result
that if the flow of nitrous oxide is high and hence the rate of
evaporation is high to replace the gaseous nitrous oxide that
has been delivered from the cylinder, excessive cooling of the
cylinder and the pressure regulator can occur, leading to the
Table 24.4 Critical temperatures for gases relevant to anaesthesia.
Note: carbon dioxide and nitrous oxide are technically vapours as their
critical temperatures are above normal room temperature
Gas
Carbon dioxide
Nitrogen
Nitrous oxide
Oxygen

Critical temperature (°C)
31
−147
36
−119

formation of frost. Care has to be exercised when handling such
cylinders.
Entonox® cylinders (BOC Healthcare, Manchester, UK) contain
a 50:50 gaseous mixture of nitrous oxide and oxygen. This gas mixture is used for analgesia in maternity units and in pre-hospital and
emergency scenarios. If the cylinder is kept at an ambient temperature below about 4°C, the nitrous oxide will start to liquefy and the
two components will start to separate. If the cylinder is then used
to deliver Entonox® to a patient, a gas mixture with a high concentration of oxygen will be delivered first. As the contents of the cylinder empty, the concentration of nitrous oxide will increase, and
the final gas mixture can be hypoxic. To circumvent this, Entonox®
cylinders should be stored at a temperature of greater than 10°C
before use; the cylinder can also be inverted several times to mix
the contents.
Entonox® is delivered to patients through a demand valve. When
the patient makes an inspiratory effort, the valve opens allowing
a large flow of gas to be delivered, typically in excess of 200 litres
min−1. The delivery of gas stops (the valve closes) when the inspiratory effort ceases.

Liquid oxygen (cryogenic) system
In these reservoirs, which are sited outside and away from the main
hospital buildings, oxygen is stored in a liquid form at a temperature of less than −180°C. Oxygen can be stored as a liquid as this
temperature is well below its critical temperature of −119°C. The
storage unit is a double-walled, insulated vessel manufactured from
stainless steel. The gaseous oxygen above the liquid is maintained at
a pressure of about 10 bar.
Cryogenic oxygen is also available in special cylinders which can
be arranged in a similar way to a compressed cylinder manifold to
provide a supply of oxygen.

Oxygen concentrators
These devices can be used to provide uninterrupted supplies of oxygen without requiring cylinders. They comprise two pressure vessels containing zeolite which preferentially adsorbs nitrogen from
the air, leaving oxygen, argon, carbon dioxide, and other trace gases
and vapours. As one vessel is pressurized to adsorb the nitrogen,
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the pressure is released in the other vessel to release the stored
nitrogen. The pressure is cycled every few seconds. Oxygen concentrations of about 93% can be delivered to patients at up to about
5 litres min−1 or more. The other main component remaining in the
gas supplied to the patient is argon (present in air at a concentration
of 0.9%). Oxygen concentrators can be used to provide oxygen for
certain anaesthetic machines, such as the Glostavent® (Diamedica
(UK) Ltd, Bratton Fleming, UK) (Fig. 24.2), intended for use in
remote locations away from reliable supplies of compressed or liquid oxygen.
In some parts of the world, oxygen pipelines in healthcare
facilities are supplied with gas generated from oxygen concentrators. Such gas is known as ‘Oxygen 93’. Oxygen 93 refers to
the nominal oxygen concentration of the gas produced by the
oxygen concentrator: the oxygen concentration is required to be
between 90% and 96%. Gas labelled as oxygen and intended for
medical use should contain an oxygen concentration greater than
99% (United States) or greater than 99.5% (Europe). Clearly, if
the source of the supply of oxygen to an anaesthetic machine varies from cylinders to concentrators, the oxygen concentration will
also vary, which could have an effect on the calibration of oxygen
sensors. Where oxygen can be supplied from either source, the
gas is termed ‘Oxygen 90+’.
If oxygen concentrators are used to supply oxygen to circle
breathing systems (see ‘Anaesthetic machine circle breathing system’), there is a risk that the concentration of argon can increase
over time if low fresh gas flows are used.

equipment in anaesthesia

Connectors
Standard connectors used in anaesthetic equipment include:
◆

small-bore connectors (e.g. the Luer connector and ‘fir tree’ oxygen connector)

◆

8.5 mm connectors for use in paediatric breathing systems

◆

15 and 22 mm connectors for use in other breathing systems

◆

22 mm latching connector

◆

◆

23 mm connectors for use with ‘out-of-circuit’ (cagemount)
vaporizers
30 mm connectors for use with scavenging systems.

Non-latching connectors are mated by using a push and twist technique. The international standard ISO 5356-1 specifies requirements for the interfaces of connectors. Connectors are mated using
a twist of 20° while applying a force of 35 (range 31.5–38.5) N for
8.5 and 15 mm connectors and 50 (range 45–55) N for 22 and
30 mm connectors. Applying other forces and twists may result in
an insecure connection and a possible leak or too firm a connection between two devices which cannot be separated quickly in an
emergency.

Anaesthetic machines
An anaesthetic machine (Fig. 24.3) comprises the gas supply, from
pipeline, cylinders or oxygen concentrators; pressure regulators to
reduce the pressure of cylinder gases to clinically usable levels; flow
controls to set the desired flow of gases and the concentration of the
gas mixture; and vaporizers to add the volatile anaesthetic vapour
to the gas mixture. The gas and vapour mixture exits the anaesthetic
machine at the common gas outlet. The mixture is then delivered
to the patient through a breathing system. A scavenging system
can be used to remove waste gases from the breathing system and
prevent pollution of the operating theatre. Suction might also be
provided. An anaesthetic workstation comprises the components
of the anaesthetic machine together with a ventilator and patient
monitoring equipment.
The separate components of an anaesthetic machine are described
in the following sections.

Pressure regulators

Figure 24.2 Glostavent® Anaesthetic Machine (photo courtesy of Diamedica).
Note the oxygen concentrator in the lower half of the anaesthetic machine to
deliver oxygen.
Reproduced with permission from Diamedica.

Pressure regulators reduce the inlet pressure from the gas supplied
from cylinders, which is far too high for use close to patients, to a
similar pressure to that supplied from pipelines, about 400 kPa. The
pressure at the outlet of the regulator is maintained at a constant
level irrespective of the pressure in the cylinder, so that as the cylinder empties, the pressure supplied at the inlet to the anaesthetic
machine remains constant.
A typical pressure regulator consists of two chambers: a high-
pressure inlet and a lower-pressure outlet. Gas flows from the
high-pressure chamber to the low-pressure chamber through a
valve. As gas flows in, a diaphragm in the low-pressure chamber
expands and pushes against a spring. The diaphragm is attached
to the valve, so that as it expands, it starts to close the valve,
reducing the flow of gas entering the low-pressure chamber from
the high-pressure chamber. The pressure in the low-pressure
chamber can be altered by adjusting a screw connected to the
spring.
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(B)

(A)

(E)

(D)

Figure 24.3 (a) Aespire® Anaesthetic Machine (GE Healthcare, Hatfield, UK). (b) Adjustable pressure limiting (APL) valve. (c) Flowmeters and pressure gauges.
(d) Carbon dioxide absorbent canister and breathing system. (e) Gas outlet selector.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

Colour-coded pressure gauges on the front of the anaesthetic
machine indicate the pressure of gases in the pipelines and any
back-up cylinders (Fig. 24.3C).

Flowmeters (rotameters)
The anaesthetic machine will generally have flowmeters for oxygen, air, and nitrous oxide in order (from left to right in the United
Kingdom) (Fig. 24.3C). Much older anaesthetic machines also had
a flowmeter for carbon dioxide (for a cylinder of carbon dioxide
placed on the rear of the machine); in addition, nitrous oxide is
gradually being phased out as it is a greenhouse gas and there are
concerns over its safety from prolonged exposure. Flowmeters
comprise a flow control valve, a bobbin to indicate the flow, and
a flowtube. The flowtube for each flowmeter is calibrated for a
specific gas and will not be accurate if used with other gases. Two
flowmeters are often provided for gases, one with a low range up
to 1 litre min−1 and one for a high range from 1 to 10 or 15 litres
min−1. The flowtubes and valve controls are colour-coded for the
respective gases and the oxygen flow control has a different profile
to the other control valves.

Each flowtube is tapered with its cross-section increasing further up the tube. The bobbin in the flowtube is maintained at a
particular position by the difference in pressure across the bobbin which counteracts the weight of the bobbin. The bobbin spins
in the flow of gas to maintain equilibrium. The flow is measured
from the top of the bobbin. In other flowtubes, a spherical ball is
used as the bobbin. For these, the flow is measured at the middle
of the bobbin.
In the United Kingdom, flowmeters are generally arranged with
oxygen on the left with the mixed gas exiting from the flowmeters
at the right. This means that if the flowmeter for air is broken,
such that oxygen can escape, a hypoxic mixture of gas consisting primarily of nitrous oxide could be delivered. To reduce this
risk, oxygen is generally added last to the combined mixture of
the other gases.
An interlock mechanism on anaesthetic machines is provided
to prevent hypoxic mixtures of oxygen and nitrous oxide mixtures
being delivered. This system is known as a ‘hypoxic guard’. Two
methods are commonly used: either the oxygen flow is increased
automatically if the nitrous oxide flow is increased to maintain the
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nitrous oxide concentration below a particular level; or the nitrous
oxide concentration is prevented from being increased unless the
oxygen flow is also increased.
Some modern anaesthetic machines no longer use flowmeters to
indicate flow: flow is measured electronically and displayed digitally (Fig. 24.4). These anaesthetic machines display a visual representation of the flowmeters on the display screen.

equipment in anaesthesia

An auxiliary supply of oxygen may be provided with a separate
flowmeter; this oxygen supply is available even when the anaesthetic machine is not connected to an electrical supply.

Vaporizers
Vaporizers are used to add volatile anaesthetic vapours to the gas
delivered to a patient. They can be sited either out of circuit or in

(A)

(B)

Figure 24.4 (a) Flow-i® anaesthetic machine (Maquet, Sunderland, UK). Note that there are no physical flowmeters and that the vaporizers plug into the lower part of
the machine. (b) Aisys CS2 anaesthetic machine (GE Healthcare, Hatfield, UK).
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board and GE Healthcare.
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the breathing system (where they are called drawover vaporizers).
Out-of-circuit vaporizers are typically attached to the backbar of
an anaesthetic machine (Fig. 24.3c), although other types are slotted into the anaesthetic machine (Fig. 24.4). The backbar consists
of space for the placement of two vaporizers (or three on some
machines). Each vaporizer attaches to the backbar by sitting on two
ports. A rubber ring around each port provides a gastight seal. Each
port contains a valve which opens when the vaporizer is placed on
the backbar, but remains closed by a spring otherwise. The vaporizer is locked into position by turning a knob on the vaporizer. The
control dial, used to set the concentration of anaesthetic, can only
be turned if the vaporizer is locked correctly into position. When
the control dial is turned to the on position on one vaporizer, rods
at the side of the vaporizer then disable an adjacent vaporizer, so
that two vaporizers cannot be turned on simultaneously.
A vaporizer sited on a backbar is commonly called a plenum
vaporizer (plenum means that the pressure inside a chamber is
greater than the pressure outside). The increase in pressure within
the vaporizer is caused by a restriction on the outlet. The increase
in pressure helps to provide a stable output even when the pressure
in the breathing system is varying widely. Such vaporizers are not
suitable for use in the breathing system, as their resistance to gas
flow is too high. In contrast, a drawover vaporizer does not have
a flow restriction on the outlet, so that its resistance to gas flow is
suitable for use in the breathing system, but its output can fluctuate
as the flow and pressure vary.
The flow inside a plenum vaporizer is split into two portions by
a flow splitter (Fig. 24.5).One portion passes into the vaporization
chamber, where the liquid anaesthetic is located, and the second
portion bypasses the vaporization chamber. The gas in the vaporization chamber becomes fully saturated with anaesthetic vapour.
This mixture is then added back to the bypass flow. The ratio
between the flows of the two portions therefore regulates the output
of the vaporizer. A control knob on the vaporizer can be turned to
increase or decrease the flow through the vaporization chamber, by
changing the resistance to gas flow.
The saturated vapour pressure of any vapour, including anaesthetics, increases as the temperature of its liquid phase increases.
Therefore, the concentration of anaesthetic vapour in the vaporization chamber will vary with temperature. Energy is required for
evaporation of the volatile anaesthetic in the vaporizer. This energy
is removed from the surrounding material of the vaporizer and as
such, the vaporizer will cool during use. As the saturated vapour
pressure of the volatile anaesthetic changes with temperature the
concentration of the volatile anaesthetic will reduce as the vaporizer cools. Hence, vaporizers tend to be heavy to provide thermal
stability (the large mass means that it would require the loss of a
substantial amount of energy to cause a decrease in its temperature), so that the vaporizer will not cool markedly during normal
routine use.
Furthermore, the output of the vaporizer can be kept fairly constant over a range of ambient temperatures by the use of a bimetallic
strip (Fig. 24.5). A bimetallic strip is made of two dissimilar metals
with different coefficients of expansion joined together such that as
the temperature changes one side of the strip lengthens compared
with the other, causing the strip to bend. As the temperature cools
in the vaporizer, the bimetallic strip moves to the left, increasing
the resistance to gas flow in the bypass which causes an increase
in the flow through the vaporization chamber. If the temperature

Figure 24.5 Plenum vaporizer. See text for details.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local
Health Board.

increases, the bimetallic strip moves to the right, thus reducing the
resistance to gas flow through the bypass and thereby reducing the
flow through the vaporization chamber.
Vaporizers are calibrated for use with a particular volatile anaesthetic. Each volatile anaesthetic has a particular saturated vapour
pressure characteristic, so that at a particular temperature the saturated vapour pressure for each anaesthetic is different (Table 24.5).
The concentration required to maintain anaesthesia is also different
for each volatile anaesthetic (Table 24.5) and is defined in terms of
the minimum alveolar concentration, the level required to maintain
anaesthesia in 50% of the population when a noxious stimulation
is made (e.g. a surgical incision). Therefore, filling the vaporizer
with the wrong anaesthetic will provide an incorrect concentration of anaesthetic and if it is assumed that another anaesthetic is
being used, it will be providing an incorrect depth of anaesthesia.
Vaporizers are colour-coded to reduce the risk of inadvertent filling
with an incorrect anaesthetic and the filling ports on the vaporizers
are specific to the bottle, adaptors, or both, used to transfer the liquid anaesthetic to the vaporizer.
The flow of gas through an orifice or tube depends on its density
and viscosity. The density and viscosity of various gases relevant
to anaesthetics are shown in Table 24.6. If a vaporizer is calibrated
using oxygen, for example, the concentration of anaesthetic delivered when using air will be slightly lower and can be markedly different when nitrous oxide is added to the mixture.
In addition, nitrous oxide dissolves in liquid anaesthetic agents,
so this reduces the flow of gas exiting a vaporizer if nitrous oxide is a
component of the gas mixture. If the concentration of nitrous oxide
is then reduced, the nitrous oxide is released from the anaesthetic,
thus increasing the flow of gas from the vaporization chamber and
thus also increasing the concentration of anaesthetic delivered to
the patient.
When the ventilator increases the pressure in the breathing system, the pressure in the vaporization chamber can also increase.
When the pressure in the breathing system is then released, the
excess volume of gas in the chamber (which causes the pressure
increase and which contains a high concentration of anaesthetic)
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Table 24.5 Characteristics of volatile anaesthetic agents
Anaesthetic

Boiling point (°C)

Vapour pressure (kPa)
at temperature
20°C

25°C

Colour-code

Desflurane

23.5

89

>101.3

6.6

Blue

Enflurane

56.5

23

29

1.63

Orange

Halothane

50.2

32

40

0.75

Red

Isoflurane

48.5

31

39

1.17

Purple

Sevoflurane

58.6

21

26

1.80

Yellow

Table 24.6 Viscosity and density of gases relevant to anaesthesia
expressed at standard temperature and pressure (0°C and 101.3 kPa)
Gas

MAC
(%)

Viscosity

Density

(μPa s−1)

(kg m−3)

Air

17.3

1.293

Nitrogen

16.6

1.250

Nitrous oxide

13.7

1.978

Oxygen

19.5

1.429

is released, causing an increase in the delivery of anaesthetic to the
patient. This ‘gas pumping’ effect is reduced by having a long convoluted path between the vaporization chamber and the outlet of
the vaporizer (Fig. 24.5).
Desflurane has very different physical characteristics to other
volatile anaesthetics, in particular that its boiling point (23.5°C)
is close to room temperature. Therefore, vaporizers intended for
use with desflurane are designed differently. In one example, the
Tec 6® (GE Healthcare, Hatfield, UK) vaporizer, the desflurane in
the vaporization chamber is heated to about 39°C. At this temperature, the saturated vapour pressure of desflurane is about
200 kPa, twice atmospheric pressure. The desflurane vapour is
then added at a controlled rate to the gas mixture, so the flow
of gas into the vaporizer is not split as in conventional plenum
vaporizers.

Anaesthetic machine circle breathing system
Typically, the gas and vapour mixture exits the anaesthetic
machine at the common gas outlet. However, in some machines,
the gas mixture can be delivered either to the common gas outlet,
for use with semi-closed breathing systems (see ‘Other breathing
systems’) or directly into the circle breathing system of the anaesthetic machine. In this case, the anaesthetist has to select which
outlet to use.
A typical anaesthetic machine circle breathing system comprises
the fresh gas inlet, one-way valves to direct the flow of gas around
the ‘circle’, carbon dioxide absorber, reservoir bag, two limbs of corrugated tubing connected by a Y-piece at the patient connection
port, oxygen sensor, pressure gauge, bellows unit including a spill
valve, inlet for the driving gas from the ventilator, and connection
for gas scavenging (Fig. 24.6).

Carbon dioxide absorber
In the circle breathing system, exhaled gas is directed through an
absorber containing a compound (e.g. soda lime) to remove the
carbon dioxide; the gas is then routed to the inspiratory limb where
the concentrations of oxygen and volatile anaesthetic are maintained by setting an appropriate fresh gas flow to top-up oxygen
and anaesthetic used by the patient.
Carbon dioxide absorbent typically consists of smaller amounts
of sodium hydroxide (NaOH) and potassium hydroxide (KOH)
and a larger amount of calcium hydroxide [Ca(OH)2]. The
smaller amounts of the former are because these compounds act
as catalysts for the reaction, whereas the latter is consumed, forming calcium carbonate (CaCO3). The absorbent is also hydrated
with water (H2O). Absorbents comprising other compounds are
also available.
The reaction is as follows:
CO2 + H2O → H2CO3
then either
H2CO3 + 2KOH → K 2CO3 + 2H2O
and then
K 2CO3 + Ca (OH )2 → 2KOH + CaCO3
(24.1)
or
H2CO3 + 2NaOH → Na 2CO3 + 2H2O + heat
and then
Na 2CO3 + Ca (OH )2 → 2NaOH + CaCO3

Therefore, one mole of CO2 generates one additional mole of H2O,
and the reaction is exothermic, that is, the reaction of carbon dioxide with the absorbent warms and humidifies the gas in the breathing system.
Over time, the absorbent becomes less effective at removing carbon dioxide. When it has lost its effectiveness, an additive
causes the granules to change colour to indicate that the absorbent
requires changing. Typical colour changes are pink to white and
white to purple; therefore it is important to know which compound
is in the absorber.
Many anaesthetic machines generate a small flow of oxygen
whenever connected to a power supply. This means that a flow of
oxygen may inadvertently remain on for long periods; this can desiccate the carbon dioxide absorbent and this can increase the risk
of production of carbon monoxide when subsequently used with
desflurane, enflurane, and isoflurane (Kharasch et al. 2002).
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Figure 24.6 Typical anaesthetic machine circle breathing system. See text for details.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

Reservoir bags

Oxygen fuel cell

Reservoir bags are available in a range of nominal sizes (e.g. 0.5 and
2 litres) and attach to the breathing system via a 22 mm female connector. A small plastic cage inside the connector prevents the bag
collapsing around the connector and causing occlusion. Latex-free
versions are available to reduce the risk of allergic reaction.
The pressure in a reservoir bag is intended to increase as the volume of gas in the bag increases but only up to a pressure of between
3 and 6 kPa (British Standards Institution 2009a). If any additional
volume of gas enters the reservoir bag, the design of the bag is
intended to limit the pressure at this level. Therefore, the volume
attributed to a bag is a nominal volume; in fact, the bag can contain
much larger volumes than indicated. In this way, the pressure in
the breathing system cannot exceed this particular level when the
reservoir bag is connected.

This is generally located on the inspiratory limb of the breathing
system in the absorber block to ensure that the gas delivered to the
patient contains sufficient concentrations of oxygen. The response
time of oxygen fuel cells tends to be of the order of a few seconds
and is not sufficiently rapid for indicating breath-by-breath variations, although the miniature oxygen fuel cell in Dräger anaesthetic
machines does have a sufficiently rapid response time for this use.

Adjustable pressure limiting valve

The change-over valve is used to select either: (1) manual/spontaneous; or (2) automatic ventilation. In position (1), the patient
can either breathe spontaneously, or the anaesthetist can manually
inflate the patient’s lungs by squeezing the reservoir bag. The pressure limit in the breathing system is set using the APL valve. When
the change-over valve is in position (2), the reservoir bag and the
APL valve are out of circuit. During the inspiratory phase, fresh gas
and gas from either the reservoir bag or the bellows pass through
the one-way valve in the inspiratory limb and the gas passes to the
patient. Gas from the reservoir bag or the bellows passes to the
patient through the absorber to remove any carbon dioxide. During
the inspiratory phase when automatic ventilation has been selected,
driving gas from the ventilator squeezes the gas out from the bellows into the breathing system (thus the driving gas is separated
from respired gas). The fresh gas flow is then added to this gas so
that the total volume delivered is equal to the sum of the volume
set on the ventilator (and indicated by the markings of the bellows

The level of pressure in the breathing system during manual or
spontaneous ventilation is controlled by the adjustable pressure
limiting (APL) valve. The valve typically comprises 22 mm connectors to connect to the breathing system and a 30 mm connector to
connect to a scavenging system, to remove waste gas. A disk in the
valve opens when the pressure reaches a particular level; the disk is
prevented from opening until that pressure is reached by a spring.
Rotating the dial changes the level of pressure required to open the
valve. The pressure required to open the valve when it is at the lowest setting is typically less than 0.1 kPa (1 cm H2O). However, at
the maximum (closed) setting, the APL valve will still open when
the pressure reaches an excessive level, typically at a pressure of 6
kPa (60 cm H2O). Note that this value is typically in excess of the
pressure limit in reservoir bags, so that the reservoir bag, if it is in
the breathing system, will continue to expand as gas flows into the
breathing system, thus limiting the pressure.

Pressure gauge
The pressure in the breathing system can be indicated by an independent non-powered pressure gauge, although in many modern
anaesthetic machines, the pressure is measured electronically and
displayed on a screen.

Operation of the anaesthetic machine circle breathing system

419

Chapter 24

unit) and the volume delivered by the fresh gas flow during the
inspiratory phase.
For example, if the fresh gas flow is 6 litres min−1, then 100 ml of
fresh gas is delivered into the breathing system each second. If the
inspiratory time is 1.5 s, then the additional volume from the fresh
gas flow is 150 ml. Therefore, if the ventilator is set to deliver a tidal
volume of 450 ml in an inspiratory time of 1.5 s, the actual volume
delivered would be 600 ml. Actual flow and hence volume may be
measured in the inspiratory and expiratory limbs of the breathing
system. In this way, the volume delivered from the bellows can be
adjusted by the machine so that the volume delivered at the patient
connection port is the volume intended. This is known as ‘fresh gas
decoupling’.
Clearly, if a low-flow technique is used, this effect is reduced.
Low-flow anaesthesia refers to the practice of setting the fresh gas
flow to a low setting; typically 1 litre min−1 or less. Basal oxygen
consumption is about 250 ml min−1, so this represents the minimum fresh gas flow that should be delivered by the anaesthetic
machine (provided the flow in this case is pure oxygen).
However, the volume inspired and expired by the patient remains
the same, so the flow through a breathing system filter, for example,
depends on the tidal volume, frequency and inspiratory:expiratory
(I:E) time. Therefore, low flow does not refer to the flows of gas in
the breathing system.
During the expiratory phase, exhaled gas flows from the patient
through the expiratory limb by opening the one-way valve and closing the one-way valve in the inspiratory limb. The gas then passes to
either the bellows, for automatic ventilation, or the reservoir bag for
manual/spontaneous ventilation. Fresh gas continues to flow during the expiratory phase: this gas passes through the absorber to
either the bellows or reservoir bag. In automatic ventilation, when
the bellows is full, the gas passes out of the spill valve into the inlet
for scavenging. If the fresh gas flow is high, the exhaled gas containing carbon dioxide is flushed out of the system, and therefore
there is little carbon dioxide remaining in the gas delivered from
the bellows in the subsequent inspiratory phase. In contrast, if the
fresh gas flow is low, there will be a greater concentration of carbon
dioxide in the bellows at end expiration, which will pass through
the absorber during the subsequent inspiration. Therefore, the carbon dioxide absorbent will not last as long if low fresh gas flows
are used.
In this arrangement, with an ascending bellows (Fig. 24.6), the
weight of the bellows causes a small pressure to be applied to the gas
in the breathing system. This adds to the positive end-expiratory
pressure (PEEP) and can be 2–4 cm H2O. This is known as inadvertent PEEP. If a leak occurs in the breathing system, this is indicated by the bellows failing to fill completely.
An alternative arrangement is the use of a descending bellows.
Although the use of a descending bellows reduces the risk of applying inadvertent PEEP to the breathing system, if a leak occurs, the
bellows will still descend during the expiratory phase, so that a visual indication that a leak has occurred is not provided.
A second example of an anaesthetic machine circle breathing
system, with a different arrangement as used in some Dräger anaesthetic machines, is shown in Fig. 24.7. Here, there are two valves
which are used to direct the flow of gas in addition to the two one-
way valves: the decoupling valve and the exhaust valve. During
the inspiratory phase, both the decoupling and exhaust valves are
closed. Gas delivered from the ventilator piston passes through the
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absorber to the inspiratory limb and hence to the patient. Fresh gas
enters the reservoir bag so that it fills (hence in this arrangement
the reservoir bag fills during the inspiratory phase); the fresh gas
is then separated from the gas delivered to the patient. During the
expiratory phase, the decoupling and exhaust valves are opened.
The piston is drawn back and gas is drawn in from the reservoir bag
and the patient. Excess gas spills out of the exhaust valve. If there
is insufficient gas to fill the piston as it draws back, the negative-
pressure relief valve opens and ambient air is drawn into the piston.
Therefore, in this system, the fresh gas is decoupled from the
volume delivered to the patient from the ventilator, so that, in this
case, the volume set on the ventilator is that delivered to the patient.

Other components of the anaesthetic machine
Oxygen flush
Pressing the oxygen flush button delivers a high flow of oxygen
(between 25 and 75 litres min−1) to the common gas outlet. This
can be used to rapidly fill the breathing system with oxygen, which
can also fill the bellows of the breathing system, if required.

PEEP valve
The PEEP valve is a one-way valve used in the expiratory limb to
maintain at least a minimum level of pressure in the patient’s airways to prevent the terminal airways collapsing during expiration.
The PEEP valve incorporates a spring to limit the pressure. The
pressure can be typically adjusted between 0 and 20 cm H2O.

Oxygen supply failure alarm
If the pressure in the supply of oxygen decreases to a particular
level, an audible warning sound is activated, commonly called the
‘Ritchie whistle’.

Scavenging system
The scavenging system is used to remove waste gases and vapours
from the breathing system and prevent pollution of the operating
theatre. It connects to the breathing system with a 30 mm conical
connector, for example, on the APL valve or beneath the bellows
unit. Both positive-and negative-pressure relief valves are included
in the scavenging system to prevent the occurrence of excessive
pressures.

Other breathing systems
Other anaesthetic breathing systems can be connected directly
to the common gas outlet on the anaesthetic machine. On some
anaesthetic machines, a flexible hose (which takes the fresh gas to
the absorber unit) has to be disconnected to allow this; on other
machines, a switch has to be used to select the outlet of the gas.
The aims of any breathing system are to:
◆
◆

◆

maintain an adequate level of oxygenation
prevent excessive levels of rebreathing, where the patient inhales
previously exhaled carbon dioxide
deliver adequate concentrations of volatile anaesthetic.

The various breathing systems have differing levels of effectiveness in this regard. A simple T-piece, where the fresh gas flow is in
excess of the patient’s peak inspiratory flow, is effective at maintaining oxygenation and preventing rebreathing, but is wasteful of volatile anaesthetic. Such a system is ‘open’. Other breathing systems
are therefore used to limit the amount of volatile anaesthetic used;
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Figure 24.7 Alternative anaesthetic machine circle breathing system with fresh gas decoupling.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

these systems are known as ‘semi-closed’. Circle breathing systems,
discussed previously, are known as closed systems.
Semi-closed breathing systems typically comprise the following
components: a length of corrugated tubing, a valve (APL) which
opens at a particular pressure, a reservoir bag, a connection for
entry of fresh gas flow, and a facemask or other connection for the
patient. The various components can be joined together in different ways. Mapleson described five different breathing systems in
his original nomenclature in 1954 (Mapleson 1954) which became
known as the Mapleson A, B, C, D, and E (Fig. 24.8). The Mapleson

F breathing system was added later (Mapleson 2001), where an
open-tailed reservoir bag was added to system E for use with small
children: the anaesthetist can use the bag to ventilate a child by
careful control of the tail.
A technical description of the breathing systems depends on the
following assumptions: the first portion of exhaled gas comes from
the anatomical dead space where no gas exchange has occurred;
the second portion comes from the alveoli where gas exchange has
occurred and this gas contains carbon dioxide; gas flows through
the tubes as ‘plugs’ so that there is minimal mixing between, for
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Figure 24.8 Mapleson breathing systems.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.
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example, fresh gas and expired gas; there are three phases of the respiratory cycle—inspiration, expiration, and the expiratory phase;
and the volume of the corrugated tubing is slightly greater than the
patient’s tidal volume (e.g. the internal volume of a 1.6 m length of
22 mm corrugated tubing is 160 × π × (½ × 2.2)2 ≈ 600 ml). There
is also a distinction between spontaneous and controlled (manual)
ventilation. For the former, the APL valve is opened fully, to help
make spontaneous breathing as easy as possible for the patient; in
the latter, the APL is closed, so that when the anaesthetist squeezes
the reservoir bag, gas is delivered to the patient rather than escaping through the valve.
For convenience, the discussion will be limited to the breathing
systems commonly used in anaesthesia: the Mapleson A for spontaneous ventilation and the Mapleson D for controlled (manual)
ventilation. Limiting rebreathing also ensures that adequate oxygen
and volatile anaesthetic are delivered, so the discussion will focus
on the elimination of rebreathing.

Mapleson A breathing system
The Mapleson A (alternatively known as the Magill attachment) has
the fresh gas inlet and a reservoir bag at one end of a corrugated
tube and the APL valve and the patient connection port at the other
(Fig. 24.8a).
Spontaneous ventilation
During inspiration, gas passes from the reservoir bag and the
fresh gas inlet along the corrugated tube towards the patient. The
reservoir bag therefore partially empties (depending on the fresh
gas flow). During expiration, the first part of the exhaled gas is
from the anatomical dead space and this passes through the corrugated tube towards the reservoir bag, which fills with fresh
gas, both from the fresh gas inlet and the fresh gas that entered
the corrugated tube towards the end of inspiration. When the
bag is full, the APL valve opens and the exhaled gas (now from
the alveoli, containing carbon dioxide) passes out of the system.
During the expiratory pause before the subsequent inspiration,
the fresh gas flushes out the alveolar gas that is in the corrugated
tube through the valve. Theoretically, the fresh gas flow needs
to only match the alveolar ventilation (two-thirds of the minute ventilation), but higher flows are required if mixing of gases
occurs or if breathing is rapid such that the expiratory pause is
reduced. A common setting for fresh gas flow is 70 ml min−1 kg−1
patient mass.
Controlled (manual) ventilation
During inspiration, the anaesthetist squeezes the reservoir bag
and gas from the bag and fresh gas pass along the corrugated tube
to the patient. The APL valve is closed (but with a high-pressure
relief). During expiration, exhaled gas passes through the corrugated tube to the reservoir bag; very little gas passes out through
the APL valve. During the subsequent inspiration, the first portion
of inspired gas is the previously exhaled gas from the alveoli, containing carbon dioxide, and thus rebreathing occurs. In order to
prevent this rebreathing, a higher flow of fresh gas is required, typically twice the minute ventilation.

Mapleson D breathing system
The Mapleson D breathing system has the reservoir bag and APL
valve at one end of the corrugated tube and the inlet for fresh gas
and the patient connection port at the other (Fig. 24.8d).

Spontaneous ventilation
During inspiration, gas passes from the reservoir bag along the
corrugated tubing to the patient where it mixes with the fresh
gas. During expiration, the exhaled gas mixes with the fresh gas
and passes along the corrugated tubing towards the reservoir
bag. When the bag is full, gas passes out of the system through
the APL valve. The gas in the reservoir bag is primarily from the
anatomical dead space mixed with fresh gas, but the gas remaining in the tubing is exhaled gas mixed with fresh gas, unless the
expiratory pause is long. Therefore, during the subsequent inspiration, the gas inspired by the patient is a mixture of previously
exhaled gas and fresh gas. To prevent rebreathing, a high fresh
gas flow of two to four times the patient’s minute ventilation has
to be used.
Controlled (manual) ventilation
During inspiration, the anaesthetist squeezes the reservoir bag and
gas passes along the corrugated tubing to the patient where it mixes
with the fresh gas. During expiration, the exhaled gas mixes with
the fresh gas and passes along the corrugated tubing towards the
reservoir bag. When the bag is full, gas passes out of the system
through the APL valve. The gas in the reservoir bag is primarily from the anatomical dead space mixed with fresh gas, but the
gas remaining in the tubing is exhaled gas mixed with fresh gas,
unless the expiratory pause is long. Therefore, during the subsequent inspiration, the gas inspired by the patient is a mixture of
previously exhaled gas and fresh gas. However, the first portion
is fresh gas, and this enters the alveoli. Gas delivered towards the
end of inspiration may contain previously exhaled gas, but as this
only enters the anatomical dead space, this is of no consequence.
Therefore, in practice, provided the expiratory pause is sufficiently
long, a fresh gas flow of only 70% of the patient’s ventilation is sufficient to prevent rebreathing. As the Mapleson D breathing system
is convenient and efficient for controlled ventilation, a ventilator
can replace the reservoir bag using a suitable connector.

Coaxial equivalents of the Mapleson A and D breathing
systems
In some systems, the position of the valve and the entry of the fresh
gas flow close to the patient adds to the weight and bulk of the
breathing system at the patient connection port and makes adjustment of the valve difficult; these problems can be addressed by using
parallel and coaxial systems such as the Lack (for the Mapleson A)
and Bain (for the Mapleson D (Fig. 24.9). The internal volumes of
the tubes are still important considerations for the functionality of
the breathing systems.
Lack breathing system
In the coaxial Lack breathing system (Fig. 24.9a), the APL valve is
moved from close to the patient to close to the fresh gas inlet. The
reservoir bag is connected near the fresh gas inlet. Fresh gas flows
to the patient along the outside of the inner tube. Expired gas flows
along the inner tube from the patient to the APL valve. Clearly, if
the inner tube became disconnected at the patient connection, this
would cause hazardous levels of rebreathing.
Bain breathing system
In the Bain breathing system (Fig. 24.9b), the fresh gas flow enters
the breathing system near the reservoir bag and flows through an
inner tube to the patient. Exhaled gas passes along the outside of
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(A)

(B)

Figure 24.9 Coaxial versions of (a) the Mapleson A (Lack) and (b) the Mapleson D (Bain) breathing systems.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

the inner tube to the APL valve. The reservoir bag connects with
the outer tube. Clearly, again, if the inner tube became disconnected at the fresh gas inlet, this would cause hazardous levels of
rebreathing.

Classification of breathing systems
Breathing systems can be classified into afferent or efferent reservoir
systems (Miller DM 1988). An afferent breathing system is where
the reservoir (bag or tube) connects to the inspiratory pathway; an
efferent breathing system is where the reservoir (bag or tube) connects to the expiratory pathway. The Mapleson A and D breathing
systems are therefore examples of afferent and efferent breathing
systems, respectively.

Other components of a breathing system
Catheter mount
The connector on the patient end of the Y-piece on a breathing system will usually be a 22 mm male/15 mm female coaxial connector. The connector on a tracheal tube or supraglottic airway will
be a 15 mm male connector. Hence the Y-piece can be connected
directly to the tracheal tube or airway. However, this would not provide a very satisfactory orientation for the breathing system and
any movement of the breathing system would directly affect the
patient’s airway. Thus a catheter mount, consisting of a short length
of corrugated tubing, to provide flexibility in the connection, and
an angle-piece (or elbow connector), is commonly used. The elbow
connector may include a port to allow suctioning of the patient’s
airways.

Heat and moisture exchangers and heated humidifiers
The upper airways warm, humidify, and to some extent filter
inspired gases. Bypassing the upper airways with an artificial airway removes the warming, humidifying, and filtering capabilities of
the upper airways. Cool, dry gases delivered to the trachea can have
deleterious effects on the mucosa. Inspired gases therefore need to
be artificially warmed and humidified. Passive and active devices
are available. Passive devices return a portion of the patient’s expired
heat and moisture in the next breath. Such devices include the heat
and moisture exchanger (HME). A hygroscopic salt, such as calcium chloride, is commonly added to the material in the HME to
improve the moisture-conserving performance of the device. Such
salts adsorb moisture when the water vapour pressure is high and
release moisture when the water vapour pressure is low.
In the circle breathing system, the reaction of carbon dioxide with
carbon dioxide absorbent produces water vapour, which humidifies
the gas delivered to the patient. The reaction is also exothermic.
If a low-flow technique is used, the dilution of the humidified gas
by the dry fresh gas is minimized, and the level of humidity in the
breathing system can increase. The exhaled gas from the patient
is also humidified; in a low-flow system, this humidified gas will
also be returned to the patient. Therefore, the level of humidity in
a low-flow system is likely to be acceptable for intubated patients,
particularly so for short procedures.
Active devices add moisture and increase the temperature
of the delivered gas independently of the patient. Such devices
include heated humidifiers. With some humidifiers the user has
control over the temperature and to some extent the humidity of
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the inspired gas; with other devices, the temperature, and hence
the humidity, is factory-set by the manufacturer. However, these
devices are not commonly used during anaesthesia.

port and on the inlet and outlet of the absorber, this can increase
the resistance to gas flow considerably, making the work of breathing difficult for some spontaneously breathing patients.

Breathing system filters

Airway equipment

Patients should be protected from any microbes present in the gas
delivered during inspiration. Microbes may be present as a result
of use of the equipment by previous patients or from environmental contamination. Breathing system filters placed at the patient
connection port can be used to reduce the risk of transmission of
microbes from the patient to the breathing system and vice versa.
Filters placed here are replaced for each patient. This technique
allows the breathing system tubing to be used for more than one
patient without it needing to be reprocessed. Filters can also be
used at the inlet and outlet on the absorber to protect the absorber,
one-way valves, and so on, from contamination. Filters used here
are not replaced for each patient, provided a filter is also used at the
patient connection port, or the breathing system tubing is replaced.
Some breathing system filters combine both a filter layer and a
heat and moisture exchanging layer so that the gas delivered to the
patient is both filtered and humidified.
The material in a breathing system filter typically consists of a
resin-bonded sheet of high-density fibres pleated to reduce the
resistance to gas flow or a flat wad of electrostatically charged material. Generally, the former type of device has a better filtration performance compared with the latter (Wilkes et al. 2000, 2002).
Additional breathing system components (catheter mounts,
HMEs, and breathing system filters) add to the resistance of the
breathing system. If filters are used at both the patient connection

Tracheal tubes
A tracheal tube extends from the patient connection port of the
breathing system, to which it connects using a 15 mm male connector, to the trachea, passing through the vocal cords. Tracheal tube
shafts are commonly made from transparent polyvinyl chloride
(PVC) and are pre-shaped to aid insertion and placement. They
are marked with the length from the tip of the tube; the internal
diameter; a line along the length which is radio-opaque to aid identification of correct placement using X-ray equipment; and a depth
marker (or markers) to indicate the correct depth of insertion (the
vocal cords should be at the level of the depth marker) (Fig. 24.10).
Some tracheal tubes incorporate a cuff which can be inflated to
provide a seal in the patient’s trachea; hence ‘cuffed’ and ‘uncuffed’
versions of tracheal tubes are available (Fig. 24.11). Typically, cuffed
versions are used with adult patients, as the narrowest part of the
airway is the glottis and a tube could not form a gastight seal there
as the aperture is not circular; uncuffed versions are used with children as the narrowest part of their airways is the cricoid cartilage
and a correctly sized tube can provide a seal in that aperture as it
is circular; however, there is considerable debate on whether cuffed
or uncuffed tubes should be used with children (Weber et al. 2009;
Weiss et al. 2009). The seal provided by the cuff allows gas to pass
directly into the lungs without the risk of gas leakage. The seal also

Depth markers
Cuff
Tracheal tube
connector

Pilot
balloon

Figure 24.10 Tracheal tube (ProAct Medical, Corby, UK).
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

Spring-loaded
valve

Murphy eye
Bevelled tip
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Figure 24.11 Tracheal tubes (ProAct Medical, Corby, UK). From left to right size 9.0, 8.0, 7.5, 7.0, 6.0, 5.5, 5.0, 4.5, 4.0, 4.0 (uncuffed), 3.5, 3.0, 3.0 (uncuffed), and
2.5 (uncuffed).
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

prevents any stomach contents from entering the trachea and gaining access to the patient’s lungs. However, the seal prevents escape
of excessive pressure exerted in the patient’s lungs by over-inflation.
The cuff is inflated by connecting a syringe to the pilot balloon.
When the cuff is inflated, the pilot balloon also inflates to provide an
external visual indication that the cuff is inflated. The spring-loaded
valve in the pilot balloon only opens when the syringe used to inflate
the cuff is connected. This spring is typically made from metal; special tracheal tubes with springs made from non-metal material are
available for use in magnetic resonance imaging (MRI) scanners.
The cuff on tracheal tubes should be inflated to the correct pressure, as measured by a manometer, and checks made during the
procedure to ensure that the pressure remains at the correct level.
Excessive cuff pressure can cause tissue damage and trauma. The
instructions for use state the volume required to inflate the cuff to
a particular pressure, but this does not allow for the restriction of
inflation of the cuff when in situ, which causes a greater increase in
pressure than indicated in the instructions for use when a particular volume is added.
Two basic types of cuffs are available on tracheal tubes: high volume, low pressure and low volume, high pressure. The former helps
reduce the risk of trauma in the trachea from prolonged exposure
to high pressures, but this increases the risk of micro-leakage of
secretions from the oropharynx past the cuff into the lungs, which
can increase the risk of ventilator associated pneumonia.
The bevel at the tip of the tracheal tube faces to the left when the
tracheal tube is held in the right hand during intubation; the bevel
aids visualization of the vocal cords. A hole in the tracheal tube
shaft called the Murphy eye may be present opposite to the sloping
edge of the bevel so that gas flow is not prevented if the orifice at the
tip of the tracheal tube impacts on the wall of the trachea.
The length of the tube can be shortened by cutting the tube at the
end with the tracheal tube connector, after removal of the connector.
It is important to choose the correct size of tracheal tube for the
patient. If the tracheal tube is too large, the tube may cause trauma
to the trachea. If the tube is too small, the narrowness of the tracheal tube increases the resistance to gas flow (pressure decrease
across any tube is proportional to the inverse of the diameter raised
to the fourth power for laminar flow and to the fifth power for

turbulent flow; hence, the resistance is strongly dependent on the
diameter of the tube).
For some procedures, where surgical access to the patient’s mouth
is required, the tracheal tube may need to be curved into a tight
bend. This can kink the tube and prevent adequate gas flow. To prevent this, tracheal tubes are available that include a spiral of metal
wire within the wall of the tube to prevent it kinking during use.
Such tracheal tubes are commonly called ‘reinforced’, ‘armoured’, or
‘flexible’ (Fig. 24.12).

Figure 24.12 RAE tracheal tubes (upper: north-facing; middle: south-facing),
lower: armoured (flexible) tracheal tube.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local
Health Board.
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Other designs of tracheal tubes are available. These include the
RAE (Ring, Adair and Elwyn) tracheal tubes (Fig. 24.12) which are
used when connection to the breathing system needs to be away
from the patient’s mouth. North-facing (towards the forehead) and
south-facing (towards the chin) versions are available.
Although tracheal tubes manufactured from PVC are intended
to be single-use and are not suitable for reprocessing, reusable tracheal tubes made from silicone are available.

Laryngoscopes
A laryngoscope is used to obtain a direct view of the glottis to help
place the tracheal tube correctly (hence the term ‘direct laryngoscopy’). The laryngoscope comprises a handle containing the cells
to provide electrical power and a blade containing a light source
(Fig. 24.13).
Two basic types of laryngoscope are available: the bulb-in-blade
and the fibreoptic (or ‘green spec’).

Figure 24.13 Macintosh laryngoscope (ProAct Medical, Corby, UK).
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local
Health Board.

Bulb-in-blade (conventional) laryngoscope
As its name suggests, in this type, the bulb is in the blade and there
is an electrical connection between the blade and the handle when
the laryngoscope has been activated. Older style laryngoscopes
used an incandescent bulb as the light source. These can get hot
during use, which can cause damage to the tissue in the mouth
(Toung et al. 1981; Koh and Coleman 2000). These bulbs also need
to be replaced fairly frequently. Bulbs not adequately tightened can
become loose and fall into the patient’s mouth. However, the light
source in many laryngoscopes is now from a light-emitting diode
(LED): the temperature of these light sources does not increase
during use.

Fibreoptic (‘green spec’)
In this type of laryngoscope, the light source is contained within
the handle and a light guide directs the light to an outlet on the
blade. The light guide can be made from any transparent plastic
with a suitable refractive index, so the term ‘fibreoptic’ is not always
appropriate, despite its common usage. The ‘green spec’ name refers

to the green colour that is used to indicate that a laryngoscope
requires a fibreoptic blade for use. Blades for bulb-in-blade and
fibreoptic laryngoscopes are non-interchangeable.
The light source is activated by moving the blade from the storage
position until it clicks into place. Laryngoscopes are available in a
wide range of sizes to suit particular patient groups. The Macintosh
blade (Macintosh 1943, 1944) and the Miller blade (Miller RA
1941) are used typically for adult and paediatric patients, respectively. For the Macintosh, the tip of the blade is inserted into the
vallecula and the tongue moved to one side and then lifted to provide a view of the glottis. In contrast, the Miller blade is passed over
the vallecula (Fig. 24.14). The cross-section of the different designs
of blades also varies (Fig. 24.15). Laryngoscopes should provide
sufficient illumination in an appropriate direction and be able to
withstand exertion of sufficient force to obtain an adequate view.
The original laryngoscope described by Macintosh (Macintosh
1944) was intended for multiple patient use. Single-use blades,

Figure 24.14 Laryngoscopy with (a) Macintosh blade; (b) Miller blade. During laryngoscopy, the handle is moved in the direction of the arrow.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.
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Figure 24.15 Three different types of paediatric laryngoscope blade (ProAct Medical, Corby, UK). From left to right: Miller size 1, Cardiff size 1, and Macintosh size 1.
Note the differences in curvature and cross-section.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

handles, and combined blade and handles have become available.
Some versions of single-use blades are made from plastic, or have
plastic connectors at the point where the blade attaches to the
handle, or both of these. These particular blades are more flexible
(less rigid) than metal blades and it is more difficult to obtain the
same view with some of these blades (Evans et al. 2003; Rassam
et al. 2005). Some blades have a more pronounced curvature, which
also increased the difficulty of obtaining an adequate view. Reports
have been published of plastic blades breaking during clinical use
(Jefferson et al. 2003) and during in vitro tests (Goodwin et al.
2005).
The light from incandescent bulbs tends to be more yellow.
These bulbs are being replaced by LEDs. The light from these lights
sources tends to be bluer (Lewis et al. 2009). LEDs also last longer
than incandescent bulbs and use less electrical power for operation,
so that cells last longer. The LEDs also have a longer lifetime
Many other different blades are available for particular uses. The
McCoy blade has a moveable tip controlled by a lever adjacent
to the handle that can be used to elevate the back of the tongue.
Thinner handles are available for use with paediatric patients; stubbier handles are available for use with patients with large chests.
Cells can be disposable or rechargeable. Some rechargeable
laryngoscope handles plug directly into a recharging unit.

Indirect laryngoscopes
The use of the type of laryngoscope described earlier is called direct
laryngoscopy as the anaesthetist obtains a direct view of the patient’s
glottis. Indirect laryngoscopes are available where the view of the
glottis is transmitted to the anaesthetist through prisms, fibreoptic
bundles, or plastic with a high refractive index allowing the light to
pass around curves in these light-guides. These devices are useful
where there is difficulty obtaining a view of the glottis using direct
laryngoscopy, perhaps because of anatomy or particular disease
or other states, or where excessive force should not be applied, for
example, where the patient’s neck cannot be moved or extended.
Many of the devices available on the market have a colour screen

on which the view at the tip of the laryngoscope is displayed; such
devices are called video laryngoscopes (Fig. 24.16). Different types
are available (Teoh et al. 2010). Some are based on conventional
laryngoscopes and the technique of intubation with a tracheal tube
is similar. In other devices, the tracheal tube is pre-loaded onto the
device, the tube can then be pushed forward when a suitable view
of the glottis has been achieved. And a third type consists of a guide
to help place the tracheal tube correctly.

Other intubation and airway equipment
Introducers
Correct placement of the airway is essential. Oesophageal placement is a particular hazard that can result in inflation of the stomach rather than the lungs. If an adequate view of the larynx is not
obtained with a standard laryngoscope and hence intubation is not
possible or difficult, other equipment is available to the anaesthetist.
The introducer is a long, thin device which is placed into the trachea and the tracheal tube is then railroaded over the introducer
into the trachea and the introducer removed. Introducers typically
have a curved tip (Coude tip) to aid correct placement in the trachea. The original introducer was the Eschmann multiple-use gum
elastic bougie. Single-use introducers are now available. These are
made from plastic and tend to be stiffer, some do not maintain their
shape when bent and the incidence of successful placement in the
trachea can be poorer (Hodzovic et al. 2004).

Stylets
Stylets are more rigid than introducers as they are made from
metal, but they are still malleable. With these devices, the tracheal
tube is pre-loaded and the stylet can be then be manipulated to help
shape the tracheal tube to aid insertion.

Airway exchange device
Devices with a similar construction to introducers, but with a
slightly larger diameter, can be used when an airway requires
exchanging. These airway exchange devices are inserted through

427

428

428

Part 3

physics, equipment, measurement, and hazards

(A)

the airway already in place in the patient, the airway is removed and
another airway is then railroaded over the device. These devices
also include a connector for attaching a supply of oxygen so that the
patient can be oxygenated during the procedure. However, there is
a risk of barotrauma if obstruction preventing escape of gas from
the lung occurs.

Fibreoptic scope
This comprises a cord containing both a source of light to illuminate the patient’s airway and fibres so that the image at the tip
can be viewed in the eyepiece or on a screen. The tip of the cord is
moved using a thumbwheel to obtain the best view. Devices with
various diameters of cord are available for use with different sizes
of patients.

Manujet® manual jet ventilator
The Difficult Airway Society published guidelines on the management of the unanticipated difficult intubation (Henderson et al.
2004). Management was split into four plans:
◆
◆

◆

◆

(B)

Plan A—initial tracheal intubation plan
Plan B—secondary tracheal intubation plan, when Plan A has
failed
Plan C—maintenance of oxygenation and ventilation, postponement of surgery, and awakening the patient, when earlier plans
fail
Plan D—rescue techniques for ‘can’t intubate, can’t ventilate’
(CICV) situation.

Plan B involves the use of the laryngeal mask or intubating laryngeal
mask airway, discussed below. Plan C involves oxygenation and ventilation via a facemask; the self-inflating bag and mask is discussed
later. Plan D involves cannula cricothyroidotomy or surgical cricothyroidotomy. In the former, a high-pressure ventilation system, such
as the Manujet® (VBM, Sulz am Neckar, Germany) manual jet ventilator, is required, as the pressure generated by an anaesthetic machine
is unlikely to be sufficient to overcome the resistance of the narrow
bore cannula. The latter may involve the use of a tracheostomy tube.

Tracheostomy tubes
These are curved, comparatively short tubes for use with tracheostomies and can be either cuffed or uncuffed. The end of the tube is
not bevelled but is cut square to avoid obstruction against the tracheal wall. The tube is held in place with a ribbon or suture.

Double-lumen bronchial tubes

Figure 24.16 Video laryngoscopes. (a) AP Advance® (Intavent Direct,
Maidenhead, UK); (b) Airway Scope® (Pentax, Hamburg, Germany).
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local
Health Board.

These devices are primarily used during thoracic surgery where
one lung needs to be deflated while the other remains artificially
ventilated. There are therefore two types, left-sided and right-sided,
to account for the different anatomy of the left and right airways
below bifurcation. The left-sided type allows ventilation of the left
lung while the right lung is isolated, conversely for the right-sided
version. There are two cuffs each with their own inflation valves,
typically colour-coded for ease of identification, one cuff to provide
a seal in the trachea, the other to block one of the main bronchi.
There is an eye in the right-sided version to facilitate ventilation of
the upper lobe of the right lung; an eye is not required in the left-
sided version because of the difference in anatomy.

429

Chapter 24

equipment in anaesthesia

Figure 24.17 Laryngeal mask airways (LMAs) (Intavent Direct, Maidenhead, UK). From left to right: 6, 5, 4, 3, 2½, 2, 1½, and 1. See Table 24.7 for uses of the different
sizes of LMAs.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

Table 24.7 Typical use and recommended cuff volumes for different
sizes of laryngeal mask airways
Size

Typical use

Cuff volume
(ml)

1

Neonate <5 kg

4

1½

Infant 5–10 kg

7

2

Child 10–20 kg

10

2½

Child 20–30 kg

14

3

Small adult 30–50 kg

20

4

Normal adult 50–70 kg

30

5

Large adult 70–100 kg

40

6

Very large adult >100 kg

50

restriction on movement of the cuff in situ. The tip of the laryngeal mask sits at the entrance to the oesophagus to prevent stomach contents entering the hypopharynx. However, this seal is not
completely effective, so if regurgitation occurs, stomach contents
can enter the trachea. Some devices incorporate a drainage tube
through which stomach contents can be suctioned (Fig. 24.18).
Such a tube also prevents over-inflation of the stomach as excess
gas can escape through the tube.
As with tracheal tubes, many different sizes are available, and
armoured (or flexible) versions are available for use in situations
when kinking of the tube could otherwise occur (Fig. 24.18).
The intubating laryngeal mask airway (ILMA) has a more pronounced curvature than the standard laryngeal mask and a handle.
It is supplied with a specially designed tracheal tube which is passed
through the ILMA when it is in situ. The curvature of the ILMA
ensures that the tracheal tube is directed towards the trachea rather
than the oesophagus as the intubation is blind.

Supraglottic airways

Oropharyngeal airways

A supraglottic airway (e.g. a laryngeal mask) extends from the
patient connection port to the glottis; in some devices there is a
cuff that can be inflated to provide a low-pressure seal against the
hypopharynx (Fig. 24.17). Recommended volumes used to inflate
the cuff of the laryngeal mask airway are shown in Table 24.7, but
the pressure in the cuff can be greater than intended if there is

Oropharyngeal airways (e.g. the Guedel airway) help prevent
the patient’s tongue from falling back into pharynx, causing an
obstruction and thus preventing adequate ventilation. As with
other anaesthetic devices, Guedel airways are colour-coded to indicate different sizes (Fig. 24.19). This particular airway can be used
in conjunction with a facemask.
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Figure 24.18 Specialized laryngeal mask airways (Intavent Direct, Maidenhead, UK). From left to right: reusable flexible, single-use flexible, ProSeal® (reusable laryngeal
mask with additional gastric tube), Supreme® (single-use laryngeal mask with additional gastric tube), and the Unique® (single-use laryngeal mask).
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

Figure 24.19 Oropharyngeal (Guedal) airways (ProAct Medical, Corby, UK). From left to right size 11, 10, 9, 8, 7, 6, 5, and 4. Note the colour-coding.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

Anaesthetic ventilator
An anaesthetic ventilator is used to help ensure that adequate gas
exchange occurs to maintain oxygenation and reduce the risk of
hypercapnia in patients who are anaesthetized, and may be paralysed, during surgical procedures. Patients can breathe spontaneously during anaesthesia or some or all of their ventilation can be
provided and controlled by the ventilator. Where partial ventilation
is provided, the ventilator can be set to provide ventilatory assistance,

where additional flow or pressure is provided during inspiration to
maintain an adequate level of inspired volume. The flow or pressure
assistance is triggered by the inspiratory effort of the patient.
Where automatic ventilation is provided, the ventilator causes
inflation of the patient’s lungs by increasing the pressure of the gas
at the patient connection port. The respiratory rate is the number
of respiratory cycles min−1. Each respiratory cycle comprises the
inspiratory and expiratory phases, and may consist of a pause at
the end of the inspiratory phase before the start of the expiratory
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phase. The I:E ratio is the ratio of the durations of the inspiratory
and expiratory phases, where the duration of the expiratory phase
includes the expiratory pause.
The most common type of anaesthetic ventilator is time-cycled,
where the respiratory rate and the I:E ratio are set. Other types
of ventilator include flow-cycled, where the inspiratory phase in
terminated when a set flow is reached; volume-cycled, where the
inspiratory phase in terminated when a set volume is reached; and
pressure-cycled, where the inspiratory phase is terminated when a
set pressure is reached.
There are two basic types of ventilation modes to deliver mandatory inflations to the patient: volume-controlled and pressure-
controlled. In addition, other modes are also available to assist the
patient breathing.

but the ventilator will provide mandatory inflations at fixed intervals when a patient’s inspiratory effort coincides with the time set
for a controlled inflation.
For example, if the respiratory rate for synchronous intermittent
mandatory ventilation (SIMV) is set at 5 min−1, then the duration
for each SIMV cycle is 12 s (60/5). If the duration of the SIMV window is 3 s, then the patient can breathe spontaneously for 9 s, with
pressure support, but then when the patient makes an inspiratory
effort during the SIMV window, the ventilator will deliver a mandatory inflation. If the patient does not make an inspiratory effort
during the SIMV window, then a mandatory inflation is delivered
anyway towards the end of the window. The mandatory inflation
can be pressure or flow controlled.

Volume-controlled ventilation

This mode is used for spontaneously breathing patients. The continuous positive airway pressure system delivers a high flow of gas
to the patient so that the airway pressure is elevated throughout the
respiratory cycle. This helps keep the airways open and can help
recruit alveoli that have collapsed.

In this mode, the ventilator delivers a set volume of gas to the
patient during the inspiratory phase (Fig. 24.20a). It achieves this
by delivering a constant flow of gas for a set duration, hence the
alternative term, flow-controlled time-limited ventilation. The
appropriate alarm to set in this mode is the maximum pressure, to
prevent barotrauma to the lungs if for any reason the volume cannot be delivered. Not only should this alert the anaesthetist that the
pressure is too high, but the ventilator should limit the pressure to
a safe level.

Pressure-regulated volume-controlled ventilation
In this mode, the ventilator will deliver a set volume of gas to the
patient, but the flow will be varied so that the pressure remains constant at a predetermined set level. This requires information on the
characteristics of the patient’s lungs, hence a ‘normal’ inflation is
delivered initially so that this information can be obtained.

Pressure-controlled ventilation
In pressure-controlled ventilation, the ventilator attempts to maintain a pressure at the patient connection port for a set length of time
(Fig. 24.20b). In this case there is an initial large flow to establish
the pressure and then a smaller flow to maintain the pressure at
the set value. The rise time of the initial flow can be adjustable. The
volume delivered is not controlled. Therefore, this mode can compensate for small leaks in the breathing system. Generally, pressure-
controlled ventilation is used for paediatric and neonatal patients
because of the possibility of a leak around the uncuffed tube and
volume-controlled ventilation is used for adult patients.
When pressure-controlled ventilation is used, the appropriate
alarm to set is for tidal volume to alert the user to the occurrence of
large leaks or altered compliance.

Pressure support
This ventilator mode is used to provide assistance to patients who
are breathing spontaneously. When a patient initiates inspiration,
this triggers the ventilator to increase the pressure at the patient
connection port to a predetermined level. The trigger can be either
from detection of changes in flow or pressure. The respiratory rate
and tidal volume are controlled by the patient, hence if the patient
does not make any inspiration effort, there will be hypoventilation.

Synchronous (or synchronized) intermittent mandatory
ventilation
In this mode, the patient can breathe spontaneously at a rate and
with a tidal volume controlled by the patient, with pressure support,

Continuous positive airway pressure

Domiciliary ventilation
There are two distinct type of ventilator available for use with
patients at home, depending on whether the patient is ventilator
dependent, or whether the patient can breathe spontaneously and
the ventilator provides assistance during breathing.
For the former, patients who are dependent should have their
lungs ventilated using a ventilator with a back-up battery supply to continue powering the device in the event of mains failure.
Patients have died as a result of back-up electrical supplies not
being available.

Self-inflating bag and mask
This is used to provide manual ventilation during resuscitation,
emergency, transfer, and transport. The unit comprises a mask
with a cuff to provide a seal on the patient’s face; a reservoir bag
which fills automatically from ambient air or from a supply of oxygen; and a valve so that fresh gas is directed towards the patient
and expired gas passes out of the unit. A separate oxygen reservoir
can be attached to increase the concentration of oxygen in the gas
delivered to the patient (Fig. 24.21). Various sizes are available for
different sizes of patients.

Factors affecting the performance of ventilators
Resistance of tracheal tubes
Airway pressure is defined as the pressure at the patient connection port. For an intubated patient, the pressure at the end of the
tracheal tube in the trachea will be greater than that at the patient
connection port during expiration and less during inspiration if the
patient is artificially ventilated, because of the difference in pressure
along the tracheal tube as gas flows through it. This is particularly
so for narrow-bore tracheal tubes.

Resistance of the patient’s airways
If the patient’s expiratory phase is prolonged, perhaps because of
increased airway resistance as a result of chronic obstructive airways disease, there may be insufficient time for expiration to complete before the ventilator delivers the next inflation. In this case,
the pressure at the end of the expiratory phase is also equivalent to
PEEP; this is known as auto-PEEP.
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Figure 24.20 Waveforms from (a) volume-controlled ventilation; (b) pressure-controlled ventilation. For each ventilation mode there are five waveforms: (left-hand side)
volume-pressure; flow-volume; (right-hand side) pressure-time; flow-time; volume-time. (Screen shots from Flow-i® anaesthetic machine; Maquet, Sunderland, UK)
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.
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Figure 24.21 Self-inflating bag and mask.
Reproduced with permission from Media Resources Centre, Cardiff and Vale University. Local Health Board.

Compliance of the breathing system
The compliance of a breathing system is composed of two parts.
The first is because of compressibility of the gas within the tubing,
and the second is because of the ‘expandability’ of the tubing when
the pressure of the gas inside the tubing is increased. A large compliance reduces the volume of gas delivered to the patient.
A rigid, un-expandable tube with an internal diameter of 22 mm
has a compliance of 3.7 mL kPa−1 m−1 because of the compressibility of the gas within it. This is therefore the minimum value of compliance for a breathing system. In this case, if the breathing system
comprises two limbs each 1.6 m in length, so that the total length
is 3.2 m and a ventilator is used to inflate the patient’s lungs to a
pressure of 3 kPa (~30 cm H2O), the volume ‘lost’ in the breathing
system is 3.7 × 3 × 3.2 = 36 ml. However, corrugated tubing used
for anaesthetic breathing systems expands when the internal pressure increases. The maximum value of the compliance of a breathing system permitted in the standard (British Standards Institution
2009b) is 10 ml kPa−1 m−1, to also allow for this expansion. For a
breathing system with a compliance at the limit in the standard, the
volume ‘lost’ in the breathing system when the ventilator increases
the pressure to 3 kPa is now 10 × 3 × 3.2 = 96 ml. To deliver the
same tidal volume to a patient, an additional 6.3 ml volume of gas
would have to be delivered by a ventilator for each kPa of pressure
increase and for each metre length of tubing when using tubing
with a compliance of 10 ml kPa−1 m−1 compared with when using
rigid tubing with a compliance of 3.7 ml kPa−1 m−1. If much longer
breathing systems are used, for example, in the MRI suite, the compliance is clearly going to be much greater. Many modern anaesthetic machines calculate the compliance of the breathing system
during the initial calibration and self-check procedure.

Oxygen delivery
Air entrainment devices
These devices, also known as ‘Venturi’ oxygen barrels, consist of
a plastic shroud containing a small hole through which oxygen

exits at a particular flow. The rapid expansion of the oxygen gas
as it leaves the hole causes a decrease in pressure, which causes
air to be entrained into the shroud, thus diluting the oxygen. The
dilution depends on the flow of oxygen and the size of the hole.
Each air entrainment device is marked with the flow of oxygen
required to obtain a particular concentration of oxygen, which
is also indicated on the barrel. In addition, the barrel is colour-
coded to indicate the oxygen concentration it is intended to
deliver (Table 24.8).
The total flow of oxygen-enriched gas delivered to the patient
with the green (60%) air entrainment device may be less than the
patient’s peak inspiratory flow. Manufacturers state different flows
of oxygen for use with this air entrainment device, either 12 or 15
litres min−1. Total flows closer to the patient’s peak inspiratory flow
will be obtained when higher flows of oxygen are used.
Air entrainment devices can be used with a short length of corrugated tube (~15 cm) and a T-piece to provide a supply of oxygen-
enriched air during recovery. The corrugated tube provides a small
reservoir.
Table 24.8 Colour coding and flow characteristics of air
entrainment devices
Designated O2
concentration
(%V/V)

Colour

Oxygen flow
(litres min−1)

Total flow
(litres min−1)

24

Blue

2

51

28

White

4

45

31

Orange

6

47

35

Yellow

8

45

40

Red

10

41

60

Green

12

24

60

Green

15

30
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Fixed performance facemasks
Air entrainment devices can also be used with facemasks to provide
a particular concentration of oxygen during oxygen therapy. The
devices attach to the front of the facemask, which is made from soft
transparent PVC.

Variable performance facemasks
Alternatively, the supply of oxygen can be delivered directly to the
facemask. In this case, the concentration of oxygen inspired by the
patient is much more dependent on the patient’s inspiratory flow
than with fixed performance facemasks. The internal volume of the
facemask is also important in this respect: if the internal volume is
large, this can act as an oxygen reservoir. However, care has to be
exercised to ensure that rebreathing is minimized.
The seal onto the patient’s face can be poor, particularly if the
patient has a beard. This causes air entrainment which will dilute
the concentration of oxygen inspired by the patient.
Facemasks are also available that incorporate a connector for a
gas sampling line, so that the patient’s expired carbon dioxide concentration can be monitored. This is important during recovery
when the ventilatory response to hypercapnia may be attenuated.

Anaesthetic facemasks
During delivery of a gas mixture to patients containing anaesthetic
vapours for induction of anaesthesia, it is important that there is
an effective seal between the mask and the patient’s face to prevent
entrainment of air and pollution of the atmosphere by anaesthetic
agents. An anaesthetic facemask therefore typically has an inflatable cuff around the edge of the mask to increase the effectiveness
of the seal. Different sizes of facemasks are available for different
patient groups. Other types are available that do not have a cuff
but rely on soft material on the edge of the facemask to provide an
effective seal. Facemasks intended for use with adults and paediatrics connect to the patient connection port using 22 mm female
and 15 mm male connectors, respectively.

Safety checks
All anaesthetic equipment should be checked before use (AAGBI
2012). The check is typically split into that which is needed to be
carried out before each session and that needed before each case.
Furthermore, anaesthetists should not use equipment unless
they have been trained to use it. A self-inflating bag and mask
(Fig. 24.21) should be available for immediate use wherever anaesthesia is administered.
The anaesthetic machine should be checked thoroughly before
each session to ensure that:
1. primary and reserve electrical power and gas supplies are working and available
2. oxygen flush, hypoxic guard, and suction are working
3. the breathing system is patent and leak-free
4. the vaporizers are fitted correctly, filled and leak-free
5. the carbon dioxide absorbent has not changed colour to indicate
it is exhausted
6. alternative breathing systems are available

7. the correct gas outlet has been selected (on machines where a
selection can be made)
8. an appropriate ventilation mode has been selected and the ventilator is working correctly
9. a full range of airway equipment is available, is working and
spares are accessible
10. the scavenging system is working and set appropriately.
In addition, the checks highlighted in italic should be checked
before each case.
After the breathing system, vaporizers, and ventilator have been
checked individually, the two-bag test should be used to check
the whole system. This comprises placing a reservoir bag at the
patient connection port in addition to the usual reservoir bag in
the breathing system. The fresh gas flow is set to 5 litres min−1 and
the second reservoir bag is ventilated manually by squeezing the
first bag. The operation of the whole breathing system is checked,
including movement of the one-way valves, and that the APL valve
opens when both bags are squeezed. The ventilator is then used to
ventilate the second reservoir bag and the fresh gas reduced as far as
possible. Each vaporizer is turned on and off in turn and the whole
breathing system is checked to ensure there is no loss of volume.
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CHAPTER 25

Measurement and
monitoring in anaesthesia
Patrick Magee and Mark Tooley
Introduction
There are a number of clinical monitoring devices, which make use
of a range of physical and chemical principles, available for monitoring variables concerned with patient physiology and the anaesthetic delivery apparatus. The devices themselves and their clinical
applications and limitations are discussed in detail in Chapter 44,
but the generic concepts applicable to all such devices will be discussed in this chapter. An understanding of these principles is
important for the clinical user of such monitors.

Biological signal processing
Signal processing means recording and processing an analogue signal, converting it into a digital value, and then either displaying the
result or using the result to perform some other function.
A basic signal processing set up is shown in Figure 25.1.
Biological signals can either come directly from the body via
electrodes [e.g. the electrocardiogram (ECG)] or can be electrical
signals produced from a transducer (e.g. a blood pressure transducer). Electrical signals from the patient are amplified by an isolated differential amplifier, while the transducer output (normally
via a Wheatstone bridge, see ‘Resistive strain gauges’) is amplified
via a single-ended amplifier. The signals must be further manipulated by using electronic filters to help remove noise from the
signal (e.g. from mains electrical supply) and to make the signal
appropriate for digital conversion. Further filtering can then be
carried out.

Operational amplifiers
Operational amplifiers provide amplification and filtering, and can
act as oscillators. The inputs are differential, that is, only voltage
differences are amplified. The performance of operational amplifiers is controlled by feedback (e.g. in a loop containing a resistor or
capacitor) which controls the gain and stability of the circuit, and
enables functions such as filtering.

Single-ended amplifiers
Biological electrical signals are very small in magnitude (in microvolt to millivolt range), and must be magnified by an amplifier,
which provides voltage gain (defined as output voltage/input voltage). The simplest amplifier is single-ended where there is one
input terminal and one output terminal with a common ground to
both input and output.

This form of amplifier would be suitable for sound amplification
from a microphone, with the output connected to a loudspeaker. The
gain in this case can be around 1000 times, similar to that required
for an ECG amplifier. If this amplifier were connected to a patient
via two electrodes, then the loudspeaker would only give out mains
‘hum’ (at 50 Hz in Europe and 60 Hz in the United States, for example) and the ECG signal would be submerged in the noise. The mains
voltage from, for example, lights (which is much bigger than the ECG
voltage) appears at the input via a small natural capacitance, C, as
shown in Figure 25.2. The amplifier will amplify this as well. A solution to this would be to use a patient-isolated differential amplifier.

Patient-isolated differential amplifier
The problem in obtaining an ECG signal is that the amplifier
must detect the difference in potential between the two electrodes
applied to the patient while ignoring the induced electrical interference signals which appear equally at both electrodes (the interference induced by capacitive coupling) and are therefore common
to both. A differential amplifier does this and has two inputs in
addition to the common point. Three electrodes are connected to
the patient. For best results the common electrode is ideally placed
at a neutral point on the body, and commonly the right leg is used
for this in the ECG amplifier. The differential amplifier is shown
in Figure 25.3.
If the ECG signal, referenced to the neutral point, is applied
between the positive and negative inputs of the amplifier, as
shown, then the output of the amplifier will be a magnified version
of the ECG. Any signal, such as a stray mains signal, connected to
both the active inputs simultaneously will result in the amplifier
not producing any additional output, so that at all times throughout the mains voltage cycle, the output will not be amplified. The
facility to ignore signals, which are common to both input terminals, is defined as the common mode rejection and the manner in
which the amplifier can amplify only the ECG signal and reject the
common mains signals is called the common mode rejection ratio.
The common electrode is needed so that the ECG voltages are
referred to it. It could be connected to earth, which is undesirable
for reasons of electrical safety, or it can be floating (i.e. not connected to earth). A floating or patient isolated amplifier is shown
in Figure 25.3.
The supply for the patient amplifier is obtained from an isolating transformer, which is rectified (and smoothed) to produce DC.
This provides isolation from the earth and mains supply. The signal
output from the patient amplifier is connected to the main monitor
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Figure 25.1 Signal processing block diagram showing the path from electrodes or transducer, to amplifier, filter, process, and then conversion of the signal to
digital form.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 5.10, Page 82, with permission from
Oxford University Press.
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Figure 25.2 A single-ended ECG amplifier, showing the system amplifying the domestic mains voltage at the input and output.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 5.7, Page 79, with permission from
Oxford University Press.
Differential amplifier

RA
LA

Modulator

+

De-modulator

Amplifier

Fibre-optic

–

– +

LED
OUTPUT

DC power to amps

RL
Common-reference
RectifyDC

AC power

Figure 25.3 Patient-isolated differential amplifier for measuring the ECG showing isolation provided by fibreoptics, and the power supply arrangements for the patient
amplifier. LA, left arm; LED, light-emitting diode; RL, right leg; RA, right arm.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 5.9, Page 80, with permission from
Oxford University Press.

by using a signal isolating transformer. In this way the patient side
of the equipment is totally separate and isolated from the main
equipment and is not earthed, but ‘floating’.
The amplifiers used to process these raw signals must have sufficient frequency bandwidth, that is, the ability to accurately amplify
a range of frequencies; for example, the ECG has harmonics up to
100 Hz, and so the amplifier must amplify each harmonic equally to
maintain the signal accuracy. Also each frequency must be amplified
with the same time delay, ideally with no time delay. If any of these
criteria are not met there will be amplitude and phase distortion.

Filters
After amplification, the signals are processed by electronic circuits.
The main process is filtering, which can be low-pass or high-pass filters. Low-pass filters block frequencies above a set frequency value,
for example, high-frequency signals from muscles, which can be
removed from an ECG signal. High-pass filters block frequencies
below a set value, for example, low-frequency respiratory signals
can be removed from the ECG. The filtering process is either ‘passive’ (simple resistor and capacitor circuits) or more sophisticated
active circuits built around resistors, capacitors, and operational
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amplifiers. An alternative to processing the analogue signal is to
filter using the frequency domain. In this case the signal must be
initially low-pass filtered and then quantified by the analogue-to-
digital converter. Once the analogue signal has been converted to
digital, it can be further analysed by a computer.

Digital processing
The advantages of digital signal processing are that once a signal is
digitized, the values cannot change, drift, or become noisy as can
occur with analogue signals.
The computer can carry out numerous mathematical tasks on
the digital signals, for example, filter them, carry out Fourier transforms to obtain the power spectrum (e.g. fast Fourier transform),
or just measure parameters such as the signal maxima.
The waveform is sampled at exact time intervals, converting the
analogue value to a digital value at a specific time point and sending the digital value to the computer for storage and processing. The
effect of sampling a sine wave is shown in Figure 25.4a, a ‘staircase’
waveform is the result. In the reconstruction, this staircase is simply
low-pass filtered to give the same sine wave again. In an eight-bit system, as shown in the figure, 8 units of binary memory are used, giving
binary values from 00000000 to 11111111, corresponding to decimal
values between 0 and 255. If the signal amplitude is up to 5 V then the

(A) 255

Digital value

204
153
102
51
0
5
10
Time/sample number
(B)

15

Correct sampling
Sampling too low

Correct
wave

Lower frequency induced wave

Figure 25.4 Conversion of analogue signal to digital values. (a) A sine wave
sampled at 10 equally spaced time points. The open circles represent a sample,
and these samples will have a corresponding digital value. For example, the 5th
sample in the diagram has a value of 153, the 10th 204, and the 15th 51. (b) A sine
wave sampled at above the Nyquist rate (open circles) and below the rate (closed
circles). Aliasing occurs when the sampling is too low and results in an aliased
wave—a much lower frequency wave than the sampled sine wave.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment
of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 5.11 and Figure 5.12, Page 83,
with permission from Oxford University Press.
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digital number produced is the signal amplitude multiplied by 255 ÷
5. Systems can have more than eight bits for greater accuracy.
The greater the frequency of sampling from a waveform, the
greater the preservation of information in the original analogue
waveform. The minimum sample rate (Nyquist frequency) is greater
than twice the bandwidth, the frequency range of the signal. At this
rate or above, all the frequency information in the original signal will
be maintained. At a lower sampling rate, frequency aliasing occurs,
where low-frequency components suddenly appear which are not
really present. This is illustrated in Figure 25.4b. In practice, the signal
tends to be sampled at between three and eight times the minimum
sample rate. No advantage is gained by sampling the waveform at 10
times or more the Nyquist minimum frequency required. Therefore
a low-pass filter is used to band limit the signal before it is digitized.

Electrodes
Electrodes applied directly to the human body are used both for the
measurement of bioelectric events and to deliver current to living
tissue in the form of stimulation. An electrode frequently has direct
contact via an electrolyte to the tissue, but the mode of action may
also be capacitive rather than direct.
When a metallic electrode comes into contact with a gel electrolyte, an electrochemical reaction occurs, so that the electrode resembles a voltage source, a capacitor, and a resistor. The voltage source
developed by this reaction at the electrolyte interface is called the
half-cell potential. Different metals have different half-cell potentials
and there is a range of values from near zero such as the Ag–AgCl
electrode (0.2 V) to the aluminium electrode at −1.7 V.
If different metals are used for each of the electrodes then large
voltages can be produced. When a pair of electrodes is used, which
is the minimum needed to detect a physiological event, the voltage difference should be the difference between the half-cell voltages. This voltage (needed to polarize) should be zero if the metals
are well matched. The electrical noise from the Ag electrode dramatically reduces when a chloride layer is applied. AgCl electrodes
are therefore fragile because of this property—the noise increases
greatly if the Cl layer is chipped.
Because of the electro-chemical properties of the electrode, each
electrode exhibits impedance. This is normally very low and much
less than the skin–electrode impedance. Typical Ag–AgCl impedance values are less than 200 Ω for low frequencies and 100 Ω for
high frequencies.
The total impedance of both the electrode impedance and the skin-
electrode impedance must be much lower than the amplifier input
impedance in order to maximize the transfer of a physiological signal from the body and to minimize signal distortion. Also low skin–
electrode impedance will minimize pick up of mains interference,
and reduce motion artifact. Skin–electrode impedance is reduced by
abrading and cleaning the skin before applying the electrodes.

Transducers
A transducer converts one form of energy to another. In biomedical applications transducers are used to convert physiological signals to analogue electrical signals which can then be processed as
described previously.
Transducers come in many forms: resistive, inductive, capacitive,
photoelectric, piezoelectric, thermoelectric, and chemical.
The variation of resistance has been used extensively to convert
temperature and mechanical displacement (pressure) to electrical
signals. The resistance of a conductor is dependent on the material,
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the geometric configuration, and the temperature. The choice of
material is dependent on its linearity or sensitivity for that purpose.
Resistance transducers have a wide range of uses in medicine from
strain gauges, thermometers, and thermistors to pressure (resistive)
transducers.

Resistive strain gauges
The resistance of a wire increases with increasing strain. This is
because as the length increases and the diameter decreases, this
causes the electrical resistance to increase; conversely, the compression of the wire has the opposite effect. Different materials will have
different sensitivities to the stress and strain. In addition, different
materials will be affected to different extents by temperature in this
regard. A pressure transducer is constructed from strain gauges, as
shown in Figure 25.5. The strain gauges are normally connected to
an amplifier via a Wheatstone bridge.

Inductance gauges and capacitance gauges
Inductive and capacitive transducers are also used in medicine,
shown in Figure 25.6.

Photoelectric transducers
Photoelectric transducers include photovoltaic cells, photoconductive cells, and phototransistors. The photovoltaic cell typically
consists of a thin coating of selenium, over which is placed a transparent metal film. When this is illuminated, a potential difference
appears across the barrier. Photoconductive cells consist of a thin
film of silicon and when exposed to certain types of radiant energy
its resistance decreases. The phototransistor has a fast response
time and causes an amplification in the same way as a transistor.
The output amplifies the small current change caused by the light
by the same process as that of transistors. The most well-known
use of the phototransistor has been in pulse oximetry (see ‘Pulse
oximetry’ in Chapter 43).

Piezoelectric transducers
Piezoelectric transducers consist of materials which develop a voltage difference across them when pressure or mechanical loading is
applied. These transducers are used to detect blood flow, or are used
as accelerometers. Piezoelectric transducers also work in reverse,

Pressure
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Figure 25.5 Diagram of a typical pressure transducer which utilizes bonded
strain gauges. The pressure moves the diaphragm back and forth, which in turn
moves the plate A (which is held in place by springs at each corner as shown).
With pressure in the direction of the arrow, the movement of plate A causes strain
gauges 1 and 4 to be compressed, and 2 and 3 to be expanded.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.7, Page 180, with permission
from Oxford University Press.

producing movement when a potential difference is applied.
Ultrasound transducers use both these principles.

Chemical transducers
Chemical transducers play an important role in the assessment of
metabolism. There are two main types: those that measure chemical
composition of the blood, tissue, and organ fluids, and those that
measure the composition of the respiratory gases. Many chemical
transducers are electrochemical cells in which the quantity to be
measured, such as the fuel cell and polarographic electrode, cause
a change in cell potential, or a change in current through the cell.

Calibration of transducers
It is highly desirable for the electrical output of a transducer to be
linearly proportional to the amplitude of a physiological event.
Calibration involves applying an input of known amplitude and
measuring the transducer output. The transducer output may be
voltage or current, analogue or digital. Complete calibration consists of both static and dynamic procedures. For example, static
calibration of an arterial blood pressure measuring system uses a
column of mercury to correlate mm Hg to voltage at one or more
discrete values. The blood pressure transducer is assumed to be linear throughout its working range and so a single point calibration
could be used along with zeroing, that is, equating zero input with
zero output. However, it is prudent to check the linearity by carrying out several point calibrations, at least one at each end of the
working range.
Dynamic calibration tests the frequency response of the system.
The objective is a perfect electrical equivalent of the arterial pressure
at the output of the amplifier. As previously described, any arterial
waveform is a complex wave consisting of many frequency components. The system under calibration must be capable of accurately
passing all frequency components from the arterial site to the output of the amplifier, with no amplitude or phase (time) distortion.
To give an example of the frequency response required, the highest heart rate that is usually encountered (in neonates) is 180 beats
min−1 which is equivalent to a frequency of 3 Hz. Fourier analysis
shows that the arterial waveform is sufficiently reconstructed using
8 harmonics and so the system must have a flat response (i.e. all
harmonics have the same amplitude and phase shift) from DC to
24 Hz (i.e. 3 × 8 harmonics).
A mechanical sine-wave generator applied to the transducer
can carry out this dynamic calibration from the transducer to
the amplifier. This is shown in Figure 25.7. The sine wave generator will sweep from DC to the highest frequency of interest,
typically a few hundred Hz. The output from the reference amplifier should show a flat response throughout the sweep range (as
demonstrated in the output from the reference amplifier), and the
calibration side should ideally show a flat response in the working frequency range (typically 0–24 Hz), and any resonant peak
should appear beyond this, as demonstrated in the diagram. At
higher frequencies, the response will fade. If the transducer, or
connecting amplifiers, is non-linear, then multiple calibration
points throughout the working range must be made to construct
a calibration curve.

Resonance and damping
In this section, resonance and damping will be discussed, using
invasive blood pressure as a mechanical example of resonance, from
which electrical analogues can also be derived.
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Figure 25.6 Diagrams showing the principles behind an inductance-based (a and b) and capacitive-based (c) pressure transducers. In (a) and (b), the pressure moves
the diaphragm which moves the iron core in and out of the coils(s). A refers to the single coil transducer and B refers to the two coil transducer with input and output
coils. In (c), the pressure pushes the diaphragm in and out, and this alters the position of plate B, which is connected by springs to the body of the transducer. Plate A is
fixed, and so the capacitance is proportional to the pressure. C is the dielectric (insulating) material.
(a), (b) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.8, Page 181, with permission
from Oxford University Press.
(c) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.9, Page 181, with permission
from Oxford University Press.
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Figure 25.7 The dynamic calibration of a transducer and catheter system. The reference transducer records directly from the pressure generator and the calibration
side is connected to the catheter measuring site. The waveforms show examples of the outputs from the amplifiers, showing flat waveforms from 0 Hz to 24 Hz, and
resonance between 24 Hz and 300 Hz on the calibration waveform.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 3.6, Page 54, with permission from
Oxford University Press.

A pressure change, as a result of the blood pressure waveform,
will cause fluid to move through the catheter and displace the
diaphragm of the transducer. In this example, inertance of the
transducer system (mass), resistance of the system (viscous drag
or friction), and compliance of the system (elasticity or stiffness)
are analogues to electrical inductance, resistance, and capacitance respectively. There is an appropriate electrical circuit for this
arrangement, which is shown in Figure 25.8a.
The c subscripts represent the catheter, t the transducer, and
d the diaphragm and the driving pressure is the blood pressure.
In practice when there is a stiff catheter and a bubble-free fluid,
then the compliance of the catheter, and friction and inertia of
the transducer are very small. A simplified model is shown in

Figure 25.8b. The dotted extension is the addition of air bubbles
into the system.
With regard to resonance, when any physical system has vibration imposed upon it, it will vibrate at a frequency and amplitude
dependent on the relationship between its own physical properties
and the externally imposed force. For a measurement system, such
a phenomenon produces an unacceptable variation in response to
a change in a variable being measured, and the fidelity and accuracy of the measurement is very much impaired. If the external
applied force occurs at a frequency which coincides with a harmonic (a multiple) of one of the natural frequencies of the system,
then the system will resonate, which means it oscillates at a characteristic resonant frequency at an amplitude which may increase
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Figure 25.8 (a) Electrical analogue circuit of blood pressure measurement. See
text for explanation. (b) Simplified model; the dotted extension is the addition of
air bubbles into the system (identified by subscript b).
(A) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and
Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.11, Page 183,
with permission from Oxford University Press. (B) Reproduced from Magee P. and Tooley M.,
The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second
Edition, 2011, Figure 12.12, Page 183, with permission from Oxford University Press.

dramatically (theoretically to an infinite amplitude) in the absence
of any other forces which may prevent that occurrence. In practice,
all physical systems have such frictional forces which attenuate the
amplitude achieved by a system oscillating at its natural frequency.
The damping in the system is a measure of the frictional force
(hydraulic or between solids) acting on the mass and changes the
oscillating response to one where the amplitude does not increase
as uncontrollably. If the waveform of the blood pressure is applied
to the system, the fluid in the catheter will transmit the pressure to
the piston and cause the diaphragm to oscillate in response. If the
pressure is removed then the diaphragm will eventually return to
the original position. This return can be slow or rapid and the diaphragm may oscillate depending on the relationship between the
mass of the system, the elasticity, and damping. These factors affect
how faithfully the blood pressure signal is transferred to the pressure transducer.
The response of the direct blood pressure system can be measured by triggering it with two different inputs. The first is using
a step function and the second a driven variable frequency sine
wave. The step function is a sudden change from no pressure to
a constant pressure, instantaneously, for example, by activating
a continuous flush device and then suddenly releasing it. The
variable frequency is obtained by adding a pressure oscillator
to the system, which starts at DC (zero frequency) and goes up
to 200 Hz. This was discussed earlier in the concept of dynamic
calibration.
If a step change is applied, the diaphragm moves to its new
(correct) position in a time dependent on the damping in the
system. The overshoot (the displacement beyond the final resting
level) will depend on this as well. If the damping exceeds a certain
value the oscillatory component will reduce to zero, which may
adversely affect the response of the system. If it is less than a certain value, the amount of oscillation will become prolonged, and
this too reduces the usefulness of a measurement system. When
there is critical damping, the diaphragm will respond as quickly as
possible without overshoot. Less damping results in a more rapid
response of the diaphragm but there is overshoot. If there were
no damping (which is not possible in practice) then the system
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Figure 25.9 Diagram showing the system response to a step increase in pressure,
with different damping ratios. The x-axis is time expressed as a percentage of the
period of undamped oscillation. The dotted response A is with no damping, B is
with light damping (damping ratio of 0.2). C is with a ratio of 0.4. D is with a ratio
of 0.7, E is with damping of 1. The final position is shown by the line that goes
through % response = 100. α and β are the overshoot and rise-time of response
B respectively. The undamped frequency of the system is 1/(A′ − A) Hz and the
damped frequency with damping ratio of 0.2 is 1/(B′ − B) Hz.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.13, Page 185, with permission
from Oxford University Press.

would oscillate at the natural frequency of the system. This is
shown in Figure 25.9.
The resonant frequency of the system is given by:
fo =

k2 (stiffness)
1
2π M (mass component )

(25.1)

The electrical equivalent can be seen to be:
fo =

1 1/ C
2π L

(25.2)

where C is the capacitance, and L the inductance. The damped
natural frequency is the reciprocal of time B′ − B (from Fig. 25.9)
and is:
f D = f o 1 − D 2 � or in the example
f D = f o 1 − (0.2) 2 = 0.98 f o .

(25.3)

The second method of looking at the response of the system is to
apply a sine wave pressure signal at constant amplitude to the system, but of gradually increasing frequency. The output of the pressure transducer could be similar to Figure 25.7, and the relative
amplitude will follow one of the curves in Figure 25.10, depending
on the damping of the system.
At low frequencies the output of the system remains at a constant
amplitude, independent of frequency, indicating that the system is
accurately following the input pressure waveform. However, as the
frequency is increased beyond a certain value, the output waveform
can increase in amplitude, the peak of the response occurring at the
resonant frequency of the catheter-transducer system. At higher
frequencies, after this resonant peak, the amplitude of the response
decreases towards zero.
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Figure 25.10 Frequency response curves of the relative amplitude (ratio of the
output wave and the input wave) against the relative frequency (the ratio of
the frequency and the resonant frequency). Curve A is with the damping ratio
of 1, B 0.7, C 0.5, D 0.25, E 0.17, and F is with 0.125. The dotted lines represent
the system with a damping ratio approaching zero. The dashed line is the ideal
frequency response with a relative amplitude equal to 1.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.14, Page 186, with permission
from Oxford University Press.

Spectroscopy
Spectroscopy is used in different aspects of monitoring described in
Chapter 44. In general, if light is shone at or through a substance it
is reflected or absorbed, and the residual light coming from the substance can be detected and its intensity measured. Light absorption
depends on the laws of Beer and Lambert, which can be combined
to state that the amount of light absorbed by a substance is proportional to the thickness of the substance sample (the path length of
the light) and the concentration of the substance. The relationship
is a logarithmic one and can be written as:
Absorption = log10

( Intensity incident light )
Intensity
transmitted light )
(

= constant × path length × concentration (25.4)
Molecules which contain two or more different atom species (i.e.
carbon dioxide, nitrous oxide, and water), absorb infrared radiation, because of the nature of the bond between dissimilar atoms.

measurement and monitoring in anaesthesia

This property can be used to analyse gases such as carbon dioxide,
nitrous oxide, and water vapour, and all anaesthetic vapours, but
not oxygen or nitrogen.
When light falls on an object, it can also be reflected and scattered by the object. Most of this scattering occurs without any loss
of energy or change of wavelength and is known as Rayleigh scattering, which allows us to see the object with scattered waves in
the visible spectrum. A fraction of the incident light, about 10−6, is
scattered with a loss of energy and a change of wavelength characteristic of the molecule off which the light is being reflected; this is
Raman scattering, which can be used to analyse gas samples of any
molecule in a gas mixture.

Magnetism
Magnetic fields are used in monitoring devices. Gas molecules are
influenced by a magnetic field in two different ways because of their
structure. Most are repelled by the field and are called diamagnetic.
Two gases, oxygen and nitric oxide, are attracted into the field and
are called paramagnetic. This property enables oxygen concentrations to be analysed and is as a result of the presence of unpaired
electrons in the outer shell of an oxygen molecule, which allows
generation of a force in a magnetic field. This property is used to
analyse oxygen.
A mass spectrometer analyses a gas mixture by producing ions of
the different gas species, separating the components in a magnetic
field according to molecular mass and charge. Providing the constituents of the mixture are known, appropriate detectors can be
provided and any gas can be analysed.
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CHAPTER 26

Assessment of the
components of anaesthesia
Martin Luginbühl and Arvi Yli-Hankala
Introduction
The three classic components of anaesthesia are hypnosis/amnesia,
immobility, and analgesia. A modern balanced anaesthesia consists
of a volatile anaesthetic with or without nitrous oxide, opioids, and
neuromuscular blocking agents (NMBAs). In total intravenous
anaesthesia, a propofol infusion is combined with opioids and
NMBAs. The goal of anaesthetists is to find the optimal combination of the three components in order to ascertain optimal surgical
conditions and haemodynamic stability by blocking the response to
noxious stimulation, to avoid awareness and recall and to achieve
a rapid recovery. In this chapter, the methods for measuring hypnosis and analgesia in the patient under general anaesthesia are
discussed.

The hypnotic component
History
The challenge to measure intraoperative unconsciousness is as
old as the concept of general anaesthesia itself. The earliest public anaesthesia demonstration with nitrous oxide in 1845 at the
Massachusetts General Hospital in Boston, United States, was
unsuccessful; the patient remained conscious, yelling in pain, and
the practitioner (Dr Horace Wells) was dishonoured. The classical ether demonstration in 1846 by William T. G. Morton at the
same institution was a triumph, starting the era of general anaesthesia. However, even the patient of this successful demonstration
afterwards claimed to have been conscious and sensed considerable pain during surgery (White et al. 1987). From the viewpoint
of adequacy of anaesthesia, the hypnotic component was probably
incomplete in both of these early well-known demonstrations.
It was soon recognized that the novel inhaled anaesthetics are
potent drugs, sometimes with a narrow anaesthetic margin of
safety. Later on, a surgeon’s request for better anaesthetic quality, that is, the parallel use of inhaled anaesthetics and morphine
in a spontaneously breathing patient, also became a safety issue
(Johnstone 1927). A standardized method to assess the anaesthetized patient’s situation was apparently needed. The first definition
of ‘depth of anaesthesia’ had already been published in 1847 by
F. Plomley (Plomley 1847), followed by J. Snow’s classifications for
ether and chloroform anaesthesia (Snow 1847, 1858). These early
publications described the central physical signs of the patient,
such as eye movement, conjunctival reflex, regular breathing, and
intercostal muscle relaxation. Ninety years later, Guedel’s detailed

classification of the stages and planes of ether anaesthesia became a
standard text for many years (Guedel 1937). This classification was
based on respiration, ocular signs, and muscle tone: most relevant
in inhaled anaesthesia with a spontaneous breathing regimen.
The role of clinical signs started to change in the 1940s, because
of the developing course of anaesthesia therapy. Arthur Läwen, a
German surgeon, had used curare for surgical patients as early as
1912 (Läwen 1912), but his reports, written in German, remained
unknown for decades. In the late 1930s, d-tubocurarine was used
to facilitate convulsions during psychiatric convulsive therapy
(Bennett 1940), and since 1942, NMBAs have been widely used
in clinical anaesthesiology. Although first given in small doses
for spontaneously breathing patients, d-
tubocurarine soon
changed the whole practice of anaesthesia. The combination of
narcotic analgesics, nitrous oxide, and d-tubocurarine necessitated mechanical ventilation—a practice that replaced the spontaneous breathing of ether in high concentrations. Consequently,
the majority of the former signs of anaesthesia were lost, and the
incidence of unintentional awareness rose (Winterbottom 1950;
Siker 1956).
During the following decades, it became apparent that the clinical signs were not foolproof (Saucier et al. 1983) and that the overwhelming use of NMBAs may lead to unintentional awareness
(Mushin 1959). Autonomic signs, such as heart rate or blood pressure, were found to be unreliable indicators (Abouleish and Taylor
1976; Breckenridge and Aitkenhead 1981, 1983; Yli-Hankala et al.
1994). This was found to be particularly true when high doses of
opioids were used as the principal anaesthetic agents (Hilgenberg
1981). Attempts to redefine the anaesthesia concept arose (Pinsker
1986). The focus turned to the central nervous system, either the
frontal electromyogram (F-EMG) (Malmo and Smith 1955; Klein
and Davis 1977; Harmel et al. 1978; Watt et al. 1985; Edmonds, Jr
et al. 1986) or electroencephalogram (EEG).
The activity of frontal muscles is under the control of the facial
nerve. In addition to the voluntary branches, this nerve also brings
some autonomic connections to the muscles. Therefore, these
muscles are classified as visceral by some anatomists (Noback and
Demarest 1975). The involuntary control of facial muscles is both
protective and emotional, signalling the experience of pain or nociception. The frontal muscles were found to be partially resistant
to NMBAs (Tammisto et al. 1983). The amplitude of F-EMG during general anaesthesia reflects adequacy of anaesthesia (Fig. 26.1)
and increases during nociception or impending awareness (Klein
and Davis 1977; Tammisto et al. 1983). This finding prompted
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Figure 26.1 Frontal EMG (a), EEG frequency (b), and EEG amplitude (c) during isoflurane anaesthesia. Accidental depletion of an isoflurane vaporizer during surgery
resulted in a marked increase in EMG amplitude (●), preceded by increased frequency and decreased amplitude of EEG. The EMG activity occurred several minutes
before movement (O) and subsequent deepening of anaesthesia. The horizontal bar at the bottom right is a 10 min time marker.
Reproduced from Springer and International Journal of Clinical Monitoring and Computing, 1, 4, 1985, pp. 201–210, Edmonds HL, Jr., Paloheimo M. Computerized monitoring of EMG and EEG
during anesthesia: An evaluation of the anesthesia and brain activity monitor (ABMR). Copyright © 1985 Springer. With kind permission from Springer Science and Business Media.

development of a commercial EMG monitor for intraoperative use
(ABM™, Datex/INSTRUMENTARIUM, Helsinki, Finland) in 1982
(Edmonds and Paloheimo 1985).
The physiology behind the monitor was solid, but because of
the dependency of anaesthetic method used, and rather limited
predictive value, the ABM™ was judged non-practical and discontinued some years later (Chang et al. 1988). Thereafter, the
behaviour of F-EMG has been taken into account in some modern, commercially successful ‘awareness’ EEG monitors, both in
anaesthesia and intensive care (Viertiö-Oja et al. 2004; Walsh
et al. 2011).
The EEG has been studied during anaesthesia for a long time
(Berger 1931). In fact, the EEG was named the earliest electronic
monitoring technique used in the operating theatre (Levy et al.
1984). The anaesthetic effects on brain waves were studied by several authors (Derbyshire et al. 1936; Gibbs et al. 1937; Marshall
1938; Beecher and McDonough 1939). By the time of World War
II, these early investigators had described most of the typical
anaesthetic effects on the EEG. The first experiments for automatic EEG control of general anaesthesia appeared in the late
1940s (Bickford 1949, 1951). The calculating power of the computers improved rapidly, enabling the quantification of electrical
activity of the brain (Brazier and Barlow 1956; Cooley and Tukey
1965). Quantitative EEG (QEEG) opened a whole new era in the
field of monitoring brain waves: as the subjective interpretation
of unprocessed, traditional EEG was associated with considerable
variability (Williams et al. 1985), the QEEG offered mathematically exact methods to objectively monitor the changes in cerebral
electrical activity.
Both time-domain and frequency-domain analysis were studied and commercialized. Near-online calculation of power spectrum [fast Fourier transformation (FFT)] made it easier for
a non-neurophysiologist to detect the changes in EEG in the
clinical setting. To display the FFT information, many methods
were introduced. Compressed spectral array and density spectral array have been used in both experimental and clinical settings, especially to detect the effect of hypoxia in anaesthetized

patients (Edmonds et al. 2004). Single-number parameters, such
as median frequency (Schwilden and Stoeckel 1980) or spectral
edge frequency (Rampil et al. 1979) were introduced in the 1970s
and are still in use.
The zero voltage crossing frequency of EEG per second (Klein
1976), and its improvement, Demetrescu’s aperiodic analysis (Demetrescu 1975), have been used in, for example, ABM™
and LifeScan™ (Neurometrics, Inc., San Diego, California, USA)
monitors, respectively. The cerebral function monitor (CFM™)
was developed for continuous monitoring of EEG in intensive
care patients after anoxic insult, such as cardiac arrest. It plotted
the peak-to-peak EEG amplitude as a function of time, offering
a compressed trend view (Maynard et al. 1969). Both CFM™ and
its successor, CFAM™, have been used for analyses of anaesthetic
drug effects (Yate et al. 1986). The Multichannel Cardiovascular
Intraoperative Monitoring (CIMON™) program, installed in
the Cadwell (Cadwell Industries, Inc., Kennewick, Washington,
USA) digital EEG monitor, was developed to monitor the relative δ frequency activity during cardiovascular procedures for the
purpose of detecting cerebral ischaemia. The comparison necessitated obtaining ‘a norm’ after anaesthetic induction but before
surgery; the potential change was based on this initial sample of
EEG frequency distribution. A relative increase of δ frequency
activity of the equivalent of three standard deviations or more was
considered a significant indicator of brain tissue ischaemia. The
EEG activity was mapped on a monitor screen with colour labelling, making the interpretation fast and relatively easy (Edmonds
et al. 1992).
These and many other EEG monitoring methods were developed by the early pioneers of QEEG. Typically, both drug effect
and signs of impending hypoxia could be seen. The main interest,
however, was not to estimate the adequacy of the hypnotic component of anaesthesia, but the neuronal well-being, that is, avoidance
of ischaemic brain damage (Levy 1984). Although the quantification of EEG was helpful, the monitoring of anaesthetic ‘depth’ was
still considered cumbersome by the average clinician, as definitive
(numerical) indicators were missing.
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EEG during general anaesthesia
As already mentioned, alterations in vigilance (the hypnotic component of anaesthesia) can be evaluated by monitoring the brain
waves. Both EEG and auditory-evoked potential (AEP) methods
have been recommended.
The γ-aminobutyric acid type A receptors (GABAA) are important target sites for most modern hypnotic anaesthetic drugs, such
as volatile anaesthetics and propofol (Garcia et al. 2010). During
increasing concentrations of these pharmaceuticals, the EEG
desynchronization is followed by gradual synchronization, slowing frequency and increasing amplitude of EEG, thereafter EEG
suppressions (burst suppression), and, finally, isoelectric EEG
(Fig 26.2).
Although all general anaesthetics have their own EEG fingerprint, this well-known order of appearance can be used in a rough
visual analysis of drug effect of the GABAergic hypnotics.
Because the most frequently used hypnotic drugs in modern
anaesthesia are GABAA-binding drugs, all numerical EEG ‘awareness’ monitors are tuned to detect this GABAergic EEG picture.
Recognition of a fast, low-amplitude EEG pattern serves as a warning sign of impending awareness, while a specific algorithm has
been designed to detect EEG suppression signals of unintentionally deep anaesthesia (Rampil 1998; Särkelä et al. 2002; Viertiö-
Oja et al. 2004). The anaesthetic EEG activity between these two
extremes is classified as an adequate level of hypnosis.
This approach has several drawbacks: many potent and useful
drugs that may modify the state of anaesthesia do not obey the
rule of GABAergic EEG. A typical example is nitrous oxide that
renders the EEG index information meaningless, when vanishing
consciousness is not associated with a decrease of index number
(Barr et al. 1999). In deep isoflurane anaesthesia at burst suppression level, adding nitrous oxide in the otherwise unchanged
anaesthesia regimen either shortens the length of suppressions
or causes them to disappear (Yli-Hankala et al. 1993a). Thus, the
EEG information, indicating lightening drug effect, is opposite
to the real clinical effect. Also ketamine, a non-competitive N-
methyl D-aspartate (NMDA) antagonist, induces a dissociative
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Figure 26.2 The electroencephalogram during increasing isoflurane
concentration in a man. The EEG recording (Fpz-Cz) during isoflurane inhalation
induction and subsequent deepening of isoflurane anaesthesia in a patient.
(1) The last eye blinks. (2) Loss of consciousness, EMG and β frequency EEG
activity. (3) Increasing EEG amplitude and decreasing frequency. (4) θ/β frequency
EEG activity, surgical anaesthesia. (5) First EEG suppression. (6) EEG burst
suppression turns to suppressed, near-isoelectric EEG.
Reproduced with permission from Hartikainen K. EEG Reactivity during Isoflurane-Induced Burst-
Suppression Anaesthesia. Doctoral Thesis. Vol. 498. Vammala: Vammalan Kirjapaino Oy, 1996.
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state resembling general anaesthesia without the classical EEG picture of Figure 26.2 (Maksimow et al. 2006). Finally, short-acting
opioids, such as remifentanil or alfentanil, slow the EEG activity
and decrease index numbers also during consciousness (Hoffman
et al. 1993; Vassiliadis et al. 2007; Yli-Hankala 2008). Even among
GABAergic anaesthetics, the EEG picture is agent specific. Propofol
anaesthesia is associated with spindles (Huotari et al. 2004), and
the burst activity of enflurane or sevoflurane anaesthesia is more
spiky than that of isoflurane or desflurane anaesthesia (Rosén and
Söderberg 1975; Yli-Hankala et al. 1999) (Fig. 26.3). Also, nitrous
oxide, when added as an adjuvant, may sharpen the waveforms of
inhalation anaesthetics (Yli-Hankala 1990). Therefore, the anaesthetic EEG is not always a direct indicator of consciousness, but
rather a reflector of the drug effect, which may or may not cause
unconsciousness.
Decades-long experience with brain waves has shown that
unconsciousness is reliably detected only in a few specific cases: the
EEG reflects unconsciousness in generalized tonic–clonic seizures,
during post-ictal suppression when the EEG is completely suppressed (isoelectric) because of an anaesthetic or another cause,
or when the EEG shows a burst suppression pattern in the whole
cerebral cortex. All other EEG pictures are uncertain indicators
of unconsciousness. Even other EEG discharges than generalized tonic–clonic seizures correlate poorly with consciousness, or
reflect only part of the features of consciousness, such as reaction
time. A typical example is 3 s−1 spike-wave discharges, which may
dominate the whole EEG, yet the patient is conscious, but in a non-
convulsive epileptic status of absence type.

Numerical EEG indicators of unconsciousness
Bispectral Index™
The Bispectral Index™ (BIS™; Covidien, now Medtronic Minimally
Invasive Therapies, Minneapolis, MN, USA) was introduced in
1994 (Sigl and Chamoun 1994) as the first numerical EEG monitor of anaesthetic drug effect. By means of analysing one-or two-
channel EEG signals collected at the frontal region of the head,
the BIS™ gives a dimensionless index 100 to 0: values above 60
indicate increased risk of wakefulness and those below 40 show
an unnecessarily strong hypnotic drug effect that may prolong
post-anaesthetic recovery. The BIS™ calculation formula consists
of various sub-parameters (Rampil 1998). According to the manufacturer, the analysis of EEG is divided into suppression detection
(burst suppression ratio) and FFT. The FFT is used to calculate
ratios named the relative β ratio and SynchFastSlow. The relative β
ratio is a logarithmic ratio of power in frequency bands 30–47 Hz
and 11–20 Hz. The SynchFastSlow means the logarithmic ratio of
the sum of all bispectrum peaks in two different frequency areas,
namely 0.5–47 Hz over 40–47 Hz. The BIS™ is therefore a combination of time domain, frequency domain, and bispectral domain
sub-parameters (Rampil 1998).
The BIS™ is shown to have good prediction value of the level of
sedation and loss of consciousness (Schraag et al. 1999). It provides
valuable information for a clinician conducting anaesthesia, thus
reducing consumption of anaesthetics and shortening the time
delay of immediate recovery (Gan et al. 1997). Also its reliability in
paediatric surgical patients has been demonstrated (Denman et al.
2000; Whyte and Booker 2004). In infants, however, the sensitivity of the BIS™ is only moderate, probably as a result of the poorly
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was associated with two awareness cases, compared with 11 cases in
controls, whose BIS™ values were not displayed (Myles et al. 2004).
Later on, volatile anaesthetics were administered either according
to a target range of BIS™ or a target range of measured end-tidal
concentrations. Audible alarms were set to indicate deviations from
predetermined BIS™ values (40–60), or from predetermined minimum alveolar concentrations (MACs) of 0.7–1.3. In two studies of
930 and 5500 participants, the BIS™ protocol was as effective as the
MAC protocol (Avidan et al. 2008, 2011). Another trial from the
same group demonstrated identical outcome with BIS™-or MAC-
guided anaesthesia, while BIS™ monitoring appeared to reduce
awareness, compared with a non-monitored group (Mashour
et al. 2012).
Use of the BIS™ during surgery has also been studied as a possible predictor of postoperative mortality. Cumulative deep sedation
(intraoperative BIS™ <45, or BIS™ <40 for > 5 min) has been associated with increased mortality (Monk et al. 2005; Lindholm et al.
2009; Leslie et al. 2010). However, this finding is not supported by
all researchers (Kertai et al. 2011). Thus, the issue remains controversial, as sensitivity to anaesthetics, promoting low BIS™ values, is often associated with overall morbidity of the patient. Very
recently a subgroup analysis of the BAG-Recall trial (Avidan et al.
2011) revealed that BIS™-monitored patients had a lower incidence
of postoperative delirium than patients from the MAC protocol
(Whitlock et al. 2014).
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Figure 26.3 EEG phenomena during anaesthetic induction with 8% sevoflurane
mask. Classified EEG phenomena. Fast (a), slow (b), δ (c), and slow δ (d) activity,
δ monophasic activity (e), slow δ monophasic activity with spikes at asterisks
(f), burst suppression (g), burst suppression with spikes (h), polyspikes (i), and
rhythmic polyspikes (j). EEG filtering band-pass 1.0–50 Hz.
Reproduced with permission from Yli-Hankala A, Vakkuri A, Särkelä M, Lindgren L,
Korttila K, Jäntti V. Epileptiform electroencephalogram during mask induction of
anesthesia with sevoflurane. Anesthesiology, Volume 91, pp. 1596–1603, Copyright ©
American Society of Anesthesiologists 1999.

matured EEG of infants (Klockars et al. 2006). The data from intensive care remain controversial. This is perhaps because of the heterogeneity of the patients and sources of typical artifacts in intensive
care units (Frenzel et al. 2002; Vivien et al. 2003; Leblanc et al. 2006;
Haenggi et al. 2008, 2009).
Currently, the BIS™ is the only ‘awareness’ monitor shown to
reduce the incidence of unintentional intraoperative consciousness.
In a randomized controlled trial of almost 2500 high-risk patients
anaesthetized with propofol or volatile anaesthetics, the use of BIS™

Entropy™ (GE Healthcare, Helsinki, Finland), a spectral entropy-
based calculation formula for description of anaesthetic drug
effect of EEG, was first described in 2004 (Vakkuri et al. 2004;
Viertiö-Oja et al. 2004). Entropy™ reflects the amount of disorder,
describing the irregularity or unpredictability of the signal. During
anaesthesia, the entropy content of the EEG decreases (Steyn-Ross
et al. 1999; Bruhn et al. 2000). In Entropy™ analysis, the EEG is
collected at the upper frontal region of the head. The calculation
process (Viertiö-Oja et al. 2004) finally yields State Entropy (SE)
and Response Entropy (RE) indices. The dimensionless numerical
scale for SE is 0–91, while RE ranges between 0 and 100. Similar
to BIS™, the recommended optimal SE window for clinical anaesthesia is 40–60. SE is calculated over the 0.8–32 Hz frequency
range, which is assumed to consist of the EEG-dominant part of
the spectrum. Therefore, SE is thought to represent the cortical
activity of the patient. RE, calculated over 0.8–47 Hz, also includes
the EMG-dominant part of the spectrum. As F-EMG is a sign of
nociception or impending awareness (Edmonds and Paloheimo
1985), a RE–SE difference of more than 5 units indicates the presence of EMG, and thus inadequate anaesthesia. Consequently,
identical SE and RE values within the suggested range of 40–60
are assumed to reflect adequate anaesthesia without nociception
or risk of awareness. As a result of the signal characteristics, the
calculation of RE is fast, yielding rapid information of the upper
facial muscle activity. Compared with SE or BIS™, RE is the fastest index showing arousal in the end of anaesthesia. In Entropy™
monitoring, EEG suppressions are also detected using a separate
algorithm (Särkelä et al. 2002). The Entropy™ content of an EEG
suppression is marked as zero (Viertiö-Oja et al. 2004).
The sensitivity and specificity of Entropy™ in detecting loss of
unconsciousness, changing drug concentrations, and reappearing
consciousness is good (Vakkuri et al. 2004). Entropy™ monitoring

49

Chapter 26

decreases the consumption of anaesthetics, thus shortening the
recovery times (Vakkuri et al. 2005). Entropy™ also appears to be a
useful hypnosis monitoring method in children, although like BIS™,
the sensitivity in infants is less clear (Klockars et al. 2006, 2012;
Talawar et al. 2010). In intensive care, the reliability of Entropy™
in monitoring sedation or analgesia remains poor (Haenggi et al.
2008, 2009).
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The problem of artifacts

The EEG is a tiny signal; in operating theatres it is frequently
recorded using a single frontoparietal montage, on top of masseter
and frontal muscles. Although during development of commercial
monitors every attempt has been made to filter away or otherwise
manipulate the various artifacts, distortion of the collected EEG
data cannot be fully avoided in a hostile environment such as the
operating theatre or intensive care unit. The ‘distorted’ EEG index
Narcotrend®
The Narcotrend® monitor (Narcotrend Group, Hannover, Germany) information can arise from pharmacology, physiology, external
algorithm was developed on the basis of visual inspection of the artifacts, or misunderstood signal-analysing philosophy.
The EEG fingerprint, as already mentioned, is not similar for all
EEG during different stages of general anaesthesia (i.e. different
anaesthetic
drugs. The ‘awareness’ monitors assume GABAergic
drug concentrations) and therefore does not use the FFT. Early verdrug
effect;
thus
nitrous oxide, ketamine, or opioids can cause unexsions displayed the hypnotic stage in a letter scale from A (awake)
pected
readings
(Hoffman et al. 1993; Barr et al. 1999; Yli-Hankala
to F (general anaesthesia with increasing burst suppression). Each
stage was subdivided into several sub-stages resulting in a total of 15 et al. 1993a; Maksimow et al. 2006). Epileptiform activity during
sub-stages (Kreuer et al. 2001). Later the monitor was modified to anaesthesia is more common than generally known and may be
display a single number representing depth of hypnosis as the BIS™ caused by hyperventilation and rapid changes in drug concentra(Kreuer et al. 2004). In the comparative work on Narcotrend® and tions (Yli-Hankala et al. 1999; Ross et al. 2001; Wass et al. 2001).
BIS™ it was demonstrated that the concentration–response curve During epileptiform activity, the numerical EEG index information
of volatile anaesthetics with both monitors was better described by remains meaningless (Särkelä et al. 2007).
One of the most common physiological ‘EEG artifacts’ is the
a bi-sigmoidal rather than a sigmoidal Emax model (Kreuer et al.
2008a, 2008b). This illustrates the fact that hypnotic state monitors EMG. Although an informative indicator of impending motor
in general are subject to uncertainty in the field between burst sup- activity (Edmonds and Paloheimo 1985), it is usually treated as
pression, which implies unconsciousness, and EEG desynchroniza- an artifact. In the Entropy™ concept, fast activity greater than 32
Hz is considered EMG and displayed separately as the RE index
tion, which signals wakefulness.
There are a couple of other hypnotic depth monitors on the mar- (Viertiö-Oja et al. 2004). Recent studies have shown the potential
ket, most of them using some form of spectral analysis in order to of EMG activity to spread down to the less than 10 Hz range, which
compute a dimensionless number between 100 and 0. Depending increases not only the RE, but SE index, as well (Aho et al. 2009,
2011). In extreme cases, the Entropy™ indices can reach awake
on the frequency array and the software algorithms, they display
different numbers for a similar sedation level and have different values, despite normal hypnotic drug concentrations. The maxidelays in indicating changing levels of sedation and anaesthesia mum power of F-EMG can be less than 6 Hz (Kamata et al. 2011a,
2011b). This is the case especially during nociception, when the
(Zanner et al. 2009; Kreuzer et al. 2012).
EEG electrode is placed on top of an actively firing motor unit, and
AEP Monitor/2™
the neuromuscular blockade is weak (Aho et al. 2011) (Fig. 26.4).
AEP Monitor/2™ (Danmeter A/S, Odense, Denmark) combines Also BIS has been shown to be sensitive to EMG activity (Aho et al.
auditory-
evoked potential information with EEG. Auditory- 2012; Vivien et al. 2003). Visual on-line inspection of the presence
evoked potentials, as responses to auditory clicks, are derived from of EMG on raw EEG signals at the anaesthesia monitor is challengEEG, averaged, and amplified. The 10–50 ms latency deflections No, ing, because of the monitor resolution and small amplitude of EMG
Po, Na, Pa and Nb, called middle latency auditory-evoked poten- signal (Aho et al. 2013).
tials (ML-AEPs), are the most sensitive components for monitorArousal comes in many forms. The most typical arousal is either
ing alterations in vigilance, revealing the loss of consciousness an increase of EEG frequency or appearance of EMG. In about 10%
more accurately than the EEG-based indices (Newton et al. 1992; of cases, however, the EEG arousal is seen as slowing of the rhythm,
Thornton and Sharpe 1998; Drummond 2000). The ML-AEP deflec- which decreases the EEG index values, contrary to expectations
tions, on the other hand, tend to lose their sensitivity, as a result of (Bischoff et al. 1993; Kiyama and Takeda 1997; Aho et al. 2011).
decreasing amplitudes, already at surgically meaningful anaesthetic Also an electrocardiogram may change the appearance of anaesconcentrations (Thornton and Sharpe 1998). Therefore, combining thetic EEG and consequently the index value, especially when the
the information obtained from ML-AEPs with EEG seems rational. neck of the patient is thick and short (Hemmerling et al. 2008).
The AEP Monitor/2™ produces a composite A-line autoregressive
The external electrical artifacts, such as 50/60 Hz mains artifact,
index; that is, it converts the AEP and EEG information into one are well-known but usually harmless, because the 50/60 Hz activnumber. Although the index scale is 0–100, the optimal surgical ity is heavily filtered. However, the mains artifact may complicate
anaesthesia range is 15–25, values over 50 representing awareness. the visual analysis of the raw EEG signal (Aho et al. 2013). Forced
The AEP-Monitor/2™ is found to effectively differentiate the mild, air warming devices, endoscopic shavers, and principally all instrumoderate, or deep sedation in clinical patients (Huang et al. 2007). ments with rolling function may elicit index-changing artifacts
However, the number of publications evaluating the AEP Monitor/ (Hemmerling and Fortier 2002; Hemmerling and Migneault 2002).
2™ remains limited.
As the end users of modern signal analysing technology, the old
The National Institute for Health and Care Excellence (NICE) GIGO concept (‘garbage in, garbage out’) should always be kept in
has published recommendations on the use of some depth of anaes- mind. The EEG monitors come with impedance and signal quality
thesia monitors (Shepherd et al. 2012).
checks; nevertheless, the anaesthetist should be aware of the basic
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Figure 26.4 Entropy indices SE and RE, sevoflurane concentration, and raw EEG samples during anaesthetic induction and skin incision. State Entropy and
Response Entropy trends (a), end-tidal sevoflurane concentration (b), heart rate (c) the spectrogram recorded with Entropy™ sensor (d) during sevoflurane–nitrous
oxide–rocuronium anaesthesia. The Roman numeral ‘I’ refers to the time point of the power spectrum before intubation, shown as dimmed line in (f). The Roman
numerals II, III, and IV refer to the 10 s samples of the original biosignal and to the corresponding power spectra, presented in (e–j). (e) A 10 s sample of the original
biosignal at the time of intubation. EMG causes an increase in SE and RE values to maximum, although the EEG itself shows high voltage slow activity. This, together
with high end-tidal sevoflurane concentration suggests that the patient was deeply unconscious. (f) The respective power spectrum from the same time period.
EMG causes a typical increase in the high frequencies of the spectrum. (g) A 10 s sample of the original biosignal ~1 min before skin incision, showing mixed activity.
(h) The respective power spectrum from the same period, showing δ activity and a peak around 10 Hz (α activity). (i) A 10 s sample of the original biosignal shortly
after the beginning of the operation, showing β activity. (j) The respective power spectrum of (i). A decrease in low frequencies and increased β activity at 20 Hz
indicate EEG arousal. The β activity turns the power spectrum flat, increasing the RE and SE values to almost awake values, although the patient is in surgical anaesthesia.
The raw signal is distinctly different from a typical awake signal. The power at 30–50 Hz also increases during β arousal, seen in the spectrogram.
Reproduced from Aho AJ, Lyytikäinen LP, Yli-Hankala A, Kamata K, Jäntti V. Explaining Entropy responses after a noxious stimulus, with or without neuromuscular blocking agents, by means of the
raw electroencephalographic and electromyographic characteristics. British Journal of Anaesthesia, 2011, Volume 106, Issue 1, pp. 69–76, by permission of the Board of Management and Trustees of
the British Journal of Anaesthesia.

methods to reduce artifacts. The positioning of electrodes should
be careful; skin should be adequately prepared, and all connections should be firm. Interpretation of the index number and trend
necessitates basic understanding of physiology and pharmacology.
A high index value does not positively indicate awareness; nor does
a low number always guarantee unconsciousness. And finally, the
EEG index is a measure of drug effect in the brain, and not a predictor of motor activity.

Comparison to sleep physiology
For a deeper understanding of the anaesthesia EEG, comparison to sleep physiology and classification is useful. Physiological

sleep is a safe, reversible state of unconsciousness produced by the
brain. Most clinically used anaesthetic agents involve physiological
sleep mechanisms, at least partly. Therefore the anaesthetic EEG
changes closely resemble the EEG changes in sleep. The ‘depth’
of unconsciousness can be estimated from EEG, both during
non-REM sleep (Niedermeyer et al. 1999) and clinical anaesthesia (Hartikainen 1996), and can also be quantified with the same
measures. Numerical EEG indices of anaesthesia can also be used
in monitoring sleep (Sleigh et al. 1999; Benini et al. 2005; Mahon
et al. 2008).
There are, however, several patterns in sleep EEG which do not
follow the ordinary pattern of slow-wave sleep. During sleep onset,
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particularly in children, and during arousal as a result of stimulation, EEG can show, for instance, high-amplitude regular δ activity (Blume and Kaibara 1999), which we have called slow δ in our
anaesthesia EEG classification (Yli-Hankala et al. 1999; Aho et al.
2011). One-number measures of EEG may then give misleading
values, not correlating with any aspect of consciousness in the same
way as these measures do in ordinary sleep or anaesthesia.
Furthermore, both in sleep and anaesthesia the sleep-related
slow cortical oscillations can develop into epileptiform activity or
even clinical seizures (Yli-Hankala et al. 1999; Steriade and Amzica
2003). Apparently, the indices developed for normal EEG then do
not reflect unconsciousness (Chinzei et al. 2004; Särkelä et al. 2007).

The analgesic component
Pain is a subjective sensation elicited by a stimulation of peripheral
pain sensors. Pain is also accompanied by signs of sympathoadrenergic stimulation, such as tachycardia, hypertension, and sweat.
In awake subjects, the intensity of pain is measured by a visual
analogue scale, verbal rating scale, or more complex neuropsychological test batteries (e.g. the McGill Pain Questionnaire). In the
unconscious anaesthetized patient, pain as a subjective sensation is
absent although objective signs of response to noxious stimulation
are observed. They can be used for measurement of analgesia or
more strictly speaking for measurement of motor or sympathoadreneric responsiveness. Responsiveness is inversely related to the
concentration of anaesthetics.
For a detailed overview on physiology of pain we refer to
Chapter 9 of this textbook. Briefly, a nociceptive stimulus enters the
central nervous system via Aδ and C fibres (first sensory afferent
neurone). In the dorsal horn of the spinal cord the signals are transmitted to the second afferent neurones connected with hypothalamus, medulla, and periaqueductal grey. The third neurones then
transmit the signal to the cortex. Interneurones in the medulla connect the afferent pain transmitting neurones with the reticular and
pontine nuclei, for example, the vasomotor centre and the nucleus
Edinger–Westphal (third cranial nerve).
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These pathways are the anatomical basis for the different
responses to noxious stimulation that can be measured in the
unconscious patient (Table 26.1).
In the following subsections, methods to measure motor or sympathoadrenergic responsiveness and anaesthetic drug effect during
general anaesthesia are discussed.

EEG arousal responses
As already mentioned in the previous section, nociceptive stimulation may change the EEG during anaesthesia first in terms of a
true arousal and second in terms of increasing F-EMG activity.
The difference between SE and RE has therefore been investigated
as a measure for nociception. The increase of BIS™ after orotracheal intubation is suppressed by moderate opioid concentrations
(Guignard et al. 2000) and the difference between RE and SE is significantly greater in movers than in non-movers after tracheal intubation but the prediction probability is weak (Weil et al. 2008). The
Composite Variability Index (CVI), which is computed from the
EMG power and the BIS™ has not been shown to offer a substantial
advantage compared with RE–SE. In particular, its value to predict
responses to noxious stimulations is only moderate (Ellerkmann
et al. 2013) as the pre-stimulation CVI depends more on the hypnotic drugs than opioids (Sahinovic et al. 2014).

Pupillary reflex dilation
The pupillary diameter is affected (among other factors) by light,
sympathetic and parasympathetic tone, and anaesthetics. Noxious
stimulation induces a reflex pupillary dilation (Larson et al. 2004),
which is suppressed by moderate doses of opioids (Yang et al. 2003).
The pupillary reflex dilation (PRD) is considered mainly a sympathetic reflex because it is completely suppressed by inhibition of
the sympathetic signal transmission at the neuromuscular junction
(Yang et al. 2003). The neurological pathways controlling constriction and dilation of the pupil are shown in Fig. 26.5.
Volatile anaesthetics and nitrous oxide reduce the pupillary constriction by light (Larson et al. 1991; Belani et al. 1993). In volunteers sedated with isoflurane or propofol the PRD was a more

Table 26.1 Overview of the experimental and commercially available monitors for analgesia nociception
Response type

Signal

Monitor

Company

Cortical arousal

Processed EEG

Bispectral Index
State and Response Entropy

Covidien, now Medtronic Minimally
Invasive Therapies, Minneapolis, MN, USA
GE Healthcare, Helsinki, Finland

EMG activation

Frontal EMG power

Response Entropy
Datex ABM™ Monitor

GE Healthcare, Helsinki, Finland
GE Healthcare, Helsinki, Finland

Pupillary dilation

Pupillary diameter

Algiscan™

iD Med, Marseille France

Sweat secretion

Variability of skin conduction

Skin conduction Algesimeter

Med-Storm Innovation, Oslo Norway

Pulse plethysmography

Variation of PPGA

–

–

Heart rate variability

RR interval, RR interval variability

ANI™ Monitor

Metrodoloris, France

Surgical Pleth Index

Normalized pulse rate plus PPGA

SPI Monitor

GE Healthcare, Helsinki, Finland

RIII reflex

Threshold current (mA) to induce contractions
of the biceps femoris muscle upon stimulation
of the ipsilateral sural nerve

–

–
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A commercial PRD monitor recently became available on the
market (AlgiScan™, IDMed, Marseille, France).
In summary PRD is a sensitive indicator of sympathoadrenergic stress response that can be suppressed by low to moderate concentrations of opioids but only by high concentrations of volatile
anaesthetics.
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Figure 26.5 Neurological pathways related to the noxious stimulation-induced
pupillary reflex dilatation. Solid lines: sympathetic pathways from thalamus
(t) to the ciliospinal centre of Budge (cs), mostly T1 and T2 segments of
the interomediolateral cell column, further to the superior cervical ganglion
(scg), joining the ophthalmic branch of the trigeminal nerve (n5) and to the
neuromuscular synapse (ns). Dotted lines represent the inhibitory pathways from
hypothalamus (ht) and spinal cord to the nucleus III, nucleus of third cranial
nerve. Dashed–dotted line: parasympathetic efferent pathway to ciliary ganglion
(cg). Other abbreviations: cc, corpus callosum; as, aqueductus sylvii; p, pons; iml,
interomediolateral cell column; lcn, long ciliary nerve; (1) thalamo-hypothalamic
neurones, blocked by general anaesthetics; (2) spinal afferent neurones blocked by
local anaesthetics.
Reproduced with permission from Yang L et al. Mechanism of pupillary reflex dilation in awake
volunteers and organ donors. Anesthesiology, Volume 99, pp. 1281–1286, Copyright © 1999
American Society of Anaesthesiologists.

sensitive indication of sympathoadrenergic stress than blood
pressure and heart rate response (Larson et al. 1993). In children anaesthetized with sevoflurane, nitrous oxide, and alfentanil, the normalized PRD response after skin incision was greater
than heart rate or blood pressure response (Constant et al. 2006).
Conversely, in volunteers anaesthetized with propofol and nitrous
oxide (60%) PRD had a similar prediction probability of motor
response to noxious stimulation as the predicted propofol concentration, systolic arterial pressure response, and EEG response
(Leslie et al. 1996).
The PRD elicited by electrical stimulation of the ulnar nerve was
blunted by remifentanil at concentrations greater than 2 ng ml−1
(Barvais et al. 2003). A single remifentanil bolus of 10 µg kg−1
almost completely antagonized the stimulus-induced dilation
(Constant et al. 2006). The alfentanil concentration inhibiting the
PRD by 50% was only 20 ng ml−1 in volunteers anaesthetized with
isoflurane 0.8 vol% (Larson et al. 1997). Conversely, the sevoflurane
concentration to suppress PRD after skin incision in 50% of children
and adults not receiving any opioids or nitrous oxide was higher than
MAC (C50 motor response) and close to MACBAR (C50 blocking
adrenergic response), confirming that PRD is a measure for sympathoadrenergic stress (Bourgeois et al. 2012).

Sweat glands are innervated by sympathetic fibres of the skin
nerves. Their transmitter is acetylcholine (ACH) stimulating muscarinic receptors on the gland. Sympathetic nerve impulses induce
the release of ACH into the synaptic gap triggering extrusion of
sweat drops that dry away within seconds. The cyclic moisture of
the skin affects skin conductance over time, which can be measured. The more sympathetic impulses, the more variation of skin
conductance can be recorded. The physiology of skin conductance
measurement has been summarized in a review (Storm 2008). The
method has been used by psychologists for objective stress measurement for years (Del-Ben et al. 2001; Graeff et al. 2001).
The Skin Conductance Algesiometer™ (Med-Storm Innovations
Inc., Oslo, Norway) has been evaluated in the fields of pain measurement in infants, in the intensive care unit, and during general
anaesthesia. In newborns, skin conductance variation (SCV) was
equally effective as a clinical pain score based on heart rate, saturation, and facial expression in measuring pain response to heel
stick (Eriksson et al. 2008). In infants and children, SCV correlated
with clinical pain assessment tools and a cut-off was defined, below
which moderate to severe pain is very unlikely (Hullett et al. 2009).
In children between 7 and 17 years this could not be confirmed,
however (Choo et al. 2010). In adult postoperative patients, SCV
identified pain levels below or greater than 5 on a visual analogue
scale only with moderate sensitivity (Ledowski et al. 2009).
SCV correlated with perioperative stress hormone concentrations before, during, and immediately after surgery in one study
(Storm 2000), but could not be confirmed in a subsequent study
(Ledowski et al. 2010). During induction, SCV discriminated different observer assessment of alertness and sedation score levels
equally well as SE and RE (Gjerstad et al. 2007b). Upon tracheal
intubation, SCV correlated with a clinical stress score and was
significantly different in the presence or absence of 2 ng ml−1 of
remifentanil (Gjerstad et al. 2007a). SCV also predicted emergence from anaesthesia (first clinical response after cessation of
anaesthetics) equally well as BIS™ or Entropy™ in propofol-and in
sevoflurane-anaesthetized patients (Ledowski et al. 2006a, 2006b).
In summary, SCV is a general measure for the sympathoadrenergic stress response in awake and anaesthetized patients but did
not perform better than clinical scores or EEG-derived parameters. Some promising results in the first studies could not be later
confirmed.

Pulse plethysmography amplitude
Vasodilation and vasoconstriction change the AC/DC ratio of the
pulse oximeter signal and thus the amplitude of the pulse wave displayed on standard pulse oximeters (Korhonen and Yli-Hankala
2009). The variation of the pulse plethysmography amplitude
(PPGA) is currently under investigation as an indicator for volume
responsiveness (Cannesson et al. 2008, 2011) and has been used
to measure drug-induced vasoconstriction or vasodilation (von
Mollendorff and Neugebauer 1985; Sundberg and Castren 1986).
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It has further been evaluated to assess the spread of regional anaesthesia in terms of vasodilation (Ginosar et al. 2009a, 2009b) and
for measurement of nociceptive responsiveness (Luginbühl et al.
2002, 2006). This means that the pulse wave amplitude is affected
by different physiological variables such as stroke volume, vasodilators, vasoconstrictors, volume status, body temperature (Sundberg
and Castren 1986), and noxious stimulation (Luginbühl et al. 2002;
Takeyama et al. 2011).
For assessment of the nociceptive–antinociceptive balance the
stimulus-induced pulse plethysmography (PPG) variation was
of special interest. Tetanic stimulation of the ulnar nerve induces
a sharp decrease of the PPGA which disappears within 2 min
(Fig. 26.6) (Luginbühl et al. 2006).
The response was sensitive to neuromuscular blockade, disappeared with increasing concentrations of alfentanil but had a high
baseline variation (Luginbühl et al. 2002). In patients anaesthetized
with propofol and remifentanil, the PPGA response to electrical
stimulation of the ulnar nerve did not predict the haemodynamic
response to intubation because it was similar in a wide range of
clinical anaesthesia represented by BIS™ 30–60 and remifentanil
concentrations between 1 and 5 ng ml−1 (Luginbühl et al. 2006).
The inter-individual variation of the PPG response to noxious stimulation was too large to discriminate the different levels of anaesthesia despite standardized volume status, finger temperature, and
anaesthetic conditions. Although a stronger electrical stimulus
(Rantanen et al. 2007) has been suggested to improve the sensitivity of the PPG response, PPGA was later combined with other variables for measuring intraoperative antinociception (Rantanen et al.
2006; Korhonen and Yli-Hankala 2009).

Heart rate variability

Pulse plethysmography amplitude (arbitrary units)

The physiological basis of heart rate variability (HRV) is the changing ratio of sympathetic and parasympathetic outflow of the autonomic nervous system that affects the variation of RR intervals. In
spontaneously breathing subjects, a great part of HRV is as a result
of respiratory arrhythmia. Intermittent positive pressure ventilation
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during anaesthesia causes a phase shift in respiratory sinus arrhythmia (RSA), compared with spontaneous breathing. Inspiration
(positive pressure) is associated with a decrease in instantaneous
heart rate, while during expiration the heart rate increases (Yli-
Hankala et al. 1991). Atropine eliminates the ventilation-associated
RSA in spontaneous respiration but not in positive pressure ventilation (Annila et al. 1993; Yli-Hankala et al. 1993b). These findings suggest that the physiology of respiration-associated heart rate
control during spontaneous breathing differs from that of positive
pressure ventilation.
The breathing pattern affects HRV in awake subjects as demonstrated in patients with obstructive sleep apnoea compared with
normal controls (Keyl et al. 1996, 1997). In mechanically ventilated sedated and paralysed pigs, HRV was greater if the ventilator
mimicked the irregular ventilation pattern of spontaneous breathing (Mutch et al. 2005). HRV can be analysed with time-domain
and frequency-domain methods (Tulppo et al. 1996). Time-domain
parameters include the standard deviation of the RR intervals (RRIs),
the Poincaré standard deviations (sds), the root-mean-squared sd
of RRI, or the entropy of RRI. The lower the sds or the higher the
entropy the lower the HRV (Tulppo et al. 1996). The frequency-
domain parameters are based on a FFT of the RRI over defined
time intervals. The higher the HRV, the more oscillations of RRI are
recorded over time and the higher the frequency. The power in the
low-frequency band (LF, 0.04–0.15 Hz, representing sympathetic
nervous system activity) and the high-frequency band (HF, 0.15–0.4
Hz, representing parasympathetic nervous system activity) are calculated as well as the LF/HF ratio. Respiratory rate, age (Tulppo et al.
1998), autonomic dysfunction as a result of systemic diseases (Keyl
et al. 1999) (e.g. diabetes mellitus), pharmacological interventions
(atropine, noradrenaline, anaesthetics) (Kato et al. 1992; Howell
et al. 1995; Kanaya et al. 2003; Ledowski et al. 2005), and of course
noxious stimulation-induced catecholamine release modulate HRV
(Luginbühl 2007; de Jesus 2011; Ledowski et al. 2011).
Induction of anaesthesia substantially reduces HRV in terms of
time-domain parameters such as standard deviation of the RRIs or
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Figure 26.6 Noxious stimulation-induced decrease of pulse plethysmography amplitude. Rapid decrease of pulse plethysmography amplitude after a 5 s, 50 Hz, 60 mA,
0.25 ms square wave impulse on the ulna nerve.
Adapted from Luginbuhl M, Rufenacht M, Korhonen I, Gils M, Jakob S, Petersen-Felix S. Stimulation induced variability of pulse plethysmography does not discriminate responsiveness to
intubation. British Journal of Anaesthesia, 2006, Volume 96, pp. 323–329, by permission of the Board of Management and Trustees of the British Journal of Anaesthesia.
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in frequency domain parameters (Latson et al. 1992; Howell et al.
1995; Blues and Pomfrett 1998; Pomfrett 1999; Nakatsuka et al.
2002; Riznyk et al. 2005; Luginbühl et al. 2007).
In one study, the HF power and part of the LF power (0.09–0.15
Hz) decreased with increasing isoflurane concentrations from
1 to 2 MAC, whereas the LF power was unaffected (Kato et al.
1992). Induction of anaesthesia with propofol but not sevoflurane
decreased HF and LF power but a further increase of the propofol concentration did not further change the HF power (Kanaya
et al. 2003). Propofol compared with etomidate had a greater effect
on HRV (decrease of HF and LF) (Latson et al. 1992). Return of
response to verbal command dramatically increased the HRV
compared with the intraoperative level (Ireland et al. 1996).
Intraoperative surgical stimulation increased HRV compared with
post-induction values (Latson and O’Flaherty 1993).
The HRV parameters recorded immediately before a stimulus did
not predict the probability of response nor did they correlate with
the depth of anaesthesia reflected by the BIS™ level and the predicted remifentanil effect site concentration (Fig. 26.7) (Luginbühl
et al. 2007).
With the Anaesthesia Nociception Index (ANI™, Metrodoloris,
Lille, France) an analgesia monitor measuring the normalized
high-frequency power of HRV became commercially available
(Logier et al. 2010). Because the HF power represents parasympathetic activity, the sympathoadrenergic stress response induces a
decrease of the ANI™. Although the ANI™ significantly decreased
after airway manipulation or skin incision and increased after
fentanyl administration, its potential to predict clinical responses
was modest (Ledowski et al. 2014). In anesthetized children, the
ANI™ detected success or failure of a regional block with a similar precision as the PRD measured with the AlgiScan™ (Migeon
et al. 2013).
In summary, HRV discriminates between awake and anaesthetized patients but is unlikely to reliably differentiate different levels
of anaesthesia or to predict responsiveness to noxious stimulation.

Surgical Pleth Index
First published as the Surgical Stress Index (SSI) (Ahonen et al.
2007; Huiku et al. 2007), the Surgical Pleth Index (SPI) is a combination of the normalized PPGA and the normalized heart beat
interval (HBI) both measured with the pulse oximeter probe. The
proprietary normalization process performed in the SPI module
marketed by GE Healthcare is based on a population database with
which individual values of PPGA and HBI are compared. The SPI
is the sum of 0.67 PPGAnorm + 0.33 HBInorm (Huiku et al. 2007).
It was calibrated with a total surgical stress score (TSS) estimated
as relative stimulus intensity minus remifentanil effect site concentration (equation 1) (Huiku et al. 2007):
TSS = stimulation intensity −

CeRemi
3 ng/ml

(26.1)

where stimulation intensity = estimated relative stimulation intensity according to Table 26.2, Ce remifentanil = actual estimated
effect site remifentanil concentration, which is normalized to a Ce
remifentanil of 3 ng ml−1.
The drug concentration needed to suppress the response to different clinical stimuli such as laryngoscopy, tracheal intubation,
skin incision, or intraoperative stimulation can be used to quantify
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Figure 26.7 Heart rate changes after noxious stimulation. Grand averages of RR
intervals (RRIs) normalized to the pre-stimulation value in five groups of patients
anaesthetized with propofol and remifentanil. Group 1–3: propofol titrated to BIS
45 (range 40–50) each, and remifentanil 1, 2 ng ml−1; and 4.7 ng ml−1 respectively,
Group 4: BIS 30 (range 25–35), remifentanil 2 ng ml−1; Group 5: BIS 60 (range
55–65), remifentanil 2 ng ml−1). (a) RRI response to a 5 s tetanic stimulation of
the ulnar nerve. (b) RRI response to orotracheal intubation. The difference in
RRI patterns among the various groups was not statistically significant despite
substantial differences in anaesthetic drug concentrations.
Adapted from M. Luginbühl, H. Yppärilä-Wolters, M. Rüfenacht, S. Petersen-Felix, I. Korhonen.
Heart rate variability does not discriminate between different levels of haemodynamic
responsiveness during surgical anaesthesia. British Journal of Anaesthesia, 2007, Volume 98,
pp. 728–736, by permission of the Board of Management and Trustees of the British Journal of
Anaesthesia.

their intensity. The sequential interaction model by Bouillon et al.
(2004) assumes that the probability of a response to a noxious stimulus is dependent on the anaesthetic drug concentration (propofol
or volatile anaesthetic) and the intensity of the nociceptive signal
transmission. The signal transmission is defined by the type and
intensity of stimulation and is reduced by increasing concentrations
of opioids. If the propofol (or volatile anaesthetic) concentration is
fixed, the opioid concentration needed to reduce the probability of
a response to a given stimulus can be used as an indirect rough
estimate for its intensity. The relative stimulation intensities proposed by Huiku et al. (2007) to calibrate the SPI are presented in
Table 26.2. The PPGAnorm and the HBInorm were selected among
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Table 26.2 Relative stimulus intensities estimated by Huiku et al.
(2007) in the development study of the surgical stress index. For
laryngoscopy the value was used from Bouillon et al. (2004) the values
for skin incision in laparotomy and breast surgery and the intensity
of intraoperative stimulation during laparotomy were scaled based
on the Cp50 for alfentanil in patients under nitrous oxide anaesthesia
by Ausems et al. (1986)
Stimulus

Pre-opioid intensity

Laryngoscopy

0.83

Laryngoscopy and intubation

1.57

Before incision

0.25

Laparotomy:
◆ Incision
◆ During surgery
◆ Intense abdominal exploration

1.25
1.38
1.5

Laparoscopy:
◆ Incisions
◆ Trocar insertion
◆ During surgery

0.8
1.25
1.0

Breast surgery

1.21

Tetanic stimulation (30 s)

0.8

Reproduced from Huiku M et al., Assessment of surgical stress during general
anaesthesia. British Journal of Anaesthesia, 2007; 98: 447–455 by permission of the Board
of Management and Trustees of the British Journal of Anaesthesia. Data from: Bouillon
TW et al., Pharmacodynamic interaction between propofol and remifentanil regarding
hypnosis, tolerance of laryngoscopy, bispectral index, and electroencephalographic
approximate entropy. Anesthesiology 2004; 100: 1353–1372; Ausems ME, et al., Plasma
concentrations of alfentanil required to supplement nitrous oxide anesthesia for general
surgery. Anesthesiology 1986; 65: 362–373.

other parameters because they correlated best in predicting TSS
and Ce remifentanil, respectively. The prediction had still a residual
error of more than 60%, however, and could not be improved by
introducing other parameters.
Several studies investigated the SPI as a measure for the nociception/antinociception balance: the SPI was lower when propofol-
anaesthetized patients were given remifentanil instead of esmolol
despite similar haemodynamics (Ahonen et al. 2007). The SPI was
also lower when shoulder surgery patients anaesthetized with
desflurane and alfentanil had an interscalene block (Wennervirta
et al. 2008).
The SPI increase after a 5 s tetanic stimulation in patients anaesthetized with 0.7 MAC of sevoflurane was lower when the effect
site remifentanil concentration was increased (0–2–4 ng ml−1),
although the SPI did not predict movement response (Gruenewald
2009). In a more recent study, the SPI did not better discriminate
different effect site remifentanil concentrations than HR or MAP
despite correction for the fluid status using pulse pressure variation (Bonhomme et al. 2011). The increase of the SPI induced by a
30 s tetanic stimulus of the forearm showed a rather low probability
(Pk) to predict clinically relevant ranges of remifentanil or propofol concentrations (investigated ranges 1, 2, and 6 ng ml−1 and 3.3
and 6.9 μg ml−1 respectively) (Struys et al. 2007). The SPI and skin
conduction variation only poorly correlated with changing stress
hormone concentrations (Ledowski et al. 2010). In patients having

assessment of the components of anaesthesia

orthopaedic or urologic surgery under spinal anaesthesia, the SPI
was higher than in patients under general anaesthesia, demonstrating that SPI is affected by any change of sympathetic tone, and is
not specific for pain (Ilies et al. 2010).
Several other studies showed that the SPI is also affected by drugs
other than opioids. The SPI increase after tracheal intubation was
lower at very high compared with moderate propofol concentrations (Mustola and Toivonen 2010). SPI values may also be affected
by the selection of the volatile anaesthetics (Mustola et al. 2010).
Another limitation of the SPI is the fact that it is affected by administration of atropine or the use of pacemaker stimulation of the
heart (Höcker et al. 2010), as by fluid challenges during surgery
(Hans et al. 2012).
Despite these limitations, prospective trials comparing SPI-
guided anaesthesia with standard practice demonstrated a short
but significant reduction of emergence time and a significant
reduction of remifentanil and propofol usage in the treatment
group (Chen et al. 2010). The SPI has also been used in children
undergoing strabismus surgery. Noxious stimulations (tracheal
intubation and intraoperative surgical stimulation) were similarly
detected by SPI, heart rate, PPGA, non-invasive blood pressure,
RE, and SE–RE.
In summary, the SPI discriminates different remifentanil concentrations and stimulation intensities and can be used to titrate
opioids during general anaesthesia. It is affected by different confounding variables that may make interpretation difficult.

Nociceptive spinal flexion reflex
The nociceptive spinal flexion reflex (RIII reflex) is not related to
the sympathoadrenergic stress response. The RIII reflex is a multisynaptic reflex elicited by electrical stimulation of the sural nerve
and ipsilateral recording of biceps femoris muscle (Willer and
Bathien 1977). The RIII reflex has been widely used to investigate
numerous mechanisms of pain modulation (Serrao et al. 2004; Roy
et al. 2009; Ruscheweyh et al. 2011). Although the reflex response
is sensitive to emotional and painful distraction in awake subjects
(Roy et al. 2009), the signal is also detectable in patients under
potent analgesic drugs or anaesthetics, although higher stimulation
currents are required. The threshold stimulation intensity (mA) can
be used as a measure for the individual nociceptive threshold. For
repeated application during pharmacologically changing conditions, the threshold determination has been automatized (Fig. 26.8)
(von Dincklage et al. 2009a).
The RIII reflex threshold is correlated with increasing concentrations of propofol (von Dincklage et al. 2009b) and sevoflurane
(von Dincklage et al. 2010b), and it is also increased by remifentanil, administered in combination with propofol. Because the
inter-individual variation is considerable (between 5 and 20 mA)
the RIII reflex threshold has to be normalized to the individual
baseline value. Subjects with a motor response to a 30 s tetanic
stimulation of the ulnar nerve had a significantly lower RIII reflex
threshold than non-responders in all three anaesthetic regimens
(von Dincklage et al. 2009b, 2010a, 2010b). The prediction probability of the RIII reflex threshold to predict a movement response
to tetanic stimulation was 0.84 (propofol), 0.91 (sevoflurane), and
0.86 (propofol plus remifentanil), but the overlap between responders and non-responders was considerable.
Although it reflects the pain threshold in awake subjects and
the probability of motor response in anaesthetized patients, the
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RIII reflex
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Figure 26.8 The threshold tracking of the RIII reflex. A train of five 1 ms, 200 Hz impulses is automatically applied on the sural nerve at a varying current. The signal is
recorded on the biceps muscle with surface electrodes. The RIII reflex is the electromyographic response within 90–150 ms after the stimulus. The current associated with
a 50% probability of a reflex is defined as the threshold.
Reproduced with permission from von Dincklage F, Send K, Hackbarth M, Rehberg B, Baars JH. Comparison of the nociceptive flexion reflex threshold and the bispectral index as monitors of
movement responses to noxious stimuli under propofol mono-anaesthesia. British Journal of Anaesthesia, 2009, Volume 102, pp. 244–250, by permission of the Board of Management and Trustees
of the British Journal of Anaesthesia.

automatized RIII reflex threshold is still an experimental tool to
measure analgesia.

Conclusion
Hypnotic state monitors reflect the dose-dependent changes of
EEG induced by anaesthetic drugs acting via GABAA receptors.
The actions of anaesthetic drugs through other receptors are less
well reflected or may even provoke paradoxical changes of EEG
pattern opposite to the clinical effect. The EEG pattern and the
derived index numbers correlate with the probability of unconsciousness. The same was reported for predicted or measured drug
concentrations. Especially in propofol anaesthesia, where the drug
concentration cannot be continuously measured, EEG monitors are
useful for individual titration of the drug. Some basic knowledge
of how anaesthetic drugs affect EEG and how these monitors work
is essential for correct interpretation of the displayed numbers.
Visual inspection of the raw EEG displayed by the monitors may
help as well.
Compared with the hypnotic component, the assessment of the
analgesic component of anaesthesia is even more difficult. At the
present time none of the commercially available devices specifically
measure the analgesic state although some may help to improve
drug titration. Most nociception monitors use some measure of the
sympathoadrenergic stress response that is affected also by other
influences.
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CHAPTER 27

Mathematical models
and anaesthesia
Steven Cruickshank
Introduction: modelling using mathematics
It is possible to practise safe anaesthesia without any knowledge of
mathematics beyond the reliable ability to do arithmetic to calculate safe doses, infusion rates, tidal volumes, BMI, and so on. The
purpose of learning more than the minimum amount of mathematics is to enable insight into the physiological systems we manipulate
in clinical practice, and to provide the tools for us to do so. For
this we need mathematical models. A mathematical model enables
approximate quantitative predictions to be made that may have
clinical benefits; pharmacokinetic models for prediction of plasma
levels of a variety of drugs are probably the most familiar example. The very fact that there is a variety of available pharmacokinetic models for, say, total intravenous anaesthesia, demonstrates
that the modelling process is not perfect. Physiological systems are
complex; ruthless simplification is the only way of tackling a modelling project—at least to start with. What is surprising is that much
insight can be gained into physiology and pharmacology from simple models using rather elementary mathematics.

Gas laws
We are introduced to the gas laws in science lessons at school. These
laws play an important role in the understanding of cardiorespiratory physiology and we quite properly revisit them in undergraduate studies and in postgraduate training in anaesthesia. The gas laws
were described in the seventeenth century (Boyle) and onwards
(Charles, Gay-Lussac, Dalton) as empirical relationships—that is,
they were based upon experiment. They are encapsulated together
in the familiar ideal gas law (IGL):
PV = nRT

(27.1)

Although molecular motion in a gas is chaotic—the word ‘gas’ is
derived from the Greek ‘chaos’—Newton’s laws of motion can be
applied to this random activity of molecules by assuming average behaviour and the IGL emerges from this model. Maxwell,
Boltzmann, and others refined this model in the nineteenth
century to develop the elements of statistical mechanics and
thermodynamics.
There is, however, no such thing as an ideal gas; it is an abstraction. Real gases behave under certain conditions approximately
according to the IGL. This approximation will often be adequate
for the problem in question. In extreme circumstances of pressure

or temperature, this behaviour deviates markedly from IGL predictions. See Figure 27.1.
The IGL then becomes a poor guide. These deviations are attributable largely to the effects of molecular size and intermolecular
attraction which are treated as negligible—too small to be worth
considering—in the standard Newtonian model; under high pressure, molecules are closely packed together such that size and intermolecular attraction can no longer be ignored. Many modifications
of the IGL have been proposed to fit an equation better to observed
behaviour. The best known of these is the van der Waals equation.
An ideal gas would not liquefy or solidify. We know from our
working lives that extreme conditions may be required to persuade
a real gas to become liquid; for instance, the critical temperature for
O2 is −118.6°C. Whilst we exploit this deviation from ideal behaviour to store gases economically, we are content to use the ideal
approximation at the other end of the pipeline.
A gas is as simple a physical system as can be modelled; it has
no structure by definition. Yet we find that a simple equation will
only provide an approximate description of its behaviour under
restricted conditions. We start with a conception of the physical processes involved—kinetic energy, elastic collisions, and so
forth—and by application of Newtonian equations of motion produce a model of an aspect of the real world in mathematical form.
We then compare the model predictions with empirical experience.
If the prediction is useful within the conditions in question, we use
the model. If not, we modify it or start again at the beginning. This
process has been applied many times to produce varieties of the
gas laws that describe gas behaviour to an acceptable level under a
wider range of conditions. The disadvantage is a loss of simplicity.
The application of mathematics to biological and medical problems
is evidently inherently more complex than describing the physics of
gases. Nevertheless, the very variability of biological systems means
that a fairly rough approximation can still be useful. Although the
concept of a model is explicitly named infrequently in medicine—
pharmacokinetics being one exception—the idea pervades medical
practice and indeed all other areas of human activity. A textbook of
internal medicine is a collection of descriptions of models of human
pathology and their clinical manifestations. We do not expect every
individual patient to match exactly the classical pattern.
Mathematical models form a subset of models in general where
the system in question has aspects that are simple enough to be
susceptible to representation in equations. Some elementary examples related to physiology and anaesthesia will be examined here.
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Figure 27.1 Deviations of real gases from ideal behaviour. The compression
factor, Z = PV/RT, quantifies deviations of gases from ideal behaviour. It compares
predicted molar volume for an ideal gas with that observed in reality. An ideal
gas has Z = 1. Real gases deviate markedly from ideal behaviour at extremes of
temperature and pressure.

A good model provides reasonably accurate predictions and may
provide insight into the structure of a system. Even simple models
may spring some surprises.
The example of behaviour of gases shows that:
◆

◆

◆
◆

◆

◆

Figure 27.2 Modelling cycle. Mathematical modelling is an iterative process. It
may take a number of cycles around the modelling loop to achieve a satisfactory
model for the purpose in view.

Input = Output:
steady-state

a model system that is adequate in one set of circumstances may
be useless in another
all models are approximations to reality even where they behave
very well
deviations may give insight into system structure and behaviour
underlying assumptions are used to construct a mathematical
model. Where these assumptions are not justified, the model is
likely to perform poorly

Input > Output:
accumulation +ve

models should be made as simple as possible, but no simpler
(Albert Einstein)
predictions of the model should be compared with reality and
suitable modifications undertaken if indicated.

Input < Output:
accumulation –ve

All of these points apply to physiological models. See Figure 27.2.

Modelling: input–output principle
The input–output principle (IOP) forms the basis of many physiological models.
The IOP applied to a system states:
accumulation = input − output.
Accumulation may be positive, negative, or zero.
The simplest circumstance arises where input and output for a
system are equal; accumulation is zero and the system is in steady
state—that is, it is unchanging with time. We are usually concerned
with transfer and accumulation of mass in physiological systems,
but other quantities—thermal energy, electric charge—may concern us in our work. The definition of the system under consideration will usually be apparent. See Figure 27.3.

Figure 27.3 Input–output principle. Accumulation of a quantity in a system
is determined by the balance between input and output. This may be positive,
negative or zero. A system where input = output and hence accumulation is zero
is in steady state.

Mathematical models of clinical circumstances enable approximate quantitative predictions. Model assumptions are made from
knowledge of physiological and physicochemical processes and form
the basis for constructing component equations. The model should
be made as simple as compatible with circumstance and purpose—
at least for the first round of the modelling loop. Predictions will
be only as good as the model assumptions. Complex models can
be built up on a foundation of simpler ones; those presented here
are made as simple as possible. Space precludes full development
of models and most would require one or two more circuits of the
modelling cycle to match clinical reality more closely.
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which, by the assumptions, can be re-written: (constant factors
contained within curly brackets {###})

Steady states
Alveolar ventilation and resulting Paco2

Pa CO2 = {VCO2 × PI} / VA

Single input, single output (SISO)
(See Figure 27.4.) The first model examines the relationship of alveolar ventilation V̇a and the resulting Paco2; ventilator settings and
capnograph readings (or arterial blood gases) are the day-to-day
equivalent. We consider input and output for the alveolar space.
Initial simplifying assumptions:
CO , is constant and is the sole source of CO .
◆ CO2 production, V
2
2
There is no re-breathing
◆
◆
◆
◆

◆

CO2 is eliminated only via the alveolar space
Alveolar space is represented by a single ideal alveolus
̇ is a non-tidal, constant flow
Alveolar ventilation, Va,
Alveolar–arterial PCO2 difference is negligible: assume Paco2 =
Paco2
Inspired pressure Pi is constant. A value of 100 kPa is assumed
throughout.

These are severe limiting assumptions but enable development of a
first simple model.
Input = VCO2

(27.2)

Output = FA CO2 × VA

(27.3)

For steady-state conditions:
VCO2 = FA CO2 × VA

With VCO2 and Pi both constant by assumption, this describes
an inversely proportional relationship (see Fig. 27.5). The
graph of this relationship is a rectangular hyperbola. This curve
approaches but never meets the axes. This accords with physiological expectation. It predicts—when steady-state conditions
are satisfied—a doubling of Pa CO2 with halving of V̇a and conversely halving of Pa CO2 with doubling of V̇a. Note that the transitions between these steady states are time-dependent processes
and require a more elaborate model that is developed later in the
chapter.
For VCO2 = 200 ml min−1, a typical point might be: V̇a = 4 litres
min−1, Pa CO2 = 5 kPa. It describes the model prediction of the relationship of alveolar ventilation to the resulting steady-state Pa CO2
for this level of VCO2 . It will (even more approximately) describe the
effect of varying ventilator settings upon the (possibly capnographic
estimate of) Pa CO2 in a patient with stable temperature under anaesthesia. The curve describing the relationship for VCO2 = 400 ml
min−1 has the same general form but is elevated relative to the
first. There is a family of hyperbolas representing differing levels of
VCO2 . See Figure 27.6.
If the assumptions are changed and the V̇a is now fixed (stable
settings on ventilator) but the CO2 production, VCO2 , is allowed to
vary instead (changing temperature affecting metabolic rate for

(27.4)

As FA CO2 = PA CO2 PI by definition, this gives, after rearrangement:

(

(27.6)

)

PA CO2 = VCO2 × PI / VA

(27.5)
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Figure 27.4 Alveolar space. The alveolar space is modelled as a single alveolus
with uniform composition. CO2 input and output are assumed equal and hence
the system is in steady state.

Figure 27.5 Alveolar ventilation and resulting PaCO2 . The model predicts an
inversely proportional relationship for fixed V CO2 . The curve is a rectangular
hyperbola. A typical point is shown at: V̇a = 4 litres min−1, PaCO2 = 5 kPa;
this ‘iconic’ point will feature frequently. V CO2 = 200 ml min−1. Two more
points show that doubling of V̇a halves the PaCO2 and halving of V̇a
doubles the PaCO2 .
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instance), the relationship becomes: (constant factors again contained within curly brackets {###})

{

Pa CO2 = VCO2 × PI / VA

}

(27.7)

The proportional relationship between Pa CO2 and VCO2 is direct: the
relationship is a linear one. This still describes steady-state conditions. See Figure 27.7.
Graphing the same equation shows that the nature (shape) of
the relationship predicted by the model depends upon the conditions imposed—which quantity we have chosen as the independent variable and which quantities we have chosen to fix as
constant.
Two functions are already implicit in the first model at the
assumption level:
CO is constant for the initial version of the
◆ Constant function: V
2
model. Note that this implies constant with respect to time.
A constant is a linear function with zero gradient (see Fig. 27.8a).
On the other hand, constant VCO2 with respect to V̇o2, say, would
be implausible as we have respiratory quotient, R = VCO2 VO2 .
VCO2 = R VO2 is a linear function through the origin of gradient
R, where R is typically 0.8 (see Fig. 27.8b).

(

( )

◆

)

Linear function through the origin of gradient unity: PA CO2 = Pa CO2 ;
this is the so-called line of identity (see Fig. 27.9). This assumption cannot actually be true as net transfer of CO2 across the
alveolar membrane is unidirectional; there is a pressure gradient

such that Pa CO2 is greater than PA CO2 . For an alveolar surface area
of 100 m2 and a VCO2 = 200 ml min−1 this gradient only needs to
transfer 1 ml m−2 every 30 s. The absolute value of this gradient
is bound to be small and can be ignored; our model is too crude
to notice.

Rebreathing (double input, single output: DISO)
A development of the first model allows the consideration of an
additional input of CO2: rebreathing (see Fig. 27.10).
Re-breathing occurs for many reasons—exhausted soda-
lime, inadequate fresh gas flow in breathing systems, circle
system valve malfunction, apparatus dead space, and so on—
how may this be modelled? Assume FICO2 = 0.01, equivalent to
PICO2 = 1 kPa. CO2 entering the alveolar space is now from two
sources: metabolic production from within and inspired gas
from without.
IOP gives:

(F

ICO

2

)

× VA + VCO2 = FA CO2 × VA

(27.8)

Rearranged and converted to partial pressure:

(

)

FA CO2 = VCO2 / VA + FICO2

(

Pa CO2 = PICO2 + PI × VCO2 / VA

)

(27.9)

This shows that re-breathing simply adds PICO2 to the normal
V̇a–PA CO2 relationship. See Figure 27.11.

12

30

11

2 litres min−1

25

10

4 litres
min−1

9
20

8
7

Pa2 (kPa)

Pa2 (kPa)

468

6
5

15

8 litres
min−1

10

4
3

5

2
1
0

0

1

2

3

4

5
6
7
V (litres min–1)

8

9

10

11

12

Figure 27.6 Alveolar ventilation and PaCO2 : variation in V CO2 . Doubling of V CO2
doubles PaCO2 for constant V̇a. The curve for V CO2 = 400 ml min−1 has the same
form but is elevated relative to that for V CO2 = 200 ml min−1. There is a similar
curve for each level of V CO2 . These curves are not parallel. Doubling V̇a can restore
the original PaCO2 .
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Figure 27.7 PaCO2 and variation in V CO2 . For fixed V̇a, PaCO2 varies linearly with
V CO2 . The line passes through the origin and has gradient (PI/V̇a). Doubling V CO2
doubles predicted PaCO2 for any given fixed V̇a. Shown for three levels of V̇a = 2, 4,
8 litres min−1 with the three points graphed on the hyperbola in Figure 27.5. Each
line signifies a fixed level of V̇a.
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Figure 27.8 (a) Constant function. The constant function is linear with gradient zero; it remains at the same value with respect to another variable, here time. V CO2 is
modelled as constant with respect to time; this is plausible under restricted conditions. It is not, on the other hand, physiologically plausible for V CO2 to be modelled as
constant with respect to V̇o2. (b) Linear function. V CO2 is determined by V̇o2 and the value of respiratory quotient R: V CO2 = R × V̇o2. V CO2 is therefore the dependent
variable. This is a linear function through the origin with gradient R.
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Figure 27.9 Line of identity. The linear function with unity gradient passing
through the origin is the line of identity. In modelling the transfer across the
alveolar membrane we allowed the approximation PA CO2 = PaCO2 although this is
strictly impossible.
Inspired CO2
= V × F2
CO2 production
= V2

10

Figure 27.11 Re-breathing. The hyperbola is elevated by the value of PICO2 .
For PICO2 = 1 kPa, V CO2 = 200 ml min−1 the standard point V̇a = 4 litres min−1,
PaCO2 = 5 kPa moves to a new steady state at 6 kPa for unchanged V̇a. PaCO2 can
be restored to 5 kPa by increasing PaCO2 to 5 litres min−1. In this case all points are
1 kPa higher on the upper curve for any given V̇a.

Fluxoids
Alveolar
space

Expired CO2
= V × F2

Figure 27.10 Re-breathing. There are now two inputs into the alveolar space.

CO2 removal is a mass transfer process. CO2 is transferred from
the tissues to the alveolar space and thence into the atmosphere by
alveolar ventilation. A simple graphical portrayal can help visualize
mass-transfer processes.
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From the first model we have also:

The flux triplet

{Flow × Concentration × Time} = Mass

(27.10)

Flow is a mass transfer/unit time. (Colloquially: volume/time.)
Concentration is a ratio of masses (solvent/solute); this is a unitless ratio. (Colloquially: mass/volume.)
Time is time.
It follows that the triplet multiplied together generates a value
for mass transferred in flow from one point to another. This can
be depicted by the volume of a three-dimensional (3D) object in a
time–flow–concentration axis system. Objects with a flat top represent steady states. See Figure 27.12.
For brevity, all such objects within this axis system will be called
‘fluxoids’; they represent a mass transfer in a time or flux. Some
3D objects in mathematics have a suffix ‘–oid’, for example, cuboid,
spheroid, and paraboloid. See Figure 27.13.
FA CO2 is a measure of concentration—under fixed conditions of
Pi—which, through Dalton’s law, we can convert easily into a partial pressure. V̇a is a flow. This enables a graphical depiction of the
steady-state relationship V̇a–Pa CO2 . Each fluxoid shows a point on
the graph. We can show the effect of re-breathing by a similar display. This approach will illuminate the study of non-steady states
shortly. See Figure 27.14.

Alveolar gas equation (single input, double
output: SIDO)
The alveolar gas equation (AGE) or alveolar air equation allows
prediction of PA O2 from the FIO2 . It is easily derived using the IOP
applied to the alveolar space. See Figure 27.15.

VCO2 = FA CO2 × VA

(

Outputs:
• V̇a × FA O2
• V̇o2.

And on rearrangement:

(

(27.11)

)

VO2 = FIO2 − FA O2 × VA

(27.12)

Flow
Concentration
Time

) ((
(

FA O2 = FIO2 − FA CO2 /R

)

)

)

(27.14)

(27.15)

Or, converting to partial pressure and using our earlier assumption PA CO2 = Pa CO2 :

(

)

PA O2 = PIO2 − Pa CO2 /R .

(27.16)

This is the familiar alveolar gas equation. It predicts a PA O2 of
13.75 kPa for FIO2 = 20 kPa, Pa CO2 = 5 kPa and R = 0.8.
As the equation is derived under steady-state conditions it is only
applicable in equilibrium. Substitution of PIO2 = 5 kPa (profound
hypoxic hypoxia) with typical values for Pa CO2 = 5 kPa, R = 0.8,
results in the absurd prediction of PA O2 = −1.25 kPa. Steady-state
̇ cannot be
conditions are impossible with PIO2 = 5 kPa as the Vo
2
supplied. Application of the equation beyond the model assumptions
upon which it was constructed produces a nonsensical prediction.
The AGE:

(

PA O2 = PIO2 - PA CO2 R

)

describes PA O2 as a function of three quantities, each of which
may vary.

◆

VA × FIO2 = VA × FA O2 + VO2

) (

(

R = VCO2 / VO2 = FA CO2 × VA / FIO2 − FA O2 × VA

◆

For steady state: input = output

)

Respiratory quotient R = VCO2 VO2 by definition.

◆

Input: V̇a × FIO2

(27.13)

PIO2 . This may be varied at will if appropriate equipment is
available.
Pa CO2 . This may be fairly easily controlled in an intubated, ventilated subject, but much less so in those spontaneously breathing.
R. This is alterable only by dietary manipulation over a period of
days. The effect of variation in R is anyhow slight; it is clinically
negligible.

Alteration of PIO2 causes a linear change in PA O2 .
The effect of variable Pa CO2 upon PA O2 for fixed Pi is linear with
negative gradient 1/R—it subtracts from PIO2 . However, as Pa CO2 is
determined by the balance of VCO2 and V̇a, it makes sense to ask
how PA O2 varies with V̇a itself as we know how Pa CO2 varies with
V̇a. This gives a hyperbolic relationship between V̇a and PA O2 as we
would expect. The effects of variation in R have the effect of scaling the subtraction we have to make for the presence of CO2 in the
alveolar space.
The different relationships contained within this one equation
are shown graphically. See Figure 27.16.

Unsteady states: time-dependent functions
We now move on to consider simple models of time-dependent
processes.

Apnoeic oxygenation
Figure 27.12 Fluxoid. The volume of a three-dimensional figure in a
Concentration–Flow–Time axis system represents a Mass. If the top surface is
horizontal, the system is in steady state.

Patients frequently undergo short periods of apnoea—intubation,
transfer from anaesthetic room to theatre, inadvertent disconnection, and so on. During apnoea, Pa CO2 increases. Experiment shows
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Figure 27.13 Alveolar ventilation and PaCO2 : fluxoid representation. (a) Fluxoids for 1 min are shown for three points on the steady-state curve for the first model with
V CO2 = 200 ml min−1. Each has the same volume as this represents the mass of CO2 removed per minute. FA CO2 is a concentration. Dalton’s law enables easy conversion
under model assumptions to PaCO2 . (b) If production is doubled, V CO2 = 400 ml min−1, the volume of the fluxoids must be doubled too to represent steady state.

this to be approximately linear at 0.3–0.7 kPa min−1. A typical
value is 0.5 kPa min−1. Using the model assumption PA CO2 = Pa CO2 ,
we expect that PA CO2 will rise at the same rate. For a functional
residual capacity (FRC) of 2 litres, Dalton’s law predicts a transfer
of 10 ml CO2 into the alveolar space to raise PA CO2 by this amount.
Thus, for typical VCO2 = 200 ml min−1, only 5% of the production crosses the alveolar membrane; 190 ml stays behind in the
total body water (TBW) and this causes the rise in Pa CO2 . Provided
that PA O2 is sufficient to saturate haemoglobin and cardiac output
is normal, V̇o2 should continue unaffected. Assume for simplicity

and convenience that R = 1: V̇o2 = VCO2 = 0.2 litres min−1. See
Figure 27.17.
FRC is determined by mechanical forces and, provided the airway is open, should remain constant. This model is based upon the
assumption of steady-state conditions for FRC volume. The gas composition within the FRC is however now a time-dependent variable.
Input—output relations in the FRC are now:
◆
◆

Input: CO2 input 10 ml min−1
Output: V̇o remains at 200 ml min−1.
2
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Figure 27.14 (a) and (b) Re-breathing: fluxoid representation. FICO2 acts as a platform and elevates the normal fluxoid. As the input of re-breathed CO2 is V̇a dependent,
it necessarily has the same footprint as the upper fluxoid.
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Figure 27.15 IOP for O2 in alveolar space. For oxygen, there is one input—inspired ventilation—and two outputs—expired alveolar gas and O2 consumption. In steady
state, this forms the basis for derivation of the alveolar gas equation.
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Figure 27.16 Alveolar gas equation. Which quantity is the input variable and which ones are fixed determine the shape of the relationship that determines PA O2 .
(a) Elevation of PIO2 is by far the most effective way to raise PA O2 . With PIO2 as the input variable, (PaCO2 , R fixed), the relationship is linear with gradient of unity. The line has
a negative intercept on the PA O2 axis. Because the AGE is derived under steady-state conditions, the model cannot be expected to make sensible predictions in seriously
hypoxic conditions. Somewhere in the region of PIO2 = 8–10 kPa, the model will cease to be reliable. The physiology there is too complex for us to be able to state exactly
where in this region it breaks down. (b) PIO2 is now fixed and PaCO2 allowed to vary. This is a linear relationship with negative gradient of 1/R . (c) More interesting than the
direct relationship of PA O2 with PaCO2 is that with V̇a. By substitution of the expression for variation of PaCO2 with V̇a, the graph for PA O2 as a function of V̇a is obtained.
R = 1. Effective PIO2 = 20 kPa. This is a rectangular hyperbola. It shows that hyperventilation is rather ineffective in raising PA O2 . Even mild hypoventilation, on the other
hand, on the steep part of the hyperbola, may easily cause hypoxia. Steady-state conditions are assumed, so that predictions are unreliable at low values for V̇a. The
effect of variation in R upon the PA O2 is modest; the value of R simply scales the subtraction of PaCO2 from PIO2 . For R = 0.8, PA O2 = 13.75 kPa.

V2
Indrawn gas

FRC
CO2

Figure 27.17 FRC input and output. The FRC is modelled as a constant volume.
This implies an open airway. Gas composition within the FRC in apnoea is a time-
dependent variable.

If the FRC is to remain at constant volume, then 190 ml gas must
be drawn in from the airway dead space. This follows from the
IGL: PV = nRT. R, T, and V remain constant—recall that V is
here the FRC—and net extraction of O2 represented by n, causes
a fall in Pa. This sub-atmospheric pressure ensures indrawing of
gas from the airway. This takes place by bulk flow down a pressure gradient; it is not by diffusion as is often thought. If this gas
is 100% O2, then the discrepancy in the FRC is merely the 10
ml min−1 attributable to the rising PA CO2 and PA O2 falls by only
0.5 kPa min−1, the same rate as that by which PA CO2 rises; CO2
and O2 are, in effect, exchanged molecule-for-molecule. This is
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apnoeic mass transfer oxygenation (AMTO) or simply apnoeic
oxygenation.
If, on the other hand, the airway contains gas with, say, FIO2 = 0.5,
the 190 ml gas drawn in contains only 95 ml O2 and the discrepancy in O2 input and output is now 105 ml min−1—hence the PA O2
falls at a rate over 10-fold that with FIO2 = 1. FIO2 is the determinant
of magnitude of the negative gradient.
The time taken to reach an arbitrary hypoxic threshold (maybe
PA O2 = 10 kPa) in apnoea depends upon the starting value (extent
of preoxygenation) and the gradient of the fall (FIO2 of gas in airway). An open airway is a prerequisite of this model; it does not
predict time to hypoxia in laryngeal spasm. It is easy to calculate
time to hypoxic threshold in the model using the linear relationship (constant gradient) and the FA O2 at onset. If, for example, we
have pre-oxygenated to PA O2 = 70 kPa, and with FIO2 = 1, the time
to hypoxic threshold is 120 min. Of course this only considers PA O2 .
In practice, the toxic effects of rising Pa CO2 would cause acidosis
and rhythm disturbances leading to cardiac arrest long before this.
The model tells us that in ideal conditions the technique is limited
by CO2 toxicity rather than hypoxia. This is a simple example of
solution of a differential equation—a function expressed as a rate
of change (reduction in PA O2 min−1) of a quantity. It is simple to
solve because the reduction is linear. In calculating time to hypoxic
threshold we have, in effect, done a simple integration. We want to
know the value of PA O2 at any time t after onset of apnoea to predict
onset of dangerous hypoxia. Under ideal circumstances, this can be
a remarkably long time. See Figure 27.18.
It is worth noting that if, during normal breathing, respiratory
quotient R is not unity, then the discrepancy in VCO2 and V̇o2 (50
ml at rest for a typical R = 0.8) will be made up by an element of
AMTO working alongside normal breathing. This adds a small O2
input—about 10 ml min−1 breathing air—and boosts PA O2 above
that predicted by the AGE, although only slightly. The IOP equation
used for derivation of the AGE [see equation (27.11)] was therefore
not quite balanced. There is a more complex version of the AGE
that accounts for this additional O2 input with an extra term that
is dependent upon FIO2 and that disappears when R = 1. The effect
is clinically negligible so we normally use the simple and memorizable version.

Preoxygenation and e
Preoxygenation is a prerequisite for effective apnoeic oxygenation
and, of course, routine practice in induction of anaesthesia. In the
Pa CO2 –V̇a model, ventilation was modelled as a continuous flow
through the alveolar space. We now examine the effect of apportioning the total V̇a into tidal breaths in the process of washing
out nitrogen from the FRC; specifically we look at FA O2 and FA N2
achieved after 30 s. The reason for this choice rather than the conventional 1 min will become apparent.
Assume V̇a = 4 litres min−1; FRC = 2 litres; FA O2 = 0.15; and
FA N2 = 0.8 at outset of preoxygenation. We apportion the ventilation (2 litres in the 30 s) into different numbers of breaths and track
PA O2 and PA N2 . Water vapour and tissue N2 stores are ignored for
simplicity in a first model.
If the entire half-minute ventilation is taken in a single 2-litre
breath, the 2-litre FRC expands to 4 litres and, assuming perfect mixing in the single alveolus model, the FA N2 is diluted
50:50 and falls from 0.8 to 0.4. As the N2 and O2 are exchanging
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Figure 27.18 Apnoeic mass transfer oxygenation (AMTO). Successful AMTO
requires three conditions: an open airway, effective preoxygenation, and provision
of high FIO2 . Time to hypoxic threshold can be surprisingly long. Manifestations of
CO2 toxicity then appear before hypoxia. If any of the conditions is compromised,
time to hypoxia is dramatically shortened.

molecule-for-molecule, Dalton’s law demands that O2 rises by the
same fraction. FA O2 rises from 0.15 to 0.55.
For two 1-litre breaths: 2-litre FRC expands to 3 litres, diluting to
2/3 initial FA N2 , then the second breath again dilutes by 2/3. So at
30 s, dilution is (2/3)2 = 4/9 = 0.444.
The sequence for 4 × 0.5 litre breaths (FRC expands from 2 litres
to 2.5 litres with each breath) dilutes by (4/5) each breath and after
30 s is (4/5)4 = 0.4096.
Eight breaths finishes at (8/9)8 = 0.3897. See Figure 27.19.
It is easy to see the pattern: n breaths dilutes N2 by a factor of (n/
(n + 1))n at the end of the period. The graph of the sequence shows
that, as n increases, the value of (n/(n + 1))n seems quite rapidly to
approach a limiting value around 0.37. See Figure 27.20.
As n increases without restriction, the limit approached is 1/e. The
number e is defined as the limit ‘as n tends to infinity’ of ((n + 1)/
n)n and has a value of approximately 2.718281. It is one of the most
important mathematical constants. 1/e = 0.3679. … A continuous
alveolar flow can be viewed as an infinite number of breaths.
Taking a typical respiratory rate of 12 min−1—6/30 s—the N2
dilution factor for tidal ventilation in the model will be (6/7)6 = 0.3966
at 30 s—about 40% of starting value. This compares with 0.3679
for the value of an infinite number of breaths—that is continuous
ventilation. This is an error of about 7%. This means that using the
continuous approximation of about 0.37 will introduce an error—
an overestimate of the extent of preoxygenation—into estimates of
PA O2 in real patients. The consideration of effects of respiratory rate
in delivering the same half-minute alveolar ventilation is intended to
demonstrate the emergence of the mathematical constant e in a familiar
clinical context.
As exponential wash-out and wash-in processes are frequent in
physiology, it is useful generally to use the continuous approximation and gain the advantages of being able to use exponential functions. Discrete models involve more arithmetic. Many examples
will anyhow be concerned with non-tidal flows; changing vapour
concentrations in circle systems dependent upon constant fresh gas
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Figure 27.19 (a–d) Constant V̇a and discrete breaths. The effect of apportionment of a constant V̇a = 2 litres (30 s)−1 on N2 washout. Increasing the number of breaths
increases the effectiveness of N2 washout. The effect is most marked at low rates. The value for continuous flow rather than discrete breaths is approximately 37% of
initial FAN2 . A respiratory rate of 12 min−1 gives about 40%.

flow, pharmacokinetic models where clearance is modelled as continuous and so on.
The dilution of FA N2 at 30 s with the continuous approximation is
to about 0.37–37%—of starting value. If preoxygenation continues
then for another 30 s, this concentration is now the starting value
for the next period and it falls to 0.37 of this—about 0.13—at the
end of 1 min of the process. After another 30 s, FA N2 has fallen to
about 0.05 of the initial value and, after a full 2 min, to about 0.02
of starting value. These are approximations to successive powers
of 1/e.
This wash-out is mirrored exactly in the model by the wash-in of
O2. The proportional wash-in values are 0.63, 0.87, 0.95, and 0.98
for successive 30 s periods. These are approximations to successive
powers of 1/e, this time subtracted from 1. See Figure 27.21.

What motivated the choice of 30 s rather than a conventional
physiological minute for examining this process? The FRC is a container of notionally fixed volume at 2 litres. There is a flow through
this space with continuous mixing of gas of 2 litres in 30 s. This
exact match of container volume and flow in the chosen time generates the formula for 1/e. Thus whenever there is a ‘flow washing through a container’—with mixing rather than piston-like
laminar flow—identification of the time taken for the flow to fill
the container allows the application of the standard exponential
proportions. This ‘time taken for flow to fill container’ is the time
constant, τ.
Tissue stores of N2 have been arbitrarily ignored. Tissue stores
of N2 are about 1.5 litres and the time constant for their removal is
around 30 min. Wash-out of these starts immediately FA N2 starts
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to fall and certainly slows the rise of FA O2 ; as the process takes
place about 60 times more slowly than alveolar wash-out process,
it makes sense to ignore N2 stores for a first model. Inclusion
of these in a more refined model would generate a solution for
N2 wash-out (and hence O2 wash-in) that is the sum of two
exponential terms.

Exponential functions
Exponential functions are ubiquitous. The example of nitrogen
wash-out from the FRC in the (modelled by idealized, continuous
ventilation) process of preoxygenation is just one example.
There are three basic patterns of exponential change and all are
characterized by the fact that the rate of change of the process
in question is governed by the prevailing value of the quantity
involved. N2 is washed out at a rate according to its concentration
FA N2 ; the rate of change is proportional to the prevailing FA N2 .
This is seen also for example in Newton’s law of cooling. A body
loses heat at a rate governed by the temperature difference
between it and its surroundings. As it cools, this temperature

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
n

Figure 27.20 Approximation to 1/e. The mathematical constant e is defined as the
limit ‘as n tends to infinity’ of ((n + 1)/n)n and has a value of 2.718281... Its reciprocal
1/e or e−1 is approximately 0.3679... . This is the graph of (n/(n + 1))n for n = 1,2,3… .
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Figure 27.21 Wash-in and wash-out exponential functions. (a) Wash-out. The standard exponential wash-out curve. y = Ae−kt where A = 1. (b) Wash-in. The standard
wash-in curve y = A(1 − e−kt ) is simply an upside-down copy of the wash-in curve. It is the wash-in curve reflected around y = 0.5. (c) FAN2 wash-out and FA O2 wash-
in. Here A = 0.8 the modelled starting value for FAN2 . The value approaches zero as wash-out proceeds. The starting value is FA O2 = 0.15. As wash-in proceeds, the value
approaches 0.95.
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gradient diminishes and the rate of heat loss proportionally
diminishes with it. This is the condition for an exponential wash-
out function.
We consider only exponential functions of time here.
◆

◆

◆

Tearaway exponential function: y = Aekt; the exponent is positive. The function value increases proportionally with elapsed
time. This function has very little application in biology. Initial
growth of a bacterial colony before restriction of space and
nutrition diminish increase may approximately follow this
pattern; the more bacteria there are to reproduce, the more
rapidly the colony increases. We consider this no further. See
Figure 27.22.
Wash-out function: y = Ae−kt; the exponent is negative. See
Figure 27.21a.
Wash-in function: y = A(1 − e−kt); the exponent is again negative.
This function is simply the complement of the wash-out function. See Figure 27.21b.
The components of the wash-out function y = Ae−kt are:

◆

◆

◆

◆

e is the mathematical constant 2.71828 that arises as the limit of
((n + 1)/n)n as n increases towards infinity. e−1 is the reciprocal of
this and is approximately 0.3679. We have seen how this constant
arises naturally.
t is the independent variable, time. This appears as the power or
exponent which gives the function family its name.
k is the rate constant. This modifies the exponent to match the
speed of the process. k is large if the rate is fast and small if it
is slow. The rate constant is the reciprocal of the time constant,
τ; τ = 1/k and is obtained from the ratio of container volume to
flow in wash-in/wash-out problems. Evidently if the rate is fast,
the time constant is short and vice versa. The negative exponent
means that the function is declining with time in contrast to the
increasing nature of the tearaway function.
A is a scaling factor that simply assigns a scale to the particular units for the problem in hand. This is multiplied by the
proportion-determining e−kt: in the preoxygenation example
FA N2 had initial value 0.8. The proportional reduction in the
initial value in the continuous flow approximation works on
this A = initial FA N2 = 0.8 to give the prevailing FA N2 at any
time t.

The wash-in function y = A(1 − e−kt) is just the complementary—
or upside-down—version of the wash-out function. Any quantity
raised to power zero takes value 1. Hence at time t = 0, e−kt = 1 and
the expression inside the brackets is zero. This starts the function at
zero. As t increases, e−kt approaches zero, the bracketed expression
approaches 1 and hence y approaches a final value A.
Any exponential function can be modified by the addition of a
constant; FA N2 approaches zero as preoxygenation proceeds and no
constant is required;
FA N2 = 0.8e − 2t

(27.17)

FA O2 on the other hand starts from a value FA O2 = 0.15 so the
required equation is;

(

FA O2 = 0.15 + 0.8 1 − e − 2t

)

(27.18)
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This results in a final target value of FA O2 = 0.95 in the idealized
model. Evidently a more realistic model that included the effects of
water vapour would reduce this.
As the time constant τ = 1/k, it follows that whenever t is an integer multiple of τ, the exponent takes an integer value e−1, e−2, e−3 ... .
Memorization of the standard sequence of values 0.37, 0.13, 0.05,
0.02 and the rule of thumb for calculation of time constant enables rapid calculation of approximate interim values in exponential
processes.
In Newton’s law of cooling, it is easy to see that A is determined
by the initial temperature in excess of the surroundings and k is
related to factors that govern the rate of heat loss—insulation, air
flow around the hot object and so on.
The area under an exponential curve is often important. Areas
are obtained by integration of the function and evaluation of the
integral between limits of interest. Exponential functions have
particularly simple integrals that are also exponential functions. For f(x) = Ae−kt, the integral F(x) = −(1/k)Ae−kt. If evaluated between limits 0 and ∞—that is the whole curve—the
area is A/k. This means that the area is directly proportional
to A and inversely proportional to k: the area diminishes as k
increases. As τ = 1/k, the area is directly proportional to the time
constant.

Step change in ventilation
Anaesthetists frequently modify the level of alveolar ventilation in
their patients by mechanical or pharmacological means. It is useful
to examine a model of the transition from one steady-state ventilation to another. This model relies upon connecting the earlier study
of steady-state Pa CO2 and V̇a with the nature of exponential functions. The lessons we learned in the preoxygenation example can be
employed to elucidate what is happening.
We employ the same model assumptions from the alveolar
ventilation-Pa CO2 example and consider what happens in passing
from V̇a = 4 litres min−1, Pa CO2 = 5 kPa (a steady state) through
V̇a = 8 litres min−1, Pa CO2 = 2.5 kPa (a different steady state)
and back again by abruptly increasing V̇a from 4 litres min−1 to
8 litres min−1 and then restoring the original V̇a. These are the transitions between steady states mentioned previously (see ‘Alveolar
ventilation and resulting Pa CO2 ’). See Figure 27.23.
The system is in steady state (for constant VCO2 = 0.2 litres min−1)
with V̇a = 4 litres min−1, Pa CO2 = 5 kPa. This continues indefinitely
in the model until we disturb the conditions. If V̇a is acutely raised
to 8 litres min−1 the removal of CO2 from the alveolar space is
immediately increased and exceeds production, VCO2 . At the instant
of change, removal is at the rate of 0.4 litres min−1—twice the production. Evidently PA CO2 (and hence Pa CO2 ) must fall and, as it does
so, the rate of CO2 removal diminishes. As the rate of removal is
proportional to prevailing FA CO2 , this fall follows an exponential
wash-out pattern. This can be shown mathematically by solution of
a differential equation based upon the model. Details are omitted.
When the FA CO2 has fallen to 0.025 (2.5 kPa), the rate of removal
exactly balances the VCO2 again and equilibrium is restored. This
state of affairs will continue until the system is disturbed once
more. See Figure 27.24, transition between steady states.
This we can do by restoring the original V̇a = 4 litres min−1. At
the instant of restoration of V̇a = 4 litres min−1, the CO2 removal is
only 0.1 litres min−1, half of the VCO2 and Pa CO2 starts to rise. This
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Figure 27.22 Tearaway exponential function: positive exponent, y = Aekt. The
gradient is always positive. It is proportional to the prevailing value which is
characteristic of exponential functions. This function has little application in
medicine.

continues until FA CO2 = 0.05, Pa CO2 = 5 kPa again, the condition for
steady state. Once this level has been reached, the system is back in
the original steady state. This restoration of Pa CO2 follows an exponential wash-in pattern as the rate of CO2 removal is proportional
to its prevailing value. Again, this can be shown mathematically.
See Figure 27.25.
What about the rates at which these processes—the wash-out
and restoration wash-in—take place? It is tempting to invoke the
preoxygenation model and presume that they take place at the
same rate. The preoxygenation model depended essentially upon
the exchange of N2 and O2 molecules within the FRC. Tissue N2
stores were ignored. In the case of step change in ventilation on

the other hand, we are removing and restoring CO2 from a larger
space than the FRC, namely the TBW, to achieve a new equilibrium each time. VCO2 is discharged constantly into the TBW
at cellular level. The PA CO2 in the alveolar space as constructed
in our model is merely acting as a window on the TBW and is
essentially just a convenient gaseous subspace (where the simplicity of Dalton’s law applies) of the larger compartment, TBW. This
argument essentially rests upon the modelling assumption that
PA CO2 = Pa CO2 . Under equilibrium conditions, we can ignore the
unchanging body CO2 stores.
The TBW has a typical compartment volume of about 40 litres;
CO2 diffuses freely throughout the space. This may seem a bit
strange; we are modelling the alveolar ventilation as if it were
passing through the whole TBW. Using the rule of thumb for
time constant calculation we can estimate the time constant for
the V̇a = 8 litres min−1 to be about 5 min (8 litres min−1 would
take 5 min to fill a 40-litre container). For the restoration wash-
in (V̇a = 4 litres min−1), the time constant would be 10 min; the
completion of the restoration process takes twice as long as the
hyperventilation decrease does. We can then use our standard
proportions to calculate Pa CO2 at integer multiples of the time
constant.
Is there another approach that will convince us that this difference in the rates of the processes must be so? Let us return to
the fluxoid concept. The volume of a fluxoid represents a mass.
The equilibrium fluxoids are flat-topped blocks. For V̇a = 8 litres
min−1, the only level of FA CO2 that ensures equilibrium is 0.025
(Pa CO2 = 2.5 kPa). Reference to the diagram (Fig. 27.25) shows
a 3D piece sitting on the platform of the equilibrium fluxoid
for this V̇a = 8 litres min−1. The volume of this represents the
mass of CO2 exported from the system to attain the new equilibrium. If we are to restore the original state of the system after
the resumption of the original V̇a = 4 litres min−1, we need to
put exactly this mass of CO2 back. This mass is represented by
(B)
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Figure 27.23 (a) and (b) Steady states for different levels of V̇a. The model system is in steady state for each of the given levels of V̇a at only one value of PaCO2 . At any
other PaCO2 level there is a net removal or retention of CO2. During the transition between steady states, the PaCO2 is changing with time.
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a ‘ghost’ fluxoid that can be imagined but not seen as it signifies
CO2 that is held back in the system and does not appear in the
alveolar space until the original FA CO2 that ensures equilibrium is
restored to 0.05 (Pa CO2 = 5 kPa) once more. As the fluxoids have
the same volume (mass) but depths (V̇a) that are in a ratio of 2:1,
the front face areas must be in the ratio of 1:2: The overall CO2
economy approach confirms that hyperventilation reduces Pa CO2
twice as rapidly as the reverse process.
The areas of the front faces obtained by integration and evaluation of the exponential functions are given by A/k. As the time constants are in the ratio 1:2, the areas will therefore have the required
ratio of 1:2. Areas are inversely proportional to the rate constants;
it all connects up.
Experiment and clinical experience demonstrate that reduction of Pa CO2 by hyperventilation is an inherently more rapid process than its restoration. The model is, of course, merely a crude
approximation to real clinical procedures. But the very abstraction
involved in producing any type of model allows us to see through
some of the fog of clinical complexity to perceive the underlying
physiology at work.

Logarithmic functions

V = 4

V = 8

Logarithmic (‘log’) functions are closely related to corresponding
exponential functions. Exponential functions have the independent variable appearing in the exponent—hence the name. These
have the general form:
V = 4

Figure 27.24 Transition between steady states. The transition to the lower
level of PaCO2 by hyperventilation takes place more rapidly than the reverse
process when the original V̇a is restored. In the idealized model, the rate
constant for the reduction (0.2 min−1) is twice that for the restoration
0.1 min−1. The time constants predicted are the reciprocals of these: 5 min and
10 min respectively.

‘Real’
‘Ghost’

V = 4

V = 8

V = 4

Figure 27.25 Fluxoid representation. Consideration of the overall CO2 economy
involved in the transitions between steady states shows that the reduction and
restoration processes must necessarily take place at different rates. The steady
states are represented by the blocks. The volume of the elevated ‘real’ fluxoid on
the left-hand side represents mass of CO2 removed by hyperventilation in moving
from the original equilibrium to the new one at lower PaCO2 . The fluxoid on the
right is a ‘ghost’: its volume represents the mass of CO2 retained within the system
to restore the original steady state. These masses must be equal in the simple
model system. The areas of the front face must be in the ratio A:B = 1:2 as the flow
(V̇a) axes are in the ratio A:B = 2:1.

y = kabx

(27.19)

where x is the independent (input) variable conventionally plotted
along the horizontal axis. The constant a can, in principle, take any
value. The basic natural exponential function is y = ex where a is the
familiar e = 2.71828... and k = b = 1. The only other value for a that
is commonly encountered is 10: y = 10x.
A log function is the inverse of the corresponding exponential
function: f(x) = log(x) answers the question ‘to what power do we
raise the base a to obtain the value x’? An inverse function essentially reads a graph backwards by interchanging input and output
variables: its graph is drawn by interchanging the axes. Graphically
this is a reflection in the line of identity y = x. The natural log function f(x) = logex is the inverse of the basic natural exponential function y = ex and hence uses base e. ‘Common’ logarithms as used
in pH scale use base 10; this function is the inverse of y = 10x. See
Figure 27.26.
Some properties of logarithmic functions:
◆

log (1) = 0

◆

log (0) is not defined

◆

◆
◆

◆

logs of negative numbers do exist but are complex numbers and
receive no further mention.
addition of logs represents multiplication
subtraction of logs represents division: logs of fractions are therefore negative
multiplication of log by n raises to the nth power.

Logarithmic transformation of an exponential function linearizes
the function:
y = Ae bx

(27.20)
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Figure 27.26 Natural logarithm function. (a) The natural log function is the inverse of the tearaway exponential function. (b) It is a reflection of the exponential
function in the line of identity and essentially reverses the axes and reads the graph of the exponential function backwards. Log(1) is zero. Logs of numbers less than 1
are negative.

Take natural log of each side:

1.0

log e ( y ) = log e ( A) + bx

(27.21)

This is a linear function of x, with gradient b and intercept, loge A. If
we have data from an exponential process, a linear transformation
enables a linear regression to be performed to obtain least squares
estimates of A and the rate constant b.
Half-time in time-dependent exponential processes is shorter
than the time constant, as the initial value, in a wash-out process
falls to about 0.37 of its starting value at the first time constant. To
calculate the factor we set:
e

− kt

= 0.5

(27.22)

Take natural log of each side:

= 0.6931 / k = 0.6931τ

0.8
0.7
0.6
0.5
0.4
0.3
0.2

−kt = log e (0.5) = − log e (2)
t = log e (2) / k

0.9

y

480

0.1

(27.23)

Half time is about 70% of time constant τ. See Figure 27.27.
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Figure 27.27 Half-time. Half-time is about 70% of the time constant.

Sinusoidal functions
While many physiological processes can be modelled using the
IOP, others require a different approach. We studied a cyclical process when we looked at tidal ventilation of the alveolar space. There
are many other cyclical processes in physiology—cardiac cycle, circadian rhythms, menstrual cycle, and so on. We look now at the
application of sinusoidal functions—sines and cosines, hereafter
sin and cos—to the important practical matter of faithful recording
and display of intravascular pressures.

The model of oscillating systems is based upon a simple
idealized physical system using typical modelling assumptions.
This model is progressively developed to become more complex until we can include at least the minimum factors involved
in determination of the behaviour of the measuring systems
that we need. The equations and techniques involved in solving the model are generally beyond our scope. An overview is
presented.
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Mass-spring system: simple
harmonic motion
We start with a physical system consisting of a block of mass m
attached to a spring. Using modelling assumptions characteristic
of a first approach, this mass rests on a horizontal, frictionless surface. If the system is undisturbed, it rests at an equilibrium position,
x = 0. See Figure 27.28. The displacement from the equilibrium
position is the independent variable x.
The spring obeys Hooke’s law which states that the force F exerted
on the mass as the spring is extended or compressed is proportional
to the displacement of the mass from the equilibrium position. This
is a restoring force as it tends to return the mass to the equilibrium position whichever the side of displacement. The spring itself
is modelled as having no mass or internal frictional forces and is
characterized by a single constant k, the stiffness that determines the
force exerted for unit extension or compression. The displacement
is assumed to be small such that the spring is not distorted beyond
its elastic limit where Hooke’s law would no longer be applicable.
Hooke’s law thus gives:
F = −kx

(27.24)

The negative sign means that the force is always directed towards
the equilibrium position. Force is a vector quantity that has both
magnitude and direction.

m

X - axis
X=0

Figure 27.28 Mass-spring system. The block of mass m rests upon a frictionless
surface. A spring of stiffness k is attached to the mass and a fixed point. The spring
obeys Hooke’s law. Displacement of the mass from its equilibrium position x = 0
sets up a sinusoidal oscillation. This is simple harmonic motion. The equation
of motion describes the position of the block as a function of time x(t) and the
frequency of oscillation is dependent upon the values of m and k. Its exact form
depends upon the initial conditions of displacement and velocity.
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Newton’s second law is now applied to the system: this states that
force is the product of mass and acceleration. As the mass lies on a
horizontal surface, g, acceleration as a result of gravity plays no part:
F = ma
a = − xk / m

(27.25)

This means that acceleration of the mass in motion is:
◆
◆

proportional to displacement
in a direction opposite to that of the displacement; if x is negative,
acceleration is in the positive x-direction.

Systems that obey these conditions exhibit simple harmonic motion
(SHM). SHM is a sinusoidal oscillation—it follows the trajectory of
a sine wave. If a pen were attached to the mass and allowed to draw
on a constantly moving chart, a sine wave would be displayed. See
Figure 27.29.
Velocity is the rate of change of position with time—the first
derivative of position with respect to time. Acceleration, in turn, is
the rate of change of velocity with time—the second derivative of
position with respect to time.
Thus a = −x(k/m) is an equation that connects displacement, x,
and its second derivative with respect to time, acceleration a. This
is a second-order differential equation because it involves a second
derivative. To solve this equation means finding a function of x
that satisfies the equation. The general solution to this equation is a
sinusoidal function.
The solution describes an unchanging sinusoidal oscillation
about the equilibrium position. The exact function required to
describe the position of the mass at time t depends upon the initial
conditions—the magnitude and sign of the initial displacement (its
position, x at t = 0) and any velocity of the mass at t = 0.
The oscillation of the mass involves a constant interchange of
kinetic and potential energy. At the extremes of the oscillation as it
changes direction of travel, the mass is momentarily at rest and has
zero kinetic energy and maximum potential energy. As it passes the
equilibrium position x = 0, the kinetic energy is at a maximum and
the potential energy is zero.
Evidently an eternal oscillation does not accord with experience
in real systems; frictional forces ensure dissipation of energy such
that the mass will ultimately come to rest at its equilibrium position.
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Figure 27.29 Sine wave. Simple harmonic motion is an oscillation that is a sine wave. (a) Sine wave—a repetitive function. (b) A single cycle.
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Sinusoidal functions
Consider a radius connected to a point on the circumference of
a unit circle situated at the origin and rotating anticlockwise. The
radius as it rotates makes an angle with the x-axis. The projection of
the point onto the y-axis for any angle is the sin of the angle θ. The
projection of the point onto the x-axis is the cos of the same angle.
See Figure 27.30.
The projections on the axes range between −1 and +1.
Mathematicians and engineers use radian measure where 2π radians is a full circle of 360°. A radian is the angle subtended by an arc
the same length as the radius of the circle. A right angle is thus π/
2 radians. Once the circle has made a rotation, the process repeats
itself, generating the cyclical nature of the functions.
Cos and sin have identical form but are projections at right angles
and hence demonstrate a π/2 difference in position in their cycles
(phase); sin(0) is zero, cos(0) is 1.
If the radius is rotating at a constant rate, sin and cos can be easily
described as functions of time instead of angle.

Features of sinusoids
Amplitude
The maximum excursion of the waveform either side of the axis is
unity in the basic functions as defined. We can change the size of
the basic sin or cos oscillation by multiplication by a constant, the
amplitude. See Figure 27.31.

Angular frequency
The rate of rotation of the radius—in radians per second—
determines a quantity the angular frequency ω that enables us to
describe the projection onto the axes at any time t. This is related to
the cycle frequency, f by ω = 2πf. f is measured in Hz.
The period of oscillation T is the time taken to complete a cycle.
T = 1/ f
T = 2π / ω

(27.26)

It may be necessary to add a constant to describe oscillation about a
mean non-zero value. This shifts the curve vertically.
x (t ) = Acos(ω t + φ) + k

(27.29)

It is possible and even convenient to express a sinusoidal function as an exponential function using complex numbers. Complex
numbers involve the use of i, the square root of −1. Complex functions are extensions of the familiar functions of real numbers to the
wider realm of complex numbers. Perhaps paradoxically, the use
of complex exponential functions renders manipulation of oscillating functions much simpler once the concepts and techniques
are grasped. They are routinely used by scientists and engineers
for this purpose. Unfortunately the properties of complex numbers and their functions are one step beyond what we can afford
to cover here. It is surprising that the exponential and sinusoidal
functions that have such different form when using real numbers show such an intimate connection when complex numbers
are involved. The subtle and beautiful link between the seemingly
separate families of exponential and sinusoidal functions is well
worth the exploration.

Derivatives
Differentiation of these functions follows a cyclical pattern:
◆

The derivative of sin(x) is cos(x)

◆

The derivative of cos(x) is −sin(x)

◆

The derivative of −sin(x) is −cos(x)

◆

The derivative of −cos(x) is sin(x).

These functions can thus be differentiated any number of times.
The second derivative of sin or cos is simply the negatively signed
identical function. This is the underlying reason for the sinusoidal
functions being the solution to the second-order differential equation in the SHM equations. This is explained further in the following sections.

Harmonics

Phase
Phase describes the position of the waveform with respect to the
time axis. This is used for comparing simultaneous oscillations or
to describe the shift that may occur when manipulating sinusoidal
functions. The phase is (ωt + ϕ). ϕ is the phase angle or phase constant. A horizontal translation can superimpose two sinusoids of
the same amplitude: cos(φ) = sin(φ + π/2) for instance.

Addition of sinusoids
Addition of a sin and a cos function causes a shift in phase and a
change in amplitude relative to the component functions because
they project at right angles; the resulting amplitude is obtained by
the Pythagoras formula. See Figure 27.32.
We can describe a general sinusoidal oscillation as a function of
time in a number of ways:
x (t ) = A cos ( ω t) + B sin ( ω t)

(27.27)

As the addition of sin and cos introduces a change in amplitude and
phase compared with the component functions, we can describe
the resulting oscillation as a pure cos function (or a pure sin function) by suitable choice of amplitude A and phase angle ϕ.
x (t ) = A cos ( ω t + φ)

(27.28)

Integer multiples of the fundamental frequency—the natural
oscillating frequency of the system determined by k and m—are
called harmonics. Analysis of the effects of successive addition
of sinusoids that are harmonics of the fundamental frequency—
oscillating 2,3,4 … times as rapidly—is the basis of modelling
complicated repetitive waveforms that do not resemble pure sinusoids. Intravascular pressures for example, while repetitive, do
not resemble a simple sinusoid. A choice of amplitude and phase
angle for each harmonic must be made and the addition of each
enables a closer approximation to a waveform to be modelled.
This mathematical sculpturing process can be continued with
higher and higher harmonics until an arbitrarily close resemblance is obtained.

Review of mass-spring system and simple
harmonic motion
As acceleration is the second derivative of the position function of
time x(t):
a = x ’’(t )

a = − x ( k / m) becomes
x’’(t ) = − x (t ) ( k / m)

(27.30)
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Figure 27.30 (a–e) Sin and cos. Sin is the projection of the point on the tip of the radius of a unit circle onto the y-axis as a function of the angle θ. Cos is the projection
of the same point onto the x-axis as a function of θ. These functions have identical form but exhibit a difference in position relative to the angle axis: a phase difference.
One function can be superimposed upon the other by suitable horizontal shift. If the radius is treated as rotating at a constant rate—the angular frequency π—sin and
cos can be described as functions of time instead of angle.
Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, pp. 132–133, with permission from Oxford University Press.
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Figure 27.31 (a) and (b) Sin and cos: amplitude. Sin and cos differ only in their starting point. The amplitude is the maximum displacement from the equilibrium
position. For the basic functions this is unity by definition.

In summary:

1.5

1.0

0.5

0

◆

Period of oscillation: T = 2π/ω = 2π√(m/k)

◆

Frequency f = 1/T = (1/2 π)√(k/m).

Damped oscillations
π

0

2π

–0.5

–1.0

–1.5

Figure 27.32 Addition of sin and cos. The sum of a sin and a cos function
gives a function that has both amplitude and phase differences relative to the
component functions. The amplitude and phase of the sum function are obtained
from Pythagoras’ formula: here the sum of the basic functions (each of unity
amplitude) has an amplitude of√2 = 1.4142. It has a phase shift of π/4 relative
to each of the components in this case where the amplitudes are equal. In this
example its peak is thus midway between the two component peaks.

The general solution of SHM is the position as a function of time:
x (t ) = Acos ( ω t + φ)

(27.31)

The first derivative, velocity
x ’(t ) = −ω Asin ( ω t + φ)

Of course no real oscillation continues forever. Dissipation of
energy by frictional forces ensures a progressive decline in amplitude until the oscillation comes to a halt. Frictional forces always
act in a direction to oppose the motion. The system is then said
to be damped. Damping, if sufficient, may cause abolition of all
oscillation.
How should the model be modified to account for damping? We
add a component called a dashpot—this is essentially a (massless)
piston-in-cylinder arrangement—such that the mass is subjected to
a resistive force. The dashpot contains a notional viscous fluid. See
Figure 27.33.
We expect from experience that the introduction of a resistive
element will
◆
◆

diminish amplitude progressively
extend the period of oscillation and hence reduce the angular
frequency.

These effects will depend upon:
◆

relative values (ratio) of k and m

◆

design of the dashpot and viscosity of the fluid.

(27.32)

and the second derivative, acceleration:

m

x’’(t ) = −ω 2 Acos ( ω t + φ)
x’’(t ) = −ω 2 x (t )

(27.33)

Comparison with the original equation (27.30) shows that the SHM
function is a solution and ω2 = k/m. Hence ω = √(k/m). This predicts that the angular frequency is higher for greater spring stiffness
k and lower for greater mass m. This accords with our experience.

X - axis
X=0

Figure 27.33 Damping. Damping is modelled by the introduction of an idealized
component that confers a velocity-dependent, resistive force that acts to oppose
the motion of the mass. The massless piston moves in a cylinder containing
viscous fluid.
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Frictional (resistive) forces are velocity-dependent and act to
oppose the motion. We assume a directly proportional (i.e. linear)
relationship between velocity and resistive force. This means that a
velocity-dependent term must be added to the differential equation:
mx’’(t ) = − kx(t ) − rx’(t )

x’’(t ) = − x (t )( k / m) − (r / m)x’(t )

(27.34)

This is another second-order differential equation.
r is a constant that represents the resistive characteristics of the
dashpot. We expect that the ratio of spring stiffness and mass in
comparison to the characteristics of the resistive element will determine the behaviour of the system.
We can describe a damping factor α that combines all of these.
The factor r/2m plays an important part in the solutions. This is
denoted as β: βr = r/2m.
We let ωο = √k/m). This is the natural oscillating angular frequency of the undamped system. The actual value of ω is determined by the value of α the degree of damping.

(

α = β / ω ο = r / 2 √ km

)

(27.35)

This shows, as expected, that damping increases as r increases and
that the effects of this may be overcome by increase in spring stiffness and/or mass.
There are four forms to the solution of equation (27.33) depending upon the level of damping:
◆

◆

When r = 0, α is also zero and the undamped SHM solution is
recovered.
When r is non-zero but small relative to k and m (α < 1 i.e. ωο > β)
the solution preserves the oscillatory nature of the SHM but the
oscillation falls away within an exponential envelope. The period
of oscillation is prolonged. This is damped oscillation.
Solution: Ae−βt [cos(Ωt + ϕ)]
This is the product of a sinusoidal function and a wash-out exponential function. The angular frequency is reduced by damping.
Ω is the modified angular frequency and is less than ωο in the
presence of damping. Ω = √(ω2ο – β2).

◆

◆

When (α = 1 i.e. ωο = β) the damping is said to be critical; the
angular frequency Ω is then exactly zero and hence all oscillation
is abolished. The solution is the product of a linear function and
a wash-out exponential function: there is no sinusoidal component to the solution. The position function declines to the equilibrium position without traversing it. Solution: (At + B)e−βt.
When (α > 1, ωο > β) the system is said to be overdamped. The system again declines to equilibrium with no oscillation. This solution is given by the sum of two wash-out exponential functions.
It is the same form of equation as describes a two-compartment
pharmacokinetic model or nitrogen wash-out including tissue
stores. Solution: Ae−ϕt + Be−γt.

The rate constants are given by: ϕ = β + (β2 − ωο2) and γ = β −
(β2 − ωο2). See Figure 27.34.
The exact form of the particular solution depends—as always—
upon initial conditions of the system.

Forced oscillations
The next step in development of the model is to consider what
happens when the system is forced to oscillate by an external

mathematical models and anaesthesia

vibration: a sinusoidal force is applied to the system. The example of
a car driving along an uneven road is familiar; the unevenness of the
road causes a forcing oscillation and the car suspension system—
springs, shock-absorbers—is designed to modify the experience of
the occupants who are exposed to a different, damped oscillation.
The development of the equations of motion involved, although
standard material for physicists and engineers, becomes well
beyond our scope. Essentially the modelling process described so
far continues but with increasing mathematical complexity. Our
primary interest is in comparing the input waveform of the forcing oscillation to the output waveform of the damped mass-spring
system. See Figure 27.35.
In invasive blood pressure measurement, the catheter–saline
column–transducer system has mass, resistive and elastic elements
in common with the idealized damped mass-spring system. The
forcing oscillation is the intravascular pressure wave. The task of
the measurement system is to convert this real pressure wave into
the displayed waveform on the screen with as little distortion as
possible. The waveform should ideally be reproduced by the system
with perfect fidelity. This is evidently different from the aim of a car
suspension and shock absorber where major modification of the
system response to the forcing oscillation is the purpose. This perfect fidelity is not exactly achievable by mechanical systems because
of non-linear response to different forcing frequencies. With care,
however, waveform reproduction can be managed to an acceptable level for clinical purposes. In principle, predicted distortion
according to the model could be compensated for within the electronic algorithms in the measurement processor.

Resonance
The problem of waveform distortion arises because a physical system does not respond to all forcing frequencies equally. In general, the output function will differ in both amplitude and phase
from the input function. This becomes much more marked as the
input frequency approaches the natural oscillating frequency of the
system. This is the phenomenon of resonance. Resonance is the
marked increase in amplitude of the output oscillation in response
to a forcing frequency close to the natural frequency of the oscillating system. See Figure 27.36.
◆

◆

Relative frequency: ratio of forcing frequency to resonant
frequency
Relative amplitude: ratio of output amplitude to input amplitude.

The damping characteristics of the system are able to modify the
response and the mathematical model predicts how this occurs.
The model shows that damping reduces the natural oscillating frequency below that of the undamped system as we have seen. The
application of increasing damping hence progressively reduces the
frequency at which peak response in relative amplitude occurs.

Complex waveforms
So far only simple sinusoidal waveforms have been modelled.
Physiological waveforms are considerably more complex. We are
accustomed to looking at details within a waveform in a single
cycle—the dicrotic notch, for example. The fundamental frequency
is the heart rate—in the region of 1 Hz in a resting adult.
Any complex repetitive waveform can be modelled to an arbitrary level of accuracy by adding successive harmonics of the
fundamental frequency. Each harmonic is added with amplitude
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Figure 27.34 Damped and undamped oscillations. (a) SHM. α = 0. In the absence of damping the oscillation continues indefinitely. (b) Intermediate damping. 0 < α < 1.
Oscillation dies away within an envelope of an exponential wash-out function. With increasing damping, oscillation dies away more rapidly and the period of oscillation
is extended. (c) Critical damping. α = 1. This is the smallest value of α that eliminates oscillation from the system. The mass returns to rest without traversing the
equilibrium position. (d) Overdamping. α > 1. This solution is the sum of two wash-out exponential functions.
(b) Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, p. 78, with permission from Oxford University Press.
(c) Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, p. 79, with permission from Oxford University Press.
(d) Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, p. 77, with permission from Oxford University Press.
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X-axis
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Figure 27.35 Forced oscillation. The damped system is forced to vibrate by an externally applied oscillation. The system characteristics determine the output function in
response to the forcing oscillation.

and phase determined according to theory due to Fourier and in
practice carried out by computer algorithm. A complex waveform
can thus be considered as being built up as a sum of harmonics of
the fundamental frequency. The finer detail within the waveform is
determined by higher harmonics.
The mechanical corollary of this process is that the measurement
system responds to each of the component harmonics within the
complex waveform as predicted by the physical model. If the input

waveform contains harmonics that are close to the natural resonant
frequency of the measurement system, then selective amplification
and phase shifts of these harmonics will lead to serious distortion.
The detail of a physiological waveform such as the arterial pressure
can generally be satisfactorily reproduced for clinical purposes by
the use of 10 harmonics. We will therefore be interested in how the
measurement system responds to frequencies about 10 times the
highest heart rate we expect to encounter.
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Figure 27.36 Input and output functions. (a) In general the output function will differ in both amplitude and phase from the input function. (b) Relative amplitude and
relative frequency. As the forcing frequency approaches the natural resonant frequency of the system, the output amplitude increases dramatically. This is resonance. An
ideal system would have a relative amplitude of unity throughout.
(A) Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, p. 82, with permission from Oxford University Press.
(B) Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, p. 83, with permission from Oxford University Press.
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Figure 27.37 Resonance and damping. (a) and (b) Relative amplitude. The relative amplitude is evidently affected by the degree of damping. As the value of α increases
there is a progressive reduction of the peak value of relative amplitude. The effective natural oscillating frequency is reduced by increasing the damping. This is seen by
the leftward shift of the peak as α increases. (c) Phase response. The degree of phase shift is affected by damping. This has a nodal value of π/2 for all levels of damping at
unity relative frequency. Below this—where measurement systems should operate—higher damping induces greater phase shift.
(a) and (b) Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, p. 84, with permission from Oxford University Press.
(c) Reproduced from Cruickshank, S. Mathematics and Statistics in Anaesthesia, 1998, p. 85, with permission from Oxford University Press.
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Inspection of the graphs of frequency response functions for
amplitude and phase gives us some idea of how the model system
behaves (Fig. 27.37). Output amplitudes are within about 1% of input
amplitudes only if the relative frequency lies below 0.1. As we wish to
handle frequencies involving the 10th harmonic of the fundamental,
a system resonant frequency of about 100 times the highest expected
heart rate would be our aim. In practice, real clinical systems have
resonant frequencies well below this—perhaps 10-20Hz—and this
introduces the inevitability of distortion and hence the possibility
of error in clinical decision-making. As the basic shape and size of
the waveform is determined by the first few harmonics, it is likely to
be the fine detail that is most compromised. Phase shift introduces
a further source of distortion. In the range below unit relative frequency this is greater for higher values of damping factor α.

ideas where well-behaved functions emerge to explain physiological phenomena enables insight into the clinical observations
familiar to us. The input–output principle and examples from respiratory physiology demonstrate this well. The process of drastic
simplification enables us not only to produce a functioning model
but also to interpret the resulting predictions as we can grasp the
degree of simplification that has been involved. Physiological processes are quite evidently much more complex than we can hope
to reproduce in all their detail. But much can be achieved even
with simple models. Sometimes their predictions may surprise
us. Familiarity with the fundamental features of exponential functions and the concept of time constants gives us useful estimates
of the rapidity with which changes will take place in a variety of
circumstances.
The example of invasive intravascular waveform modelling
(where
the underlying model is, after all, essentially a simple
System design and fidelity:
mechanical system rather than a complex physiological one) shows
static calibration
that there are areas that are of great importance but where our
The design and configuration of catheter–
saline column– level of mathematical sophistication is unlikely to be sufficient to
transducer systems is an important determinant of fidelity of the understand them fully. We rely here upon physicists and engineers
resulting waveforms and the digital summary information pre- who have studied and developed these models in a wide variety of
sented from them. Clinical decisions are based upon such informa- applications.
tion. It is easy to see that a natural resonant frequency that is too
There are many other areas where familiarity with mathematical
low, or an underdamped system, may cause overshoot of systolic functions may clarify our thinking in handling clinical and even
pressure measurement and disguise true hypotension, for example. managerial problems. The elements of probability theory and the
The characteristics of a clinical system can be determined from functions that arise there provide just one example.
‘square-wave’ testing by pressurizing and abruptly de-pressurizing
with recording and analysis of the resulting decline back to zero. Declaration of interest
This enables an assessment of both natural resonant frequency and
damping factor by reference to theory outlined here. The optimal None declared.
combination of these to allow sensible clinical decision-making is
evidently important. In general, the higher the resonant frequency, Further reading
the more latitude in damping factor is allowable. It is well known This chapter has necessarily used only rather elementary models and
that even the best-designed system is susceptible to operational mathematical techniques. More complex models may require more
errors in use such as transducer malposition, intravascular catheter sophisticated mathematics but at the expense of comprehensibility
blockage or kinking, bubbles in the system, incorrect choice of tub- for the practising clinician. The employment of probability concepts
ing, or failure to do adequate static testing.
for the theory of diagnosis, screening and clinical testing is a good
The application of static pressures in calibrating the system is further example of where elementary mathematics can illuminate
easy, vitally important, and frequently neglected; a zeroing proce- the application and interpretation of everyday clinical methods.
dure is often all that is done. The static response must be linear. The
input pressure and the resulting display value should be identical
Popular treatments
throughout the expected clinical range. It should follow the line
There are many books of the so-called popular science genre that
of identity. This means a linear function of unity gradient passing
introduce mathematical ideas to the general reader. The topics of
through the origin. This can be tested with known input pressures
complexity, emergence, chaos and fractals for instance are finding
applied to the transducer including values above the likely clinical
increasing applicability in life sciences. Approachable treatments of
range allowing interpolation and not extrapolation. Zeroing estabthese and similar subjects are easily available.
lishes one point at the origin only.
Gowers T. Mathematics. Oxford: Oxford University Press, 2002
The theory and practice of invasive pressure measurement is a
The highly distinguished Professor Timothy Gowers has written
complex area. While we await the introduction of cheap, reliable,
this volume in the A Very Short Introduction series. This gives a
and disposable fibreoptic intravascular pressure transducers into
concise overview of how professional mathematicians think and
routine clinical practice, we will rely upon the catheter–saline
work—in about 130 pages. It requires minimal prior knowledge
column–transducer system for our invasive pressure requirements.
and has examples from pure and applied branches of the subject.
The optimization of these requires some acquaintance with the
The suggestions for further reading at the back are well-worth
underlying theory even when the design is left to expert engineers.
pursuing.

Conclusion

Techniques

The application of elementary mathematical ideas to clinical
problems can be illuminating. Acquaintance with some simple

Various
authors.
‘Modular
Publisher: Edward Arnold

Mathematics’

series.
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This series provides a transition from school level to the main
branches of modern mathematics at early university study. The approach
is serious but not forbidding. There are titles on Calculus, Differential
Equations, Mathematical Modelling, Probability, and many more.
Various authors. Springer Undergraduate Mathematics Series
(SUMS). Publisher: Springer Verlag
This is a similar series at about the same level and covering a variety
of topics in pure and applied mathematics.

Anaesthesia
Cruickshank S. Mathematics and Statistics in Anaesthesia.
Oxford: Oxford University Press, 1998
This book covers most of the material in this chapter in more
detail, but not the alveolar gas equation. There is a section on

mathematical models and anaesthesia

mathematical concepts. There is also a treatment of the basic concepts of probability and statistics.
Cruickshank S, Hirschauer N. The alveolar gas equation. Contin
Educ Anaesth Crit Care Pain 2004; 4: 24–7
This article elaborates the derivation and examination of the AGE given
here.

Dorrington KL, Pandit JJ. The obligatory role of the kidney in
long-term arterial blood pressure control: extending Guyton’s
model of the circulation. Anaesthesia 2009; 64: 1218–28
This article is a good example of physiological modelling with
mathematics and uses a well-established model of the circulation.
This model is extended to reach some surprising conclusions about
blood pressure control in chronic states. The mathematical ideas
used are simple.
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CHAPTER 28

Presentation and handling
of data, descriptive
and inferential statistics
Peter D. G. Alexander and Malachy O. Columb
Introduction
The need for any doctor to be able to comprehend, assimilate, analyse, and form an opinion on data cannot be overestimated. Never
was this truer than in the speciality of anaesthesia; the wealth of
complex data that is produced both by our patients and by our
equipment might well appear, at first, overwhelming. It is for this
reason that there is a need for complex data to be presented and
analysed in a rigorous way so that our understanding and opinions
may be formed with the best available information. This is the basis
of evidence-based medicine (see Chapter 29).
Statistics can be defined as the discipline concerned with the
numerical treatment of data from individuals, units, and groups.
This chapter aims to explain the types of data, describe how they
can be presented, and how groups may be fairly compared. We will
attempt to highlight the diversity of clinical datasets and the common problems and pitfalls when analysing them. Statistical analysis
is not a subject which should be glossed over or ignored but should
be grasped firmly and examined until the truth (or as close to it as
we can get) emerges.

Types of data
Data may be presented in many forms and it is important, before
collecting or analysing, to establish exactly what types of data you
expect to get. Examples of these are shown in Table 28.1. A study
investigating, say, the efficacy of a new analgesic, will collect data
from all of these types—the number of patients in the study (discrete), age (continuous), ASA grade (ordinal), sex (categorical), and
pain rating scores, which may be any of these four types, depending
on the nature of the ratings. Discrete data are essentially something
that can be counted. Scale or continuous data are something that
can be measured but may be any value within a finite or infinite
range. Ordinal data are used to define a value that forms part of
an ordered sequence. Categorical data are those that have been
grouped into exclusive categories.
It is usually impractical to take measurements from every patient
of interest, known as the population. It is therefore necessary to
select a sample from within the population and assume that this
sample is representative of the population as a whole. Information
in this sample (descriptive statistics) may then be used to allow us

to make inferences or deductions (inferential, or deductive, statistics) about the population from which the sample was taken. As
can be imagined, this presents us with potential problems: there
are risks that our samples are not truly representative, we may
have introduced bias, and the subject or item samples may not be
independent of each other in that they may be related in ways that
might not be immediately obvious. When it comes to making comparisons, an assessment of the risk of bias and the independence or
otherwise of samples is essential.

Descriptive statistics
Organizing and describing data
When presenting a data set, it is important to do this in a way that
is easy to interpret and is the most informative. This may be in the
form of, for example, a table, a pie chart, a frequency histogram,
or a box-whisker plot. Examples of these styles of presentation are
shown in Figure 28.1. From these representations one may then be
able to assess the type and shape of distribution from which the
data are derived.
As can be seen from the frequency histogram shown in
Figure 28.1, the observed sodium concentrations in the patient
group follow a common pattern seen within biological systems,
the typical bell-shaped curve of the Gaussian (or Normal) distribution. The Normal distribution is one of numerous theoretical distributions that can be estimated and the probability density plot is
shown in Figure 28.2. It conforms to the following properties:
◆

It is defined by two parameters, the mean (μ) and variance (σ2) or
standard deviation (σ)

◆

It is symmetrical and bell-shaped

◆

The mean and median are equal

◆

The probability that an item taken at random will occur between
plus or minus one standard deviation of the mean is 68.2%, two
standard deviations 95.4%, and three standard deviations 99.6%.

If the population distribution in question is known to conform to
the theoretical Normal distribution then we can make assumptions
that enable probability estimates. It is the making of probability
estimates and predictions that is the essence of statistical analysis.
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Table 28.1 Types of data
Data type

Explanation

Example

Discrete

Separate entities which can be counted

Number of attempts at intubation

Continuous

Can be measured within a range of values

Heart rate, patient weight

Ordinal

Grouped and ordered sequence

ASA grade, pain severity, Cormach–Lehane classification

Categorical

Grouped into exclusive categories

Gender, surgical specialty

(A)

Intensive care
outcome
Survived
Died

(B)

(C)
500

40

*

400
APACHE II score

30
Frequency
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300

200

10

100

0

20

110

120
130
140
150
160
Serum sodium concentration (mmol litre−1)

0

170

Survived
Died
Intensive care outcome

Figure 28.1 Examples of graphical representations of unpublished data. (a) Plot A is a simple pie diagram. (b) Plot B is a frequency histogram of the serum sodium ion
concentration showing a typically Normal distribution. (c) Plot C is a box-whisker diagram—the top and bottom of the box represent the 25 and 75 percentiles, the
middle line is the 50th percentile (median). The whiskers represent the data spread and extend to 1.5 times the height of the box or to the minimum or maximum value,
extreme outliers are shown separately.

As already stated, there are many theoretical distributions, which can
be calculated and tabulated and then used to predict probabilities in subsequent analysis, some of these will be described later but include the:
◆

t-distribution

◆

χ2 distribution

◆

F-distribution

◆

binomial distribution.

It may also be possible to manipulate a distribution in such a way
as to make it conform to a theoretical distribution. This is known as
a transformation. Take for example the data shown in Figure 28.3.
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Figure 28.2 Normal distribution.
Copyright © 2007 Wikimedia user Mwtwoes https://commons.wikimedia.org/wiki/File:Standard_deviation_diagram.svg. This file is licensed under the Creative Commons Attribution 2.5 Generic
license. https://creativecommons.org/licenses/by/2.5/deed.en. Adapted from Wikipedia user Jeremy Kemp, 2005. https://commons.wikimedia.org/wiki/File:Standard_deviation_diagram.png.
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Figure 28.3 Log distribution. (a) Frequency histogram of unpublished illustrative data demonstrating intensive care unit (ICU) length of stay. (b) Note the highly skewed
distribution, which can be transformed by plotting the log10 of the length of stay.

These data are highly positively skewed with the bulk of the patients
having very short LOSs. However, if a logarithmic transformation
of the data is performed it can be seen that the given variable (LOS)
now conforms much more closely to a Gaussian or Normal distribution. This is the commonest and most useful transformation.
Other transformations include, for example:
◆

square root

◆

reciprocal

◆

square

◆

logit and probit

Finding the middle of the data: measures
of central tendency
Having looked at the data as a whole, the questions that are often
asked are: ‘Where is the middle of the data?’ and ‘Which single value
best represents the data as a whole?’ The answers to these questions

are known as measures of central tendency. Here we have a number of options, the best choice being intimately dependent on the
underlying distribution of the empirical data. Let us take another
example data set: Table 28.2 shows the ages of consultants inhabiting the office space in one part of a Department of Anaesthesia.
The question is then, as a single value, how old are the anaesthetists in this sample? The arithmetic mean (x̅) of these ages is easily
calculated (the sum of the ages divided by the number of consultants = 393/8 = 49.1 years). This may be a reasonable summary of
the data especially if a Normal distribution can be assumed, but
not if the data are highly skewed. If there is a positive skew to the
data then the mean will tend to overestimate the centre of the data,
in this situation it would be better to use the median value. The
median value is found in the centre of an ordered sequence and
equates to the 50th centile. Back to our age example, if we order the
sequence thus:
39, 40, 41, 45, 56, 56, 57, 59
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The middle values in that sequence are 45 and 56. As there is no discrete centre value, an arithmetic mean is taken of these two middle
values i.e. [(45 + 56)/2] giving a median value of 50.5 years. So in
the positive skew distribution of our ICU LOS dataset the mean and
median are 141 and 67 h respectively. The third measure of central
tendency which can be used is the mode, which is only useful when
the variable is a discrete integer. This is the most commonly occurring value, which is 56 years in the age of anaesthetists example.
The mode is not used often, rather the term is used to describe the
number of peaks in a distribution such as uni-, bi-, or polymodal.
Another measure of central tendency is the geometric mean. If
we consider our previous example of LOS with its positive skew
data, following logarithmic transformation, we can calculate
the mean of the log data and then convert back to original scale
(101.85 = 71 h). The geometric mean approximates better with the
median than arithmetic mean suggesting that the geometric mean
and median are more representative of the central tendency for
data with positive skew.

Assessing the spread of the data: measures
of dispersion
Having found the middle of a sample, the next step would be to
consider how spread out is the distribution around this central
point. This is a measure of dispersion and, as with the central tendency, the best descriptor of the spread is dependent on the underlying distribution. If we look again at our simple dataset for age
(Table 28.2), one of the simplest measures of dispersion would be
the range of the lowest and the highest values (39–59 years). Let us
imagine though that on the day the sample was taken, one of the
consultant staff brought a child (aged 4) into work who was then
included in the sample. The range would now be 4–59 years giving
excessive emphasis to 4-year-old outlier. A better measure might
be to exclude extreme values and present the interquartile range
(25th–75th centile: 39–56 years), which is also commonly used
with the median for skewed distributions. Another such measurement of dispersion, applicable to normally distributed data, is the
variance or standard deviation.
The variance is calculated by assessing the degree to which each
value (n) is at variance from the mean (x̅) of the sample as a whole.
Table 28.2 The ages of consultants inhabiting
the office space in one part of a Department
of Anaesthesia (example data)
Consultant
identifier

Age
(years)

Publications in peer
reviewed journals
(n)

A

39

2

B

56

17

C

45

12

E

40

1

F

56

7

G

57

19

H

41

6

I

59

15

Taking our age example where the mean of the sample is 49.1 years,
the 39-year-old differs by –10.1 years, the 56-year-old by +6.9 years,
and so on. The sum of these differences is squared (to ‘neutralize’
the negative values) and divided by the number of observations
(n). Thus
∑ (x − x )
(n − 1)

2

Variance =

(28.1)

You will, of course, note that we have not divided our squared and
summed differences by exactly ‘n’ but rather ‘n − 1’, which is known
as the Bessel correction. This is because we have divided by the
number of degrees of freedom, which is the number of independent
values remaining. In our example, the mean was estimated from
eight independent observations. Once we know the mean there
are only seven truly independent values remaining as now any of
the eight values can be calculated by knowing the seven others.
Thus, in our example, there are now seven (n − 1) degrees of freedom. In order to convert the variance, which is a square, back into
our original units we take the square root to give us the standard
deviation (sd).
∑ (x − x )
(n − 1)

2

SD

=

(28.2)

Caution must again be exercised when choosing standard deviation as a measure of spread. As we can see, these values are derived
from the arithmetic mean and, again as we have previously noted,
in highly skewed samples, this may produce misleading results. The
skewness of the distribution may be detected from the summary
data alone, as discussed by Altman and Bland (1996). In a Normal
distribution, the data will extend beyond two standard deviations
of the mean (see Fig. 28.2) therefore, if the mean is smaller than
twice the standard deviation there is a likelihood of skewness.
So far in our discussions, we have been treating the true population and the sample population in very similar terms assuming
that our sample is representative of our underlying population.
This may not be the case, our sample of ages of anaesthetists may
represent the age of the average anaesthetic consultant across the
country or it may not. In order to improve the likelihood that it
might, it would be advisable to take further samples from within
our own department and from departments across the country.
This will give us a distribution of means from each sample. It has
been shown that this distribution of sample means will conform to
a Normal distribution (complete with its own mean and standard
deviation) even if the underlying distribution is not normal—this
is known as the central limit theorem. We can estimate what the
standard deviation of the sampling distribution of means is by
dividing the standard deviation of our sample by the square root
of the number of observations, this is known as the standard error
of the mean (sem);
SEM

=

SD
n

(28.3)

As the sample size increases, the size of the sem decreases. This
improves the precision of the estimate of the true population mean.
sem, though similar to a sd, actually represents a measure of precision of the sample mean in estimating the true population mean
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rather than the variability of the original sample and population
(Altman and Bland 2005).

Dealing with missing data
As anyone who has been involved with a research study will know,
there is usually the problem of having missing data. The question
then arises as to how to handle these. Firstly one must examine why
the data are missing (Altman and Bland 2007) and decide if there
are factors that may have influenced the non-collection of certain
variables or cases. These factors, once identified, will affect how one
should proceed with the next phase of data analysis.
Let us use a hypothetical study examining the efficacy of a new
perioperative analgesic agent being tested in multiple theatre areas.
Missing values may fit into the following categories:
◆

◆

◆

Missing completely at random—heart rate data missing because
of intermittent faults with the equipment
Missing at random—one theatre routinely failed to collect pre-
dose data because of organizational issues. In this example the
missing data is dependent on the observed data (the theatre
number)
Missing not at random—some patients failed to complete a
follow-up questionnaire because they had already been discharged from hospital. In this example you might anticipate that
the cases with missing data may have had lower pain scores.

Unfortunately, using the observed data alone it is difficult to assess
what biases may have been introduced or even in which of the above
categories the missing data sit. There are several options available to
us to deal with these problems:
1. Reject a case with missing variables: case-wise (row-wise)
deletion
2. Reject a variable with lots of missing values: variable-wise
(column-wise) deletion
3. Estimate (impute) values for the missing data.
Deleting an entire case and taking only complete cases for analysis
may introduce a serious error, rejecting the cases in which the analgesic has worked the best. Deleting a particular variable means that
we significantly deplete the entire dataset, disregarding perhaps

important data. Imputation requires the accurate estimation of
what the value may have been, had it been measured. A simple
imputation may be to substitute missing observations within the
variable with the median value for the variable as a whole. This will
have effects on the standard error, narrowing it, and this effect will
grow with the proportion of missing values substituted. There are
more complex and sophisticated methods available, such as multiple imputation which are beyond the scope of this chapter (Sterne
et al. 2009).

Inferential statistics
Having examined our data it is now time to start to make comparisons. These comparisons may be of the sample against the true
population (e.g. how closely does our sample mean reflect the true
population mean) or comparisons between samples or groups.
We will make inferences about empirical data and compare these
with theoretical distributions or predictions and draw conclusions
based on probabilities. Table 28.3 presents an overview of some of
the tests available.

Comparing data: overview
When comparing data sets it is first necessary to define the null
hypothesis (H0)—that there is no difference between groups. In our
example of a new analgesic drug when compared with standard
therapy, the null hypothesis is that there is no difference in pain
scores in the groups. Having defined the null hypothesis it is then
the role of the trial and analysis to either accept or reject it.
As we have learnt so far, because of the issues of sampling from a
population, we must assume that there will be differences between
the groups. The decision is how much difference we will allow to
confirm the null hypothesis. The P-value is defined as the probability that the difference, or greater, is observed assuming that the
null hypothesis is true. By convention, these limits are most often
set at the 5% boundary, therefore there would be a 1 in 20 chance of
falsely rejecting the null hypothesis (α or type I error). If we ran the
experiment 20 times, on the basis of chance alone, we could expect
to observe a significant difference at least once. It is also important to distinguish between accepting the null hypothesis and confirming that it is actually true, it may be that there is not enough

Table 28.3 Overview of some of the tests available for analysing data
Data type

Details

Possible test

Continuous, single sample

Normally distributed

One-sample t-test

Continuous, two samples

Normally distributed

Two-sample t-test

Continuous, multiple samples

Normally distributed

anova

Continuous, data in pairs

Normally distributed

Paired t-test

Continuous, two samples

Non-normally distributed

Sign test
Mann–Whitney U test

Continuous, data in pairs

Non-normally distributed

Wilcoxon signed rank test

Continuous, multiple samples

Non-normally distributed

Kruskal-Wallis one-way analysis test

Categorical

Expected observations > 5

Chi-squared (χ2) test

Categorical

Expected observations ≤ 5

Fisher’s Exact test
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evidence to prove that it is false rather than it actually being true (β
or type II error)—‘Absence of evidence is not evidence of absence’
(Altman and Bland 1995).
The alternative hypothesis (HA) as the name suggests is the
alternative to the null hypothesis, in our example, that there is a
difference in analgesic effect between groups. We accept the alternative hypothesis if the null hypothesis is rejected. What we have
not have established is the direction of that effect; indeed, it is not
beyond the realms of possibility that our compound may have a
hyperalgesic effect. HA merely states that an effect was found, not
the direction of that effect. It is for this reason that two-tailed testing is required, except in very specific circumstances. By convention all reported P-values are two-sided and if not, this must be
stated and justified.
There are two approaches to data analysis. First, we can use
the confidence interval approach and estimate the standard error
and the 95% confidence interval of the differences in groups as
described below. We can assume that if this interval for the difference in groups does not include zero for means, medians, and proportions, or one for ratios, then the null hypothesis can be rejected.
The probability of erroneous rejection of the null hypothesis is less
than 0.05 as the α or type I error.
The second approach is known as hypothesis testing and for this
we must either use theoretical probability distributions (parametric
tests) or some form of ranking (non-parametric tests). The advantage of hypothesis testing is that it allows the calculation of a probability (P)-value.
Parametric distributions imply that the data follow a theoretical distribution that will conform to known parameters. The most
common examples of parametric distributions are the Gaussian
and Student t-distributions, but there are others such as Poisson,
exponential, and Weibull. The point is that data in parametric distributions can be described in terms of a function or equation and
then defined in terms of parameters, such as the mean and standard
deviation for a Gaussian distribution. With non-parametric tests
there is no underlying function which describes the actual data as
these usually are converted to ranks prior to analysis, and the analysis is performed on the ranking scores, not on the original data.
Table 28.3 presents an overview of some of the tests available.
When making a decision about which tests, parametric vs non-
parametric, to apply to your data, it is important to reiterate that
there is no substitute for plotting a frequency histogram of the variable to assess the distribution. This gives an instant impression of
conformity, or otherwise, to a Normal distribution. There are statistical tests available to help in deciding whether your data are likely
to be a reasonable fit:
◆

Shapiro–Wilk

◆

D’Agostino–Pearson

◆

Kolmogorov–Smirnov.

Confidence intervals
A confidence interval (CI) is a range of values or precision within
which we would expect to find a given population parameter,
which could be the true mean, median, proportion, or ratio.
Similar precisions can be estimated for many other sample statistics such as r, the correlation coefficient, standard deviation,
centiles, or lower and upper reference limits etc. Most commonly,
confidence intervals are calculated at the 95% level, that is, there

is only a 5% probability that the true population value lies outside
the limits of the interval.
Confidence intervals may be calculated using the standard error
sample statistic, such as the mean. As we know, the probabilities
that values chosen at random from the population will occur within
or outside the mean and any multiple of the standard deviation may
be estimated from the Normal distribution. This applies equally
to the distribution of possible sample means. The 95% probability within, or more generally considered, the 5% probability range
(P < 0.05) that the true population mean will fall outside is the sample mean plus or minus 1.96 times the standard error of the mean:
95% confidence interval (CI) = ( x − 1.96 × SEM ) to ( x + 1.96 × SEM )
(28.4)
Therefore, like the SEM, the 95% CI of the mean is a measure of
the precision by which we know the true population mean, the sem
essentially approximates a 68% CI. By convention we use the 95% CI
as we often define significance at P < 0.05 in most medical research.
The normal probability distribution can be used to estimate precision for large sample sizes (n > 300). However, it overestimates
precision for smaller samples because of greater uncertainty of the
standard deviation in such samples. It is then more appropriate to
use the correction known as the Student t-distribution with n − 1
degrees of freedom to correct the precision. Therefore for a 95% CI,
the equation becomes:
95% CI = x − (t 0.05/2 ) to x + (t 0.05/2 )

(28.5)

As sample size increases, both the t-statistic and the sem will get
smaller, thereby narrowing the confidence interval and improving
precision. For highly skewed data, confidence intervals may be calculated using transformed data and then transformed back to enable units to be compared. This backwards transformation requires a
different interpretation when we compare two samples.
As mentioned previously, it is usually possible to estimate the
precision [standard error (se), 95% CI] for a variety of statistics.
Confidence intervals can be calculated for the median using a binomial distribution (Campbell and Gardner 1988). Confidence intervals may also be calculated for categorical data using their relative
proportions. If the sample size is sufficiently large and the probability the outcome is between 0.9 and 0.1 then the sample proportion
distribution approximates to Normal. We can calculate the se:
SE =

p (1 − p )
n

(28.6)

With a Normal distribution, the 95% CI is given by:
95% CI = p − (1.96 × SE ) to p + (1.96 × SE )

(28.7)

If the criteria as previously described are not met then the binomial
distribution can be used to calculate the confidence intervals. With
advances in computer software packages, confidence intervals for
many statistics can often be estimated from the sample data using
resampling and bootstrapping techniques.

Comparing data: continuous variables
In its simplest form we could estimate if our sample differs from the
population as a whole. For example, we could ask if mean weight
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(x) of the patients in our sample is similar to that of the population
of all patients. For this we will require the mean of the population
(μ)—this is sometimes known or can be estimated from other published data. The difference between these two values (μ − x) is then
divided by the sem of the sample (sd/√n). A test statistic can be
derived, which is the difference divided by the sem. This can then
applied to the t-distribution with the corresponding degrees of freedom to give a probability estimate or P-value. This is the probability
of obtaining a sample with a mean difference, or one more extreme,
from the population and this is the basis of the one-sample t-test.
This methodology can be extrapolated to compare two groups
(in our example, the efficacy of a new analgesic medication against
standard therapy). This involves the use of the unpaired Student
t-test for two groups. The following assumptions must be met:
◆

The data are independent

◆

The data are randomly sampled

◆

The samples are from a population with a Normal distribution

◆

The samples have similar standard deviations.

By independent, we mean that the observations must be distinct
from of each other, between and within groups. If we have repeated
data from the same patient, for example, from a ‘before and after’
treatment design, then the data are not independent. These are
paired and so must be handled differently—using paired Student
t-tests.
If the assumptions cannot be relied upon, such as with small
sample sizes, parametric testing becomes less robust and this
necessitates the use of non-parametric tests, the simplest of which
is the sign test. The sign test compares the median of the population against the sample values. When the sample and the population are similar, we expect 50% of values to be above and below the
median. If there is a difference then this distribution will be uneven
(more values above than below or vice versa). A more complex and
statistically more powerful version of this test uses ranked values—
the Wilcoxon signed ranks test (commonly used for paired values).
The Mann-Whitney U test is used for two unpaired or independent
groups.
We have considered comparing a single sample to the population, and the comparison of two samples, paired and unpaired.
Now we will consider comparisons among three or more groups.
Using the same assumptions as for the unpaired Student t-test
mentioned earlier, we can partition the variability to within and
between groups. One-way analysis of variance (anova) estimates
the F-test statistic that is the variance ratio of the ‘between’ to the
‘within’ group variances. The F-distribution is used to estimate the
probability of observing such differences in group means considering the random variability within groups. The degrees of freedom
for the numerator and denominator require the number of groups
(k –1) and the sample size (n – k) respectively. Again there is a corresponding non-parametric approach, the Kruskal–Wallis one-way
analysis test.

Comparing data: categorical variables
So far in our discussions, we have considered continuous data such
as age or weight. What about gender or surgical speciality or the
incidence of side-effects such as emesis, for example? These are categorical data and these should first be summarized in the form of a
table, known as a contingency table (Table 28.4). The principle is that

Table 28.4 Contingency table of observed results (example data)
Observed

Morphine (M)

Experimental (D)

Totals

Emesis

26

33

26 + 33 = 59

No emesis

24

17

24 + 17 = 41

Totals

24 + 26 = 50

17 + 33 = 50

100

the observed frequencies in the table are contingent, or dependent,
on the variables classifying the rows and columns.
The simplest way of examining these data is to calculate the proportions. Firstly we might ask ourselves, how does our total sample
reflect the population as a whole? For dichotomous variable such as
yes/no, male/female, vomiting/no vomiting, dead/alive, or heads/
tails the probability distribution is known as the binomial distribution. It is described by two parameters: the probability of success (p)
and the number of observations (n) (or independent experiments
in the trial). Two parameters characterize the distribution: mean
(np) and variance np(1 − p). As n increases so the distribution
becomes more Gaussian in appearance.
It is, therefore, possible to calculate a test statistic and use the
Normal distribution to derive a confidence interval or P-value for
our sample proportion. This can then be compared against the
known mean of the population derived from published studies, for
example, the incidence of postoperative nausea and vomiting in
patients with two risk factors is 40% (Gan et al. 2003).
Let us consider a hypothetical example where we compare the
frequencies of emesis in two groups (n = 50) of patients who are
randomized to morphine (M) and a new experimental opioid drug
(D) (Table 28.4). We can compare the two proportions (26/50 compared with 33/50) in a two-by-two table. This can be done using the
method described previously using the difference in proportions
and the Normal approximation. The null hypothesis is that there is
no difference in the group proportions. We can also use the classical contingency table approach known as the chi square (χ2) test for
independence. Here we compare the observed frequencies against
the expected frequencies under the assumption of the null hypothesis that the variables are truly independent. The overall incidence
of emesis in this trial is 59/100 giving a probability of 0.59 for both
groups combined. If the variables are truly independent then we
would expect the proportion to be spread across the groups so in
this example the expected frequencies will be 29.5 for both groups
(0.59 × 50) This can be calculated for all elements of the table to
produce a table of expected results (Table 28.5).
Observed (Oi) and expected (Ei) results may now be compared
and the test statistic calculated using the following equation where
n is the number of cells in the table:
n

χ2 = ∑
i =1

(Oi − Ei )2
Ei

(28.8)

This is the basis of the χ2 test for independence and it can be used
as long as the expected number of observations is not fewer than 5,
in which event we use the Fisher exact test. The test statistic is calculated and compared with the χ2 probability distribution, giving
us a P-value. For a 2-by-2 table the number of degrees of freedom
is one and for small samples a continuity correction (subtraction
of ½ from each O – E) is usually applied. For tables of increasing
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Table 28.5 Contingency table of expected results (example data)
Expected

Morphine (M)

Experimental (D)

Totals

Emesis

29.5

29.5

29.5 + 29.5 = 59

No emesis

20.5

20.5

20.5 + 20.5 = 41

Totals

29.5 + 20.5 = 50

29.5 + 20.5 = 50

100

dimensions the degrees of freedom can be calculated from the rows
and columns as (r –l)(c –1). In the emesis example the corrected χ2
test statistic is 1.42 which returns P = 0.22 so there is no evidence to
reject the null hypothesis of independence at the usual type I <0.05
level for significance. We can assume then the observed frequencies
of emesis are not dependent on the drug. The χ2 test for independence can reveal if there is an association or dependency between the
variables but makes no estimate of the robustness of the association
or imply causality. The sizes of the differences between observed
and expected values do, however, give us an idea of the effect size.
These differences are known as residuals and they may be adjusted,
standardized, and then compared in order to ascertain the relative
strengths of any associations.

Comparing data: categorical data in diagnostic tests
Another use of tables and proportions of categorical data is in the
analysis of diagnostic test results. In another hypothetical example
of a study looking at the ability of a score to predict difficult tracheal
intubation, a cut-off is decided upon and then evaluated in 100 consecutive patients. The observed difficulty of intubation was assessed
and recorded. The results are given in Table 28.6.
There are a number of useful proportions that can be calculated
from such a table. Their names, derivation, and a short explanation
are given in Table 28.7 based on this example.
Sensitivity and specificity serve to measure the diagnostic ability
of the test whereas; positive and negative predictive values give us
a probability that the test result will give us the correct diagnosis
from the point of view of the clinician. Positive and negative predictive values (PPV/NPV) are dependent on the prevalence of the
condition, if the test remains the same and the condition becomes
less prevalent, then the positive predictive value will decrease and
the negative predictive value increase.
The likelihood ratio (LR) is a measure of the plausibility of our
test result. The LR for a positive test is the sensitivity/(1 –specificity) and the LR for a negative test is (1 –sensitivity)/specificity.
If the LR is >1 then there is an association of the test with the
Table 28.6 The observed difficulty of intubation (example data)
Findings—was
difficult

Findings—was
easy

Test—likely to be
difficult

5 (TP)

17 (FP)

22

Test—likely to be
easy

1 (FN)

77 (TN)

78

Total

6

94

FN, false negatives; FP, false positives; TN, true negatives; TP, true positives.

Total

100

condition or disease, if the LR is <1 then the test is associated
with the absence of the condition (Deeks and Altman, 2004).
A LR greater than 10 or less than 0.1 may be said to ‘rule in’ or
‘rule out’ a condition. The LR can then be used to calculate the
post-test probability of a result. From the known prevalence of a
condition, the pre-test probability (P) or risk of having the condition can be calculated and hence the pre-test odds from the following equation:
Pre − test odds = P / (1 − P )

(28.9)

The post-test odds is given by the likelihood ratio multiplied by the
pre-test odds. The post-test probability, which is also known as the
posterior probability or likelihood, is then given by:
Post − test probability = post − test odds / (1 + post − test odds )
(28.10)
So in Bayesian statistical terminology, the prevalence is the pre-test
or prior probability and the likelihood is the post-test or posterior
probability. Let us expand on our example of difficult intubation.
Two operating lists are studied for many years with the results
shown in Table 28.8.
Given that we are doing an ear, nose, and throat (ENT) list today,
the probability (P) or risk that we will have a difficult intubation is
50/(50 + 600) = 0.077, and the estimated odds is P / (1 – P) = 0.083.
If we were doing a gynaecology list, the probability and risk would
be 5/(5 + 1200) = 0.004, and the odds = 0.004. It is obvious that
we are more likely to meet a difficult intubation on the ENT list
but, by how much more? The relative risk or risk ratio (RR) is given
by the ratio of the probabilities or risks 0.077/0.004 = 19.25, and
the odds ratio (OR) by the ratio of the odds 0.083/0.004 = 20.75.
Confidence intervals can be calculated for RR and OR. These tend
to follow skewed distributions (they cannot be less than zero) so
it is often necessary to take logarithmic transforms prior to applying Gaussian approximations (Bland and Altman 2000). Another
term used in a similar context is the absolute risk reduction (ARR).
This is given by the difference in probabilities or risks of an event
occurring. The reciprocal (1/ARR), becomes the number needed to
treat (NNT).
As we mentioned in the beginning of this section, in our test of
difficult intubation we are interested in developing a score with a
cut-off to predict difficult intubation. How might such a cut-off be
established? With a scoring system there is often a range of values
but often as clinicians we would like a dichotomous yes/no categorization. It is possible to look at our data across a range of sensitivities
and specificities for the score and plot the results on a graph: the
receiver operating characteristic (ROC) curve. It is a plot of sensitivity against 1 –specificity for the observed data. An uninformative
test would produce a diagonal line from the origin to the top right
corner and is no better than chance (the area under which would
be 0.50 as shown in the reference line, see ‘Measures of association’).
A very good discriminatory test would produce a curve that follows
the y-axis and then joins across to the top right producing and area
under the curve close to 1.0. The locations of cut-offs depend upon
the clinical cost of a false-negative result. It is often better to over-
than under diagnose, as in our example it is better to have patients
who are predicted as difficult intubation and then ‘turn out’ to be
easy rather than the other way around. See Figure 28.4.
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Table 28.7 Proportions that can be calculated from Table 28.6 (example data)
Name

Derivation

Explanation

True positives (TP)

TP

Tested difficult and was difficult

False negatives (FN)

FN

Tested easy but was difficult

Sensitivity

TP/(TP + FN)

Proportion of patients who tested difficult out of all those found to be difficult

Specificity

TN/(FP + TN)

Proportion of patients who tested easy out of all those found to be easy

Positive predictive value (PPV)

TP/(TP + FP)

Proportion of patients who were difficult out of all those who tested difficult

Negative predictive value (NPV)

TN/(TN + FN)

Proportion of patients who were easy out of all those who tested easy

Likelihood ratio

Sen/(1 − spec)

How many times more likely a patient with a difficult airway is to test positive than
a patient with an easy one

FN, false negatives; FP, false positives; TN, true negatives; TP, true positives.

Table 28.8 The observed difficulty of intubation in two
departments over several years (example data)
Difficult intubation
ENT
Gynaecology

Easy intubation

50

600

5

1200

Receiver operating characteristic curve for difficult
intubation score
1

Sensitivity

0.8
0.6
Difficult intubation score
Reference line

0.4
0.2
0

0

0.2

0.4
0.6
1 – specificity

0.8

1

Figure 28.4 Receiver operating characteristic curve using example data.

Measures of association
Often in studies we collect data where we have simultaneous or
matched values for two or more continuous variables. We then
may wish to consider if there is an association between them and
there are two related approaches to this. Correlation is used to
describe the strength of the relationship about an underlying linear trend. Regression is used to define the association in terms of
a mathematical relationship or equation as a linear regression.
The first thing is to plot the data in the form of an ‘xy’ scatterplot.
Let us look back at our age table (Table 28.2) and now consider
the association between age and the number of peer-reviewed
publications.
As can be seen, there is possibly an association and it would appear
to be linear. It is possible to calculate the strength of an underlying
linear trend using the Pearson correlation coefficient (r). It ranges
from −1 (a negative correlation) through 0 (no correlation) to 1

(a positive correlation). The assumptions for a correlation coefficient are that:
◆

the data follow a linear relationship

◆

the data are independent and random

◆

both variables are normally distributed.

Caution must also be applied if there are outliers or patients appear
to cluster into subgroups (as possibly shown in our example). If the
assumptions are violated then there is a non-parametric equivalent
known as the Spearman rank correlation coefficient (rs). This may
be used with ordinal or non-linear data and when the assumption
of the Normal distribution is uncertain, such as with small sample
sizes. It is important to note that association is not causation and it
should not be assumed to be so! (Fig. 28.5).
It is useful to estimate the proportion of the variability that is
explained by the interdependence of the two variables as opposed
to that as a result of random effects. The coefficient of determination (r2) is the square of the correlation coefficient and ranges from
0 to 1 and. It represents the proportion in variability in x which is
as a result of variation in y (or vice versa). In our example, r2 is 0.65.
It is also possible to estimate the P-value and 95% CI for the r coefficient using the Student t-distribution n − 2 degrees of freedom.
We mentioned earlier that we should not use correlation if there
are repeated measures from the same subject. However, in clinical
research this pattern of data collection is often seen. It is tempting
to pool these repeated measures into one large group for all subjects
but as these are not independent observations, this is not recommended. Instead, we could estimate the correlation within subjects,
known as the intraclass correlation (ri) coefficient or, the correlation
between subjects using their mean values (weighted appropriately
for the number of samples for each patient).
It is also possible to make predictions of the values of y directly
from values of x. This differs from correlation and the approach is
the basis of linear regression. A straight line may be represented by
the following equation:
y = a + bx

(28.11)

Where: ‘a’ is the y intercept and ‘b’ is the gradient of the line. Given
a value of x (the explanatory, or independent variable) and knowing the values a and b (regression coefficients) it is possible to calculate the value of y (the dependent variable). The methodology
most commonly used is the least squares estimate. The differences
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Time-to-event analysis

Age vs number of peer reviewed
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Figure 28.5 A xy scatter plot using example data.

between the observed values of y for any given x value and those
calculated by the equation are known as residuals. The residual
error can be used to assess the goodness of fit of a regression line
and to help estimate the 95% CI for the regression coefficients. The
assumptions made are that:
◆

there is a linear relationship between the two variables in question

◆

the data are independent and random

◆

the scatter of observations around the regression line is similar regardless of the value of x. If the variability increases as x
increases, the data may need to be transformed

◆

the x values are accurate

◆

the residual errors have a Normal distribution.

So far we have examined the relationship between two variables,
suppose we have multiple independent variables and wish to
ascertain which are the least or most important factors in determining the value of the dependent variable. We could look at each
variable in turn but it is possible, or even likely, that there will be
inter-relationships between variables and we should take these
into account. This is multiple linear regression, a type of multivariate analysis. It is possible for variables to be continuous, ordinal, or
categorical—though it will be necessary to define a reference category for each categorical variable. We are able to consider many
variables simultaneously but it is recommended that the number
of variables investigated is limited to approximately 1/10th or the
square root of the number of individuals to avoid the risk of over-
fitting (i.e. for a sample size of 100, we should not examine say more
than 10 variables). Multiple linear regression allows the calculation
of a regression equation with 95% CI and P-values, akin to simple
linear regression but this time with multiple covariates.
Logistic regression is another form of multivariate analysis but
this time with a dichotomous or binary dependent variable (or outcome) rather than a continuous one. (There also is a variant called
multinomial logistic regression when there are more than binary
outcomes.) The process is similar to multiple linear regression, with
again, a limitation on the number of variables to be considered,
which mainly depends on the event rate (a minimum of 10 events
per variable). It involves the estimation of the log odds or logit function = log (P/1 – P), as a continuous probability distribution for the
binary dependent variable.

Time-to-event analysis is often thought of in terms of the survival
time. However, there are many forms of time-to-event study, such
as durations of anaesthesia, analgesia, or surgery, time to first use
or request of analgesia, and LOS. It is almost inevitable that there
will be some ‘missing data’ (known as censored data) no matter
what the study. For example, there will often be a patient who did
not require any breakthrough analgesia or in a follow-up study
where the ‘event’ occurs beyond the follow-up period. We could
simply disregard these censored patients but that would be wasteful
of valuable ‘survival’ information. So to account for censoring we
use survival or Kaplan–Meier analysis. This methodology estimates
the conditional probability of event non-occurrence (= survival) at
each time point, the condition being that an individual has survived at least until then. The cumulative probability of the hazard
(risk of the event happening) can then plotted against time and the
data are then presented as the decreasing survivor function of a
typical ‘survival’ curve (Fig. 28.6).
Having generated survival curves it is then possible to compare
them using the log rank test. This test uses the null hypothesis that
there is no difference between groups and the compares the observed
vs the expected results (see χ2 testing). For each time frame, the
observed and expected number of events can be calculated and
compared and the statistic assessed against the χ2 distribution.
If we wish to assess the effects of multiple variables on survival
then we will require a more sophisticated model: Cox proportional
hazards regression. This is similar to the regression techniques
described previously with multiple covariates.
Potential pitfalls of survival analysis include:
◆

◆

non-random censoring; that is, patients’ follow-up data are not
available because of a cause related to the study group allocation
the risk of event (hazard) probability is not constant because of
known or unknown factors or changes to treatments during the
study follow-up period (a particular risk with retrospective long
timescale studies).

Comparing clinical measurements
Quite commonly, and especially within anaesthetic practice, we
may wish to compare one physiological measurement technique
against another. A good example would be two methods of measuring cardiac output—or, more specifically, estimating stroke volume.
We can compare a new method against a pre-existing ‘gold standard’ (although, of course, this gold standard is likely to have its own
errors and inaccuracies).
The statistical methodology for performing such analysis is
described by Bland and Altman (1986). They explain the difference
between correlation (which examines the strength of the relationship about a linear trend) and agreement (which examines how
closely the measures approximate by considering the differences
between them). This is best illustrated by plotting the mean value
of the two measurement techniques (x-axis) against the difference
between them (y-axis). The mean of the differences, the bias, is
plotted. The limits of agreement, approximating two standard deviations of the mean are then also plotted. The limits of agreement
are a measure of the scatter of the differences and should not be
confused with the confidence intervals, which are the measures of
the precision of the bias or limits of agreement. Assuming a Normal
distribution of the differences, we expect approximately 95% of
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presentation and handling of data, descriptive and inferential statistics
Line survival: saline vs heparinized saline
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Figure 28.6 Line survival: saline vs heparinized saline.
Reproduced with permission from R. P. Tully et al., ‘Multicentre Observational Audit Of Arterial Catheter Thrombosis In The North‐Western Region Of England’ in Proceedings of the Anaesthetic
Research Society Meeting: Royal College of Anaesthetists, London, UK, December 13-14, 2012. British Journal of Anaesthesia, 2013, 110(5), pp. 860–885, by permission of the authors.

Bland–Altman plot
6
FIVP-SVCP (mmHg)

values to lie within these limits of agreement. An example plot is
shown in Figure 28.7.
Inspection of the plot allows us to identify potential outliers
and whether there is a variation in differences across the range of
measured values. For example, the discrepancy may get larger as
the measured value increases, if this is the case, a log transformation may rectify the problem remembering to take care when back-
transforming the log of the limits of agreement. Care must also be
taken not to simply pool repeated measures in the same subjects
as they are not independent and should be handled differently.
The within-subject standard deviation should be used rather than
a pooled standard deviation to calculate the limits of agreement.
Intraclass correlation (ri) may also be useful in this setting.
Bias is a useful measure but it can be adjusted for; if one device
consistently reads higher or lower than the standard then we can
recalibrate the device accordingly. More important are the 95%
limits of agreement that describe the scatter of differences in measures. Many researchers often fail to establish a priori what limits
of agreement should be deemed clinically acceptable for the particular clinical setting (Columb 2008). To do this one can define a
tolerability interval, a range of values that separates opposing interventions. This interval could be a ‘normal’ or reference range for
the variable in question. The tolerability interval can then be used
to identify limits of agreement that could at least avoid extreme to
extreme misclassification, which may result in potentially harmful
clinical decision-making.
Agreement between categorical variables, for example, when
assessing agreement between raters, can be assessed using the Cohen
and Fleiss kappa statistics. Expected frequencies are calculated and
compared with those observed, a value of one denotes perfect agreement and zero implies no agreement at all.
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Figure 28.7 Example of a Bland and Altman plot.
Reprinted from Current Anaesthesia & Critical Care, 19, 5–6, Columb, M.O., Clinical
measurement and assessing agreement, pp. 328–329, Copyright © 2008, with permission from
Elsevier.

Conclusion
In this chapter we have looked at the core areas of statistical analysis
commonly used in the anaesthetic literature. Although the detail
has been spared, it is important that every clinician has an understanding of the principles and pitfalls of the analysis of data. With
the advent of good quality statistical computer packages, it has
become relatively straightforward to do the analysis but the understanding, interpretation, and appropriateness of the test is still left
to the user!
As we have emphasized again and again throughout this chapter,
there is no substitute for inspecting the data before any complex
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analysis is undertaken. Indeed, when designing a study you should
anticipate both how the data may look and what interpretative
assistance is most likely to be required. Similarly, when reading the
methods in a published report, try to think ahead as to how you
might expect the data to be analysed and interpreted. You will then
not be surprised how often errors are made as the authors themselves can attest to!
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Evidence-based medicine
in anaesthesia
Ann Merete Møller
Essentials
Evidence-based medicine (EBM) has been defined as ‘The judicious use of the best current evidence in making decisions about
the care of individual patients’. EBM is meant to integrate clinical
expertise with the best available research evidence and patient values (Sackett 2000). Practising EBM includes asking an answerable,
well-defined clinical question, searching for information, critically appraising information retrieved, extracting and synthesizing
data, and concluding about the overall effect. The clinical question
includes information about the following elements: the population, the intervention, and the outcomes in focus. Evidence-based
methods are used in the production of systematic reviews and the
development of clinical guidelines. Several tools have been generated to help the process; examples are the CONSORT statement,
the PRISMA statement, and the AGREE instrument.

Introduction and historical perspective
EBM was first defined in the late 1980s by Dr (later Professor)
David Sackett (1934–2015) and colleagues at McMaster University,
Hamilton, Canada. Since then, the concept of EBM has been recognized by most clinicians working in modern healthcare.
Every year, more than 2 million new research manuscripts are
published in scientific medical journals. To keep updated even in
a small field or specialty takes an ever-increasing amount of time.
EBM helps reduce the workload for the practising anaesthetist.
Today’s healthcare system expects to offer the most effective
treatment to our patients, to ensure safety in patient care, to strive
for prevention of disease, and at the same time to be conscious of
the limited resources of the healthcare system. To meet this challenge, we need to approach the task in a systematic, transparent,
and effective way. EBM gives us a tool to do this.
EBM is useful as it aids busy clinicians in making decisions based
on scientific evidence. It is a very useful tool in teaching younger
colleagues, it can be used as a tool in the development of clinical
guidelines, and is also the basic methodology of the production of
systematic reviews.
There is no such thing as perfection, and when it comes to EBM
we face some major challenges. EBM can be seen as ‘secondary
research’, that is, whatever we do in EBM is based on existing trials, almost exclusively published trials. Many topics in the field of
anaesthesia have not been researched very well, so we may come up
with results indicating that there is very scarce available evidence.

Another challenge is found in the various types of bias (e.g. publication bias and language bias).
However, when the process is performed meticulously and with
sound clinical sense and self-criticism, it remains the best available tool to synthesize knowledge about clinical interventions and
procedures.
The process of practising EBM can be split into five elements: defining the clinical question, searching for information,
evaluating information, synthesizing information, and implementing results in clinical practice.

Defining the clinical question
The practice of EBM begins with the formulation of the clinical
question. The process of defining the clinical question requires
thought about the purpose of the question: what do you really want
to know? This process is an important part of the overall process as
it helps define the focus of the question. Clinical questions consist
of three parts: the patient or population, the interventions to be
compared, and the clinically relevant outcomes. The clinical question can be about a treatment or diagnostics of a single patient, or
it can be about a group of patients of any size. It can be narrow and
thus specific, or it can be wide and sensitive. The outcome must
be relevant and meaningful to the patient—it has to consider how
the patient feels, functions, or survives (Møller and Pederson 2006).
Ideally a primary outcome should be chosen, followed by secondary
and tertiary outcomes. All relevant outcomes should be included.
Time spent in discussion of the clinical question usually saves time
later in the process. In addition, a well-defined clinical question is a
good background for building the search strategy.
In our daily practice we come across clinical questions many
times. The questions may arise from several sources: from a patient
who wants to know about the efficacy of a particular treatment;
from a colleague who asks you a question; or from yourself—what
should I do in a particular situation? The question will often initially be open-ended and poorly defined—such as ‘Is propofol better than sevoflurane?’
In order to use the EBM technique, the first step is a well-defined
question. A well-defined clinical question has three core elements:
1. The patient or population
2. The interventions/exposures considered
3. The relevant outcomes.
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The formulation of the clinical question is the starting point—
whether your question is about the treatment of an individual
patient, or you are writing a clinical guideline for your department,
or you are preparing a systematic review.

The patient/population/problem
The patient population can be described by basic factors such
as age, sex, race, and educational status; or by the presence or
absence of a clinical condition such as obesity and chronic heart
disease; or the need for a specific surgical procedure. Other factors used to describe patients could be whether they are outpatients or inpatients, live in rural or urban areas, their country of
origin, or if they are emergency patients or scheduled—the possibilities are many.
The definition of the patient population may have a considerable
impact on the results of the process. A narrow population—such
as women above 80 years of age undergoing hip fracture surgery
within 14 h of the trauma—may produce a very precise result—but
may only work for the narrow group in focus. If the next patient is
different—younger, different sex, and so on—problems may arise
when trying to extrapolate the result. On top of this, a literature
search may yield very little.
In contrast, choosing a wider group of patients will usually give
many results in searching and will cover a much larger group of
patients—an example could be all patients scheduled for knee
arthroscopy. This group would include athletic, fit people in their
twenties and older people with coexisting disease. In this case,
there is always the risk that some subgroup of patients will react
differently to the treatment. The results are, however, much easier
to extrapolate. The discussion regarding the constitution of the
patient group should be extensive and of sound clinical judgement.
Practice points for defining a clinical question are summarized
in Box 29.1.

The intervention/exposures considered
The intervention is a description of what we plan to do to the
patient. This may be some medical treatment, a surgical procedure,
or lifestyle counselling. An intervention could be a transfusion, a
different type of anaesthesia, or fast tracking. The exposure could
be tobacco smoke, an accident, or something else that happened to

Box 29.1 Practice points
1. The formulation of the clinical question helps focus the
question. It is the basis of the literature search and helps the
researcher appraise the papers critically.
2. A clinical question consists of three parts:
◆

The patient/population/problem

◆

The interventions/exposures considered

◆

The relevant outcomes.

3. A narrow question yields specific results that are hard to
extrapolate. A broad question yields sensitive results that are
easier to extrapolate, but carries the risk of overlooking differences in subgroups.

the patient. The handling would be the same, except that we rarely
find randomized controlled trials (RCTs) dealing with exposure.
The intervention must be clinically relevant, of course. It must be
feasible, and economically and ethically possible.
A treatment can be compared to another treatment(s), to placebo (mostly pharmaceutical trials), or to no treatment. A thorough description of the interventions will help the researcher find
relevant papers and appraise their quality.

The relevant outcomes
Clinically relevant outcomes are patient orientated, and measure
directly how patients feel, function, or survive. Examples of clinically relevant outcomes in anaesthesia could be mortality, postoperative morbidity, postoperative nausea and vomiting (PONV), or
postoperative pain. Other relevant outcomes relate to the length of
postoperative stay, intensive care admittance, quality of life measures, and costs.
Surrogate outcomes are sometimes used instead of the real outcome in question, because they save money, time, and number of
patients. However, the use of surrogate outcomes is discouraged, as
it may well mislead clinicians and should not be the basis for clinical decision-making.

Mortality
As a dichotomous outcome and the most final end-point, mortality
is often considered the “hardest” outcome of all. Fortunately, however, death is rare in modern anaesthesia and few trials are powered to show a significant difference in mortality. Mortality should
nevertheless always be included as an outcome in large trials and
systematic reviews.

Morbidity
Examples of relevant morbidity in anaesthesia trials could be postoperative pulmonary complications, myocardial infarction, infections including sepsis, wound healing-related outcomes, and so on.
Rare complications such as post-spinal headache or infection are
not suitably dealt with by RCTs; incidences should be looked for in
large cohort studies. These examples are dichotomous as well.

Patient satisfaction
Patient satisfaction can be measured in multiple ways and results
can be surprising. Patients’ opinions should always be sought
before introducing a new intervention, whether measured in trials
or elsewhere. Patient satisfaction will at most times be a relevant
outcome of clinical trials.

Other anaesthesia-related outcomes
Examples of continuous outcomes are PONV, perioperative pain,
postoperative cognitive dysfunction, and quality of life measures.

Other relevant outcomes
Some outcomes are not specifically of clinical relevance, but may
nonetheless be of some importance to the anaesthetist and hospital
managers. These include length of stay in the post-anaesthesia care
unit, intensive care unit, and hospital; number of ambulatory visits;
and costs. The clinician may also be interested in ease of practice,
time consumption, and so on.

Surrogate outcomes
Surrogate outcomes are believed to reflect ‘real’ outcomes—but that
are not of clinical importance themselves. Surrogate end-points are
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Box 29.2 Examples of former trials with surrogate outcomes
Bone density was used as a measure of bone strength and fracture rate in osteoporotic women in trials investigating the effect
of fluoride on the fracture rate. Riggs et al. (1990) demonstrated
that even though fluoride increased bone density, it also increased
fracture rate and bone fragility.
Ventricular ectopy is associated with sudden cardiac death.
Encainide and flecainide effectively reduce ventricular ectopy
and were used for years in order to prevent cardiac death in
patients with ventricular ectopy. Echt et al. (1991) demonstrated
that there was an excess of deaths as a result of arrhythmias
and deaths as a result of shock after acute recurrent myocardial
infarction in patients treated with encainide or flecainide.
Data from: Echt DS, Liebson PR, Mitchell LB, Peters RW, Obias-Manno D,
Barker AH, et al. Mortality and morbidity in patients receiving encainide,
flecainide, or placebo. The Cardiac Arrhythmia Suppression Trial. N Engl J
Med 1991 Mar 21;324(12):781–8; and Riggs BL, Hodgson SF, O’Fallon WM,
Chao EY, Wahner HW, Muhs JM, et al. Effect of fluoride treatment on the
fracture rate in postmenopausal women with osteoporosis. N Engl J Med
1990 Mar 22;322(12):802–9.

often physiological or biochemical which can be relatively quickly
and easily measured, and that are taken as being predictive of
important clinical outcomes. Surrogate outcomes are often easier to
measure, saving time and money, as measuring clinically relevant
outcomes usually requires large sample sizes and long follow-up
periods. Examples of surrogate outcomes can be biochemical tests,
physiological markers, blood pressure, radiological tests, and so on.
They do, however, have several drawbacks.
A valid surrogate end-point must correlate with and accurately
predict the outcome of interest. Although many surrogate markers correlate with an outcome, few have been shown to capture the
effect of a treatment. The relation must go both ways—the surrogate is closely related to the outcome and vice versa. This is very
rarely the case and the use of surrogates in clinical trials should
generally be avoided—see Box 29.2. Clinical research should focus
on outcomes that matter.

Searching for information
Ideally, searching for information in EBM should be comprehensive, objective, systematic, and reproducible. Performing a comprehensive search requires planning, structuring, and knowledge
of the search process. Multiple databases should be sought, including trials registers. Keywords should be precise, but the search itself
should be sensitive rather than specific so as not to miss important
studies. Search results should be documented so they can be reproduced at a later occasion.
Worldwide, many databases of medical literature are searchable.
The most important databases include the following:
◆

MEDLINE® (Medical Literature Analysis and Retrieval System
Online): this includes bibliographic information covering medicine, nursing, pharmacy, dentistry, veterinary medicine, and
healthcare. It contains records from about 1950 onwards. It is
compiled by the United States National Library of Medicine and
is freely available on the Internet, which makes it very popular.

◆

◆

◆

◆

◆

◆
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Cochrane Library: a collection of databases provided by the
Cochrane Collaboration. It contains the Cochrane systematic reviews, other systematic reviews, and a large database
including a comprehensive database of published and unpublished clinically controlled trials. It is a key resource in EBM.
In addition, it contains the Health Technology Assessment
Database (HTA) and the NHS Economic Evaluation Database
(NHS EED).
Embase®: Embase® is produced by Elsevier and contains more
than 25 million records from 1947 to the present. It covers more
than 7600 biomedical journals from 90 countries. It is available
online through a number of database vendors and thus is not
available for free. About 1800 journals in Embase® are not covered by Medline, most being non-English language journals.
LILACS: this indexes Latin American and Caribbean literature. It
covers 670 journals of which only 41 are indexed in MEDLINE®
or Embase®.
CINAHL (Cumulative Index to Nursing and Allied Health
Literature): this is an index of English-language and selected
other-language journal articles about nursing, allied health, biomedicine, and healthcare and contains citations from about 3000
journals.
BIOSIS®: BIOSIS Previews® is an English-language, bibliographic
database service, with abstracts and citation indexing. It is part
of the Thomson Reuters Web of Knowledge suite. Content that
was originally integrated from the BIOSIS Company before the
merger in 2004 is now part of the Web of Knowledge. BIOSIS
Previews® indexes data from 1926 to the present.
Google: from Google and Google Scholar a great deal of articles
can be accessed, including the so-called grey literature, for example, dissertations, product information, patients’ associations,
pharmaceutical companies, and many other sources.

In order to perform a comprehensive and sensitive literature
search, it is necessary to search the databases mentioned to get all
relevant trials—and sometimes it is possible to find new trials in
other, smaller databases.
It has become increasingly common to register trials in an international database at the stage of trial initiation. This is because of
a desire from journal editors (DeAngelis et al. 2004) to increase
the quality of trial reporting, primarily to avoid selective reporting
in trials and publication bias, but it is very useful for researchers
and clinicians as well. The ongoing trial registry must be accessible
to the public at no charge, managed by a non-profit organization,
and electronically searchable. ClinicalTrials.gov (http://www.clinicaltrials.gov) is the most commonly used register, but others can be
used as well.
Looking for ongoing and unpublished studies helps complete the
picture of the effects of interventions.
There are other ways to get information; it is possible to contact
experts in the field and authors of articles in order to ask for unpublished data relating to the invention in focus. Abstract books from
conferences can also be a source of unpublished data.

Development of a reproducible search strategy
For large projects such as guidelines or systematic reviews it is
advisable to contact a librarian or a trials search coordinator, as
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literature searching is a difficult area. These people are experts in
developing search strategies and will offer invaluable help.
For smaller projects, you can perform the searches yourself. Use
the clinical question to generate the search strategy and make use
of the Boolean operators ‘OR’, ‘AND’, and ‘NOT’.

and overviews (Moher et al. 2009). The checklist regarding clinically controlled trials might contain the following points:
1. Are the results of the study valid?
a. Was the assignment of patients to treatment randomized?
b. Were all patients who entered the study properly accounted for
and attributed at its conclusion?

Retrieving the data
The use of an electronic database to keep track of your articles is
of great help. Examples of such software are Reference Manager
(Revman) and EndNote. These software packages normally consist
of a database in which full bibliographic references can be entered,
plus a system for generating selective lists of articles in the different formats required by publishers and scholarly journals. Modern
reference management packages can usually be integrated with
word processing software so that a reference list in the appropriate
format is produced automatically as an article is written (‘cite as
you write’).

Data extraction forms and study selection
It is useful to construct a specific form to help extract data from
articles. This form should contain all relevant information from
each of the trials, such as name of first author, year of publication,
trial design (RCT, controlled clinical trial, etc.), number of participants, types of outcomes, event rates, and so on. Before the form is
used, it should be piloted to ensure that it contains all the relevant
information.
It is advisable that two people extract data individually to
avoid bias and mistakes. A plan for resolution of disagreements
should exist.
Study selection may involve an initial filtering to exclude the
studies that are clearly irrelevant followed by a more formal process
for the rest. This will include one round of reading just the abstract
and selecting those relevant for the clinical question, which then
will be retrieved in full for critical appraisal.

Critical appraisal of scientific literature
Critical appraisal of studies is an essential aspect of EBM. The goal
is to guide the interpretation of evidence in terms of its validity
and applicability. It is necessary to be aware of potential sources
of bias that may have an impact on the study results. In addition,
it is important to consider key characteristics of the study, which
may affect the relevance to clinical practice. We want to look at its
relevance to the clinical question being considered, validity (proximity to the truth) and applicability (usefulness in clinical practice).
It is difficult to state an absolute definition of study ‘quality’ and
opinion varies.

Internal and external validity
Whereas the internal validity reflects study design and risk of bias
(e.g. can I trust the result?) the external validity is a measure of the
applicability or generalizability (can the results be used in clinical
practice?).

Quality assessment tools
In order to assess papers systematically, a checklist can be a useful
tool. Checklists have been constructed for different types of studies,
such as clinically controlled trials, diagnostic tests, cohort studies,

c. Was follow-up complete?
d. Were patients analysed in the groups to which they were
randomized?
e. Were patients, health workers, and study personnel ‘blind’ to
treatment?
f. Were the groups similar at the start of the trial?
g. Aside from the experimental intervention, were the groups
treated equally?
2. What were the results?
a. How large was the treatment effect?
b. How precise was the estimate of the treatment effect?
3. Will the results help me in caring for my patient?
a. Can the results be applied to my patient care?
b. Were all clinically important outcomes considered?
c. Are the likely treatment benefits worth the potential harms and
costs?1

Bias
The following checklist will help recognize many common types of
biases and is practical for personal reading, in journal clubs, and
for teaching. Bias is defined as anything that will distort the result
of the trial. Rarely, bias is intentional, but many trials are biased by
poor methodology and lack of diligence while conducting the trial
(Higgins and Green 2011).

Common types of bias
Selection bias
Biased allocation to an intervention or control group may result
in systematic differences between the patients receiving each
treatment. The major aim of randomization is to assure the same
baseline risk for a particular event in both groups. Therefore confounding can be averted and changes in outcome can with some
restrictions be attributed to the intervention. To facilitate random
allocation of the intervention, the allocation sequence must be
unpredictable (random) and this sequence must be concealed from
the participant and the enrolling investigator. Knowledge about the
sequence may lead to selection of participants according to other
1

Reproduced from Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA
Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097. doi:10.1371/
journal.pmed1000097. © 2009 Moher et al. This is an open access article
distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited.
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prognostic factors. Allocation concealment is perhaps the most
important quality item when appraising RCTs.

Performance bias
Systematic differences in care being given to study patients other
than the pre-planned treatments being evaluated. The best way to
avoid performance bias is blinding of the investigators and patients
to the intervention. However, blinding of the intervention is not
always possible and ethical issues arise with sham interventions
such as sham epidurals or sham surgery.

Attrition bias
Differential loss to follow-up or handling of protocol deviations.
Loss to follow-up may arise because of unrecognized deaths of
patients, non-compliance, moving away, and so on. Protocol deviations may lead to discounting of patients who did not comply
with the protocol. Using intention-to-treat analysis will reduce the
effects of attrition bias substantially.

Detection bias
Different outcome assessment in the comparison groups.
Knowledge of the intervention may influence the assessment of
the outcome, in particular if it includes judgement of the assessor.
The more subjective an outcome measure is, the more prone it is to
detection bias. Blinding of the outcome assessor is almost always
possible and will more or less eliminate this type of bias.

Outcome reporting bias
This occurs if multiple outcomes are registered in the study, but at
publication time the authors chose to publish only some of these,
typically those that gave significant results.
Registering trials at the time of start of enrolment in an ongoing
trials database reduces this tendency.

Publication bias
Studies with significant results are more likely to be published
than studies without significant results. Investigators, authors, peer
reviewers, editors, sponsors, and funding bodies may all be responsible for the existence of publication bias. There are several methods to detect publication bias, including simple graphical (funnel
plot) methods. More complex statistical methods will be discussed
shortly.

Language bias
Trials with positive, significant results are more likely to be published in English-language journals. Many authors prefer to publish
in English-language journals, as the international readership will
be much higher, and those journals tend to have a higher Citation
Impact. This type of bias will hugely overestimate treatment effect
if only papers in English are looked for. In order to reduce language
bias, no language restrictions should be applied.

Intention-to-treat analysis
This means that patients will be analysed according to the original allocation, not according to the treatment that they actually
received. Everyone who begins the treatment is considered to be
part of the trial, whether he or she finishes or not. The intent is to
avoid the effects of cross-over and drop-out, which may break the
randomization to the treatment groups. Intention-to-treat analysis
provides information about the potential effects of treatment policy rather than of the potential effect of specific treatment. This is
opposed to per protocol analysis, where patients are analysed only
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if they received the treatment according to the protocol. The omission of patients that did not follow the protocol strictly may give
more concise information of the treatment effect per se, but would
tend to be biased towards the positive effects of the intervention as
patients often drop out because of side-effects or other inconveniences of the intervention. This analysis will generally show a higher
treatment effect. In general, bias will result in an overestimation of
the treatment effect.

CONSORT Statement
CONSORT stands for ‘Consolidated Standards of Reporting Trials’
and encompasses various initiatives developed by the CONSORT
group to alleviate the problem arising from inadequate reporting of RCTs (CONSORT 2010). The CONSORT Statement is an
evidence-based, minimum set of standards for reporting RCTs. It
offers a standard way for authors to prepare reports of trial findings, facilitating their complete and transparent reporting, and aiding their critical appraisal and interpretation.
The CONSORT Statement comprises a 25-item checklist and
flow diagram, which can be found at the CONSORT homepage (http://www.consort-statement.org), along with some brief
descriptive text. The checklist items focus on reporting how the
trial was designed, analysed, and interpreted; the flow diagram displays the progress of all participants through the trial. Adhering to
the statement is mandatory when publishing in many high-quality
journals.

The use of scales
Though checklists can be simple to use and of great help, use of
scales or scoring systems, where the scores of individual items are
totalled, are not recommended, as they are ‘problematic’ in that they
do not reliably distinguish between high-and low-quality studies.
Given this, it is recommended that the reporting of quality assessment and any analyses based on the quality assessment should be
confined to individual aspects of the trial methodology. Although
the Jadad score is one of the few scores that have been validated for
inter-and intra-rater consistency, objections to this popular score
include its use of a composite score, its over-reliance on reporting
accuracy, and its restriction to items of internal validity.

Transparency in methods and reporting
Conflicts of interests and fraud
Important bias can arise from conflicts of interest of investigators,
authors, and sponsors. A conflict of interest can arise from financial
or personal reasons. Conflicts of interests can significantly impact
all stages of the medical research, from designing the trial, to composing the paper, and even the publication process. While journals
increasingly require disclosure of a conflict of interest, it can be difficult to judge whether it affected study design, conduct, or reporting. Examples are misrepresentation of results, fabrication of data,
selective outcome reporting, multiple publications without cross
referencing, or ignoring the intention-to-treat analysis and just presenting the per protocol analysis, which may be more favourable.
The close relationship between researchers and the pharmaceutical industry may in some instances induce fraud as a result of financial and marketing interests. Unfortunately, in many countries,
medical research is dependent upon collaboration with the pharmaceutical industry, as national budgets do not allocate sufficient
money for research (Office of Research Integrity 2011).
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Unpublished data
For various reasons, some data are never published. Unpublished
data might be presented as abstracts at scientific conferences, or
submitted (but not accepted) in scientific journals. These data can
be worth looking at either because no other data have been published, or because they add to the picture of the published data—
most often unpublished data will be less significant and show a
smaller, if any, treatment effect. Those data, however, have not been
peer-reviewed, and there is no guarantee of their quality, so it is
advisable to be cautious in their interpretation.

Systematic reviews
Collecting and synthesizing evidence is not a new idea. We have
been seeking evidence to support our clinical decisions through
time. Yet, the history of systematic reviews in the way we know
them today is short. The formal approaches and systematic methods for appraising and collecting evidence have been developed in
recent decades. Archie Cochrane’s well-known book Effectiveness
and Efficiency (Cochrane 1971) tried to persuade health practitioners to practice EBM, as defined by Professor David Sackett as
‘the conscientious, explicit, judicious use of current best evidence
in making decisions about the care of individual patients’ (Sackett
et al. 1996).

Narrative vs systematic
Systematic reviews differ from narrative reviews in that they address
a clearly defined question, and use systematic and explicit methods
to identify, select, and critically appraise all relevant research, to
collect and analyse data from the primary studies included in the
review, and to present and draw conclusions. Statistical methods
(meta-analysis) may or may not be used to analyse and summarize
the results of the included studies.
The preparation of a systematic review follows the rules of the
scientific process. First of all, the clinically relevant question is
defined, and a protocol is prepared. The protocol states in advance
what the authors intend to do, what the criteria for trial inclusion
are, and what methods will be used in the review. Because of this,
the term ‘secondary research’ can be applied to the process of preparing a systematic review.
The definition of the clinical question follows the rules outlined
previously. The question must describe the patients/populations,
the interventions and controls looked at, and the clinically relevant
outcomes. The search must be comprehensive and care taken that
all relevant sources are sought. On top of this, the protocol for the
review must contain information about the authors, how the literature found through searches will be appraised, well-defined criteria for inclusion in the review, and what statistical methods are to
be used.

What studies to include?
Traditionally, systematic reviews have been dealing with interventions that could be compared in clinically controlled trials, preferably RCTs. This trial design is considered the gold standard for
primary research, at least for studies of interventions. Interventions
can be treatments, preventive measures, monitoring, diagnostics,
and so on. However, over the last few years, methods for including

other types of studies in systematic reviews have been developed, so
it is possible to conduct systematic reviews on diagnostic tests and
qualitative studies.

The hierarchy of evidence
Based on the evaluation of different types of studies, a hierarchy of
evidence has been developed. This hierarchy has been published in
several slightly different forms, so Table 29.1 should be seen as an
example.

Meta-analysis
The meta-analysis can be defined as a statistical synthesis of the
numerical results of several trials, which all addressed the same question. A meta-analysis is thus a statistical tool and the mere analysis
tells us nothing about the quality of the included trials or the methods used to choose them.
A meta-analysis is often, but not necessarily, part of a systematic
review and care should be taken not to equate the two.
Meta-analysis is a very good tool if you need an overview of the
effects of an intervention. In order to pool the results of different
trials in a meta-analysis, the trials must be homogeneous. This
means that the patient population, the interventions compared, and
the outcomes must be identical—or almost identical. At a certain
amount of heterogeneity, it becomes useless to pool the results. It is
indeed a challenge for those conducting meta-analyses to recognize
this point. The statistical test I2 (Higgins and Green 2011) will help
evaluate the amount of heterogeneity.
The results of a meta-analysis are no better than the studies
included. Planning a meta-analysis should include discussions of
which level of quality the included studies should have. If all RCTs
are included, it is advisable to perform a ‘sensitivity analysis’ for
example, performing the meta-analysis with and without the low-
quality studies in order to get an impression of their impact on the
overall result.
A meta-analysis is most often shown in a ‘forest plot’ (sometimes
called a ‘blobbogram’)—see Figure 29.1.
On the left side, the trials are lined up under each other, usually indicated by the first author’s name and publication year. The
horizontal line next to each trial shows the odds ratio (therapeutic
gain) shown as a small ‘blob’—and surrounded by the chosen confidence interval. The vertical line in the middle of the diagram shows
the ‘line of no effect’—if the blob lies on this line, the compared
interventions will be equally good. The pooled result is shown as

Table 29.1 Example of a hierarchy of evidence
Grade

Type of evidence

Ia

Evidence from a meta-analysis of randomized controlled trials

Ib

Evidence from at least one randomized controlled trial

IIa

Evidence from at least one controlled study without randomization

IIb

Evidence from at least one other type of quasi-experimental study

III

Evidence from observational studies

IV

Evidence from expert committee reports or experts
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publication bias. The potential size of the publication bias can be
evaluated by drawing a ‘funnel plot’, as described in Figure 29.1.

10
8

PRISMA

6

6

Cochrane Collaboration

1/SE
8

In a similar way as the CONSORT statement sets rules for the
reporting of RCTs, PRISMA is guiding the publication of systematic
reviews and meta-analyses in order to secure high-quality reporting. PRISMA stands for Preferred Reporting Items for Systematic
Reviews and Meta-Analyses. It is an evidence-based minimum set
of items for reporting in systematic reviews and meta-analyses.
PRISMA may also be useful for critical appraisal of published
systematic reviews. The PRISMA Statement consists of a 27-item
checklist and a four-phase flow diagram. It is an evolving document
that is subject to change periodically as new evidence emerges (see
http://www.prisma-statement.org).

4
2
0

1/SE

10

a ‘diamond’ at the bottom of the diagram. The diamond’s width is
determined by the confidence interval. If the diamond is free of the
vertical line the meta-analysis is statistically significant. This means
that one treatment probably is better than the other.

In the late 1970s and early 1980s, a group of health service researchers in Oxford, United Kingdom, prepared the ground for EBM by
beginning a programme of systematic reviews on the effectiveness
of healthcare interventions. The Cochrane Collaboration opened
its centre in Oxford in 1992 and is now an international network of
researchers, academics, practitioners, and users committed to the
principles of managing healthcare knowledge in such a way that it
is quality assured, accessible, and cumulative.
The Cochrane Collaboration is an international, non-profit, and
independent organization dedicated to make up-to-date, accurate information about the effects of healthcare readily available
throughout the world. The goal of the collaboration is to help people make well-informed decisions about healthcare by preparing,
maintaining, and ensuring the accessibility of systematic reviews of
the effects of healthcare interventions.
The major product of the Collaboration is the Cochrane Database
of Systematic Reviews, which is published monthly as a part of the
Cochrane Library. The work of producing and maintaining the systematic reviews is undertaken by volunteer academics from all over
the world.

Problems and limitations

Organization

4
2
0
–1.5

–1

–0.5

0
Effect size
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Figure 29.1 Typical funnel plot generated from 35 simulated studies (top)
and the same data with five missing studies showing a typical manifestation of
publication bias (bottom).
Reproduced from The BMJ, Sutton AJ, Duval SJ, Tweedie RL, Abrams KR, Jones DR, Empirical
assessment of effect of publication bias on meta-analyses, Volume 320, Issue 7249, pp. 1574–7,
Copyright © 2010, with permission from BMJ Publishing Group Ltd.

Like a systematic review, a meta-analysis is secondary research—
for example, data consist of already-published trials. The quality of
the included trials will have a huge impact on the quality of the
meta-analysis. The process of choosing trials to be included is a
subjective process, and the author may abuse the meta-analysis by
choosing trials with specific results for inclusion. Examples of this
in medical literature are many.
The most severe weakness and abuse of meta-analysis occurs
when the person(s) performing the meta-analysis have an economic, social, or political agenda. The authors may be ‘cherry-
picking’ trials with favourable results.

The organization is built up of the following elements:
◆

◆

◆

Publication bias

◆

Publication bias has been explained previously. The selective publication of trials with significant outcomes is very problematic to
meta-analysis. Even though an extremely comprehensive search is
undertaken, there is still a great chance that the results will overestimate effect size because of the so-called file-drawer problem of

◆

Review Groups, which prepare and maintain Cochrane Reviews.
Currently, more than 50 review groups exist, covering almost all
areas of healthcare.
Methods Groups, which work with development of the methodology of the research synthesis process.
Fields, which focus on dimensions of healthcare other than health
problems, such as the setting of care (e.g. primary care), the type
of consumer (e.g. older people), or the type of intervention (e.g.
vaccines).
Centres, which facilitate the work of Review Groups, Methods
Groups, and Fields, by arranging workshops, developing software, and helping solve problems in or between entities.
Steering Group, members of registered Cochrane Review Groups,
Methods Groups, Fields, the Consumer Network, and Centres
are eligible to vote in the election of members to the Cochrane
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Collaboration’s board of trustees—the Steering Group. Thus, the
Cochrane Collaboration is a democratic organization (Cochrane
Collaboration 2014).

Principles
The Cochrane Collaboration’s work is based on 10 key principles:
◆

◆

◆

◆

◆

◆

◆

◆

◆

◆

Collaboration, by internally and externally fostering good communications, open decision-making and teamwork.
Building on the enthusiasm of individuals, by involving and supporting people of different skills and backgrounds.
Avoiding duplication, by good management and co-ordination
to maximize economy of effort.
Minimizing bias, through a variety of approaches such as scientific rigour, ensuring broad participation, and avoiding conflicts
of interest.
Keeping up to date, by a commitment to ensure that Cochrane
reviews are maintained through identification and incorporation
of new evidence.
Striving for relevance, by promoting the assessment of healthcare interventions using outcomes that matter to people making
choices in healthcare.
Promoting access, by wide dissemination of the outputs of the
Cochrane Collaboration, taking advantage of strategic alliances,
and by promoting appropriate prices, content and media to meet
the needs of users worldwide.
Ensuring quality, by being open and responsive to feedback,
applying advances in methodology, and developing systems for
quality improvement.
Continuity, by ensuring that responsibility for reviews, editorial
processes and key functions is maintained and renewed.
Enabling wide participation in the work of the Cochrane
Collaboration by reducing barriers to contributing and by
encouraging diversity.2

Steps in the production of a Cochrane
systematic review
Writing a Cochrane review is a very comprehensive process, and
the work may stretch over several years. In most instances, the
reviews are written by a group of authors, which includes at least
one clinical specialist on the topic in focus, a methodologist, who
is experienced in writing systematic reviews, and a statistician or
at least someone with statistical experience. The work is very often
2

Reproduced with permission from The Cochrane Collaboration
website: Cochrane's Strategy to 2020 http://community.cochrane.org/about-us/
our-principles. Last accessed 16th June, 2015. About Cochrane: Cochrane is
a global independent network of researchers, professionals, patients, carers,
and people interested in health. Cochrane produces reviews which study all of
the best available evidence generated through research and make it easier to
inform decisions about health. These are called systemic reviews. Cochrane is
a not-for-profit organization with collaborators from more than 120 countries
working together to produce credible, accessible health information that is
free from commercial sponsorship and other conflicts of interest. Our work
is recognized as representing an international gold standard for high quality,
trusted information.

performed by authors from different countries, as the work can be
done electronically over the Internet.
The Cochrane review process is unique in the sense that it is
undertaken in collaboration with the editorial unit all along. The
first step is the registration of the title. The authors will send their
suggestion for a title to the editorial office by filling out a title registration form including the clinical question and the curricula
vitae of the authors. The title will be looked at by the editors and
checked for duplications among the different Cochrane Review
Groups. Once the title is accepted, the work on the protocol for the
systematic review can begin. The protocol will contain information
about the clinical question, search strategy, inclusion and exclusion
criteria, and statistical methods. It states which meta-analyses the
authors plan, and the criteria for them.
Once the protocol is completed, it will enter the editorial process.
During this process the authors and the editor work on improving the protocol until it can be accepted for publication. As a part
of this process the protocol will also undergo external peer review.
After publication of the protocol, writing the review can begin.
This includes searching comprehensively, appraising the retrieved
studies according to the preset criteria, extracting data, and data
synthesis. A decision on whether or not to perform meta-analysis
must be taken. Finally, results are discussed and implications for
practice and research described. The review then enters the editorial process, including external peer review before publication.
After publication of the Cochrane review, updating must be performed at an interval of 2–3 years, unless large, new studies, which
will change the conclusion, are published.
A unique feature for Cochrane reviews is that online commenting facilities exist. After reading a review in the Cochrane Library,
it is possible to submit comments that will help the editorial units
to improve reviews.

Cochrane Anaesthesia Review Group
The Cochrane Anaesthesia Review Group (CARG) is one of the 51
Cochrane Review Groups and its scope is all randomized clinical
trials and controlled clinical trials of interventions specifically in the
areas of anaesthesia, perioperative care medicine, post-anaesthetic
care, intensive care medicine, prehospital medicine, resuscitation,
and emergency medicine.
The group was founded in 2000 in Copenhagen, Denmark, and
currently has 12 editors worldwide. Like other Cochrane Groups, a
managing editor is paid full-time along with a part-time trial search
coordinator. Everybody else is working voluntarily, including editors and peer reviewers

Getting evidence into practice
Figure 29.2 shows the numbers of published protocols and reviews
from the CARG’s start in 2000 until 2015. The overall impact factor
for the Cochrane Library in 2010 was 6.186 and for CARG 4.654.
There are many examples of effective interventions that are
slowly and only partially implemented in clinical practice, whereas
other interventions quickly become everyday practice, sometimes
even without the evidence base to support their use. The process
of implementing new knowledge in clinical practice is complicated
and difficult to research. However, some barriers and facilitators
have been identified.
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Figure 29.2 The Cochrane Anaesthesia Review Group’s publication in The Cochrane Library 2000 to 2015.
Reproduced with kind permission from Cochrane Anaesthesia, Critical and Emergency Care Group, A review group in the Cochrane Collaboration.

It is easy for a clinician to ignore new interventions. One might
simply avoid reading medical journals, stop listening to colleagues,
or just dismiss the source or validity of the evidence presented. So
how do clinicians change practice and why? In order to act according to EBM, the first step involves understanding the process. The
more EBM is used in clinical practice, the greater the chance that
other clinicians will start using EBM. So, the first step is teaching
and practising, preferably already by the time of reaching medical
school. EBM is excellent for teaching purposes.
The next step is finding the evidence and dealing with situations
with contradicting or missing evidence.
Once the evidence is clear and mapped, it is important to look
for barriers to implementation that may need to be overcome.
The implementation of new evidence can be more costly: sometimes organizational changes must take place, new equipment
bought, or new skills learned. For some clinicians it can seem
easier to go on like before, ignoring the new knowledge. It is
even harder to stop using ineffective interventions that are
well established in the organization. One method to change
behaviour is the implementation of evidence-based guidelines
nationwide or in the department—followed by quality measurement of the actual practice in order to intervene with now
compliant staff.

Evidence-based guidelines
Guidelines are defined as ‘Systematically developed statements to assist practitioner decisions about appropriate healthcare for specific clinical circumstances’ (Greenhalgh 2014).
The purpose(s) for a guideline can be the following: to make
evidence-based standards explicit and accessible, to make clinical decision-making easier for the individual healthcare worker,
to provide a measure for assessing professional performance, to
educate professionals about best standards, and to improve the
cost-effectiveness of healthcare.
Several methods to produce and evaluate clinical guidelines
have been developed. The most useful is the AGREE instrument.
AGREE is an international collaboration of researchers and policymakers who seek to improve the quality and effectiveness of clinical practice guidelines by establishing a shared framework for their
development, reporting, and assessment. AGREE consists of 23 key

items organized in six domains. Each domain is intended to capture
a separate dimension of guideline quality, as described in Box 29.3.
The AGREE instrument can be used for producing evidence-based
clinical guidelines and for appraising existing guidelines. More
information is available on the AGREE homepage (http://www.
agreetrust.org).

Self-evaluation
After working with EBM, whether small-scale for teaching purposes or large-scale for performing systematic reviews or clinical
guidelines, critical self-evaluation is important. It is important to
go through the process again and evaluate each step in order to
learn from the process, correct potential mistakes, and improve the
process in the next round.

Box 29.3 Domains of AGREE instrument
1. Scope and purpose (items 1–3) is concerned with the overall
aim of the guideline, the specific clinical questions and the target patient population.
2. Stakeholder involvement (items 4–7) focuses on the extent to
which the guideline represents the views of its intended users.
3. Rigour of development (items 8–14) relates to the process used
to gather and synthesise the evidence, the methods to formulate the recommendations and to update them.
4. Clarity and presentation (items 15–18) deals with the language
and format of the guideline.
5. Applicability (items 19–21) pertains to the likely organisational, behavioural and cost implications of applying the
guideline.
6. Editorial independence (items 22–23) is concerned with
the independence of the recommendations and acknowledgement of possible conflict of interest from the guideline
development group.
© Copyright 2010–2014 The AGREE Research Trust. http://www.
agreetrust.org/
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Challenges and drawbacks
Performing EBM is a time-consuming process and may not always
be easy. It is necessary to acquire certain skills and many processes
and tools are continuously developing. One may be disappointed
by the lack of evidence for common procedures which have been
used for years, or for new convincing interventions—that may not
be convincing after all, once the lack of evidence becomes evident.
It is easy to become disappointed by the low quality of many trials.
The unknown size of unpublished data makes conclusions difficult. Bias almost always exists. However, over the last decades,
the practice of EBM has evolved and will continue to evolve in the
future. To improve EBM, the research societies must improve clinical research. After all, that’s what EBM is based on.
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CHAPTER 30

Clinical trial designs
in anaesthesia
Simon J. Howell
Introduction
Clinical research studies may broadly be divided into two types,
interventional studies and observational studies. Observational
studies may be regarded as natural experiments. The researcher
draws conclusions by observing associations between some characteristic of the subject, for example, smoking, and an outcome
such as lung cancer (Doll and Hill 1964). In contrast, in a clinical
trial the researcher intervenes with a view to achieving a particular
outcome. Many trials are designed to examine the impact of particular drugs but other interventions such as dietary modification
or behavioural therapy may also be tested (Sykes and Marks 2001).

Bias and confounding
Observational studies can offer useful information about the effect
of an intervention. However, such studies are subject to particular
problems that can make the interpretation of the results difficult.
Bias occurs when the actions of the patient or the investigator
systematically affect the outcome of the study. The potential for this
mishap is legion and many flavours of bias have been described
(Delgado-Rodriguez and Llorca 2004). Broadly, there are three
types: selection bias, information bias, and confounding bias.
Selection bias occurs when there is some error in choosing study
subjects. For example, investigators may wish to know if screening
for a particular type of cancer reduces mortality. A study that simply compares cancer deaths in those who present for screening and
those who do not may give a misleading impression (Pinsky et al.
2007). Individuals who seek out screening programmes tend to
have a healthy lifestyle and a lower than average incidence of many
diseases. This is known as the healthy volunteer effect. Individuals,
or perhaps towns or regions, need to be randomized to the promotion of screening or not in order to get a true indication of its
benefits.
Information bias is seen either when there is an error in recording the subject’s exposure to a variable that may affect outcome, or
there is an error in recording or classifying outcome. A retrospective observational study intended to determine the benefit of routine
perioperative transoesophageal echocardiography will suffer from
information bias if anaesthetists keep a more detailed record of
new left ventricular wall motion abnormalities in high-risk patients
than intermediate risk patients (Ng and Swanevelder 2009).
If the intervention being studied is associated with some other
factor that can also affect the outcome being studied, this may

render the results of an observational study unreliable because of
confounding. For example, it has been proposed that the pleiotropic effects of statins may mitigate the reduction in glomerular
filtration rate (GFR) in patients undergoing endovascular aortic
surgery (EVAR). However, statins are frequently prescribed to
patients who will also have other risk factors for perioperative renal
injury such as diabetes. Simply comparing the postoperative GFR
of EVAR patients who are receiving statins with the GFR of those
who are not may give a misleading impression if more of the statin
group are diabetic and have a predisposition to perioperative renal
impairment (Argalious et al. 2012).
Well-designed and -conducted trials have specific design features
to overcome, or at least mitigate, the effects of bias and confounding seen in observational studies.

The key features of clinical trials
As already noted, clinical trials involve making some change to the
treatment or lifestyle of the subject. The effects of this change on
a specific outcome or outcomes are observed. The World Health
Organization (WHO) definition of a clinical trial is:
Any research study that prospectively assigns human participants
or groups of humans to one or more health-related interventions to
evaluate the effects on health outcomes. Health outcomes include any
biomedical or health-related measures obtained in patients or participants including pharmacokinetic measures and adverse effects (World
Health Organization 2016).

The features of a well-designed trial are:
◆

clearly defined inclusion and exclusion criteria

◆

a control group

◆

randomization

◆

blinding.

Inclusion and exclusion criteria
The inclusion and exclusion criteria for a trial specify which subjects
may be included, that is, are eligible, to take part in the study. The
criteria for a particular trial must take into account the objectives of
the trial and the practicalities of recruitment. If the trial is intended
to inform clinical practice in a particular patient group then these
subjects must be included in the study. Broad eligibility criteria will
make recruiting patients easier and mean that the study has wide
application. However, there may be considerable variability in the
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study population making it more difficult to detect the effect of an
intervention. A study population that is tightly defined in terms of
age and comorbidities will show less variability and may show clear
benefit from a particular treatment but the results of the study will
be less widely applicable.

Control group
For the results of a clinical trial to yield meaningful information
about the effect of an intervention, the outcome of interest must
be compared across at least two groups of subjects, at least one of
which did not receive the intervention. This comparator group is
known as the control group and generally receives whatever management is the current standard of care. If a novel treatment is
being tested then it may be acceptable to compare this with placebo. A study of a new device for nebulizing local anaesthetic into
the peritoneal cavity after laparoscopic cholecystectomy compared
ropivacaine with a saline placebo (Ingelmo et al. 2013). This was
acceptable as the study examined adding a new means of pain relief
to those already used in the study population. Active treatment was
not being withheld.

Randomization
Subjects in the different arms of a trial should be similar in all
respects apart from the trial intervention. That is to say that the
treatment given should be the only systematic difference between
the study groups so that any difference in outcome can be attributed to the treatment. Randomization is the process of allocating
subjects to the study groups such that each subject has the same
chance of being allocated to any group. As the researcher cannot
choose which patient receives which intervention, the potential for
selection bias is avoided. Randomization also minimizes the effects
of both known and unknown confounders as these will be equally
distributed between groups.
The method of randomization should be robust and auditable.
Tossing a coin is attractively simple but does not produce a clear
audit trail for study monitoring. For relatively small and single-
centre studies a list of consecutive random numbers may be used
with subjects being allocated to the two arms of the study on the
basis of odd and even numbers. Even if this simple approach is
adopted, randomization should be performed by a third party such
as a member of the pharmacy staff so that there is no opportunity
for allocation bias arising from the researcher inspecting the list
before entering a subject into the study. For larger multicentre studies, randomization is generally performed at the clinical trials unit
responsible for the running of the study. The researcher logs into a
secure website or dials an automated phone line, enters appropriate
patient details, and receives a code allocating the subject to one or
another of the trial arms.
Randomization does not produce groups of subjects that are
identical. There will always be small differences between groups
because of chance variation. This is especially likely to be an issue in
relatively small studies where an imbalance in one or more potential confounders between groups may give rise to concern. The
practice of making statistical comparisons between baseline characteristics such as age, sex, medication use, and so forth is of limited
value in identifying imbalances between confounders. Differences
between groups that are not sufficiently large to achieve statistical
significance may still cause confounding. The investigator should
inspect the patient characteristics and if potentially important

differences between groups are identified, multivariate statistical
analysis should be considered to adjust for confounding. If there
are insufficient data to do this the risk of confounding should be
highlighted in the report on the study. A randomized controlled
trial of moxibustion (an acupuncture-based therapy) to facilitate
cephalic version in breach presentation recruited 212 women. Ten
per cent more nulliparous women were recruited to the intervention arm. While not statistically significant, this difference was a
cause of concern to the investigators. However, there was no difference in the incidence of successful version between the treatment
and control arms either before or after statistical correction for nulliparity (Guittier et al. 2009).
The use of random permuted blocks provides a means of ensuring that the allocation to treatment and control arms is balanced.
A block size divisible by the number of interventions is specified.
If there are two interventions there may be six patients in each
block, three randomized to the intervention and three to the control group. With three arms in the trial, a block of nine may be used
with three patients allocated to each of the three arms of the trial.
Allocation takes place at random within blocks. This approach is
particularly useful in multicentre studies. A randomized controlled
trial comparing two strategies for goal-directed fluid therapy (one
of Doppler-guided therapy aiming for near maximal stroke volume
and the other of zero fluid balance) included patients from five hospitals randomized in blocks of six patients. There were 151 patients
randomized with 72 in the Doppler group and 79 in the zero fluid
balance group (Brandstrup et al. 2012).
Stratified randomization aims to ensure balance between
groups for important factors that have particular potential to
cause confounding. Subjects are subdivided into groups on the
basis of the stratification factors and then randomized within
those groups. Factors used for stratification may include the centre or the operating surgeon, or variables with particular potential
to cause confounding such as severity of disease. Simple randomization is used within each of the strata. Stratified randomization and randomization in blocks may be combined as in the
POISE study of perioperative β-blockade with metoprolol which
used block randomization stratified by centre and produced a
close balance between groups of 4174 patients in the metoprolol
group and 4177 patients in the placebo group, despite the necessity of withdrawing 947 patients from the study because of fraudulent activity within a small number of high recruiting centres
(Devereaux et al. 2008).
While useful for preventing imbalance and managing major confounders, stratification should be used with care. The hazard with
stratified randomization lies in selecting too many strata or levels
within strata. If three factors, each with three levels, were to be used
for stratification this would give rise to 27 different stratified groups
(3×3×3). Each would require its own randomization table and there
is a danger that some of the groups may be small.
An alternative approach for ensuring balance between groups
is minimization. The initial subjects enrolled into a study are allocated at random but the subsequent allocation of subjects to the
arms of the study depends on the distribution of stratification factors among those already enrolled. For example, consider a study in
which 10 subjects have been enrolled into each of the two arms of a
study comparing an intervention with standard care. Let us assume
that sex is one of the factors being used for stratification and that
there are four male subjects already enrolled in the intervention
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arm and six in the standard care arm. Minimization on sex will
lead to the next male subject being enrolled into the intervention
arm. A study of 1054 primiparous women compared high-dose
bupivacaine epidural analgesia, combined spinal–epidural analgesia, and a low-dose epidural infusion of bupivacaine and fentanyl.
The primary outcome was urinary catheterization. Mothers were
randomized with minimization on maternal age and a very high
degree of balance for age was achieved between groups (Wilson
et al. 2009). See Table 30.1.

Blinding
Both researchers and subjects may have preconceptions as to how
the intervention will affect outcome. Despite acting with the best
intentions, researchers who are aware of subject allocation may
behave differently towards individuals in the treatment and control arms of a study, perhaps by monitoring subjects receiving the
intervention more closely or having a lower threshold for recording a positive outcome in this group. Trial subjects may also reflect
their expectations when questioned about specific outcomes. The
patient who believes that he or she has received an active drug may
attribute any improvement in their condition to the medication and
indeed may derive benefit from the belief itself rather than from the
treatment (Moseley et al. 2002).
Bias arising from these behaviours may be avoided by concealing treatment allocation from the subject, in which case the trial is
described as single blind, or from the investigator and the subject,
in which case the study is described as being double blind. In order
to achieve double blinding, both the patient and the researcher
must be unable to tell which study arm the subject has been allocated to. In the case of drug trials, this requires the use of placebo
medication that looks identical to the study drug and is administered in the same way. The pharmacy responsible for preparing
the trial medications is provided with a randomization table and
prepares identical drug packs for control and intervention subjects
that are identified only by the randomization code on the packaging. Thus, while it is possible for the pharmacy to ‘break the code’

Table 30.1 Baseline characteristics of women allocated
by minimization on age to study groups comparing high-dose
bupivacaine epidural analgesia (control), combined spinal–epidural
analgesia (CSE), or a low-dose epidural infusion (LDI) of bupivacaine
and fentanyl
Control
(n=353)

CSE
(n = 351)

LDI
(n = 350)

Maternal age [n (%)]
≤19

52 (14.7)

49 (14.0)

52 (14.9)

20–24

78 (22.1)

80 (22.8)

78 (22.3)

25–29

109 (30.9)

107 (30.5)

108 (30.9)

30–34

82 (23.2)

83 (23.6)

79 (22.6)

≥35

32 (9.1)

32 (9.1)

33 (9.4)

Reproduced with permission Wilson, M. J., MacArthur, C. & Shennan, A. Urinary
catheterization in labour with high-dose vs mobile epidural analgesia: a randomized
controlled trial. British Journal of Anaesthesia, 2009, Volume 102, Issue 1, pp. 97–103,
by permission of the Board of Management and Trustees of the British Journal
of Anaesthesia.
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in the event of an emergency such as a suspected unexpected serious adverse reaction and communicate this information to clinicians, in the normal course of events the investigator only knows
the randomization code of the patient. Blinding may be difficult
to achieve. For example, patients randomized to a β-blocker are
likely to have a lower heart rate than those receiving placebo. In
the case of surgery it may be evident to all what operation has been
performed, as in a comparison of laparoscopic and open operation
for colorectal cancer (Guillou et al. 2005). In some cases, the use
of sham surgery involving skin incision alone has been deemed
ethically acceptable (Moseley et al. 2002). In these circumstances
the surgeon but not the patient will be aware of treatment allocation and it may be possible for the postoperative assessment of the
patient to be undertaken by investigators who are not aware of the
treatment allocation.

Types of trials
Many randomized controlled trials are small and straightforward, involving a comparison of two interventions in a limited
number of patients in a single centre. If carefully designed, such
studies have considerable value. They are easier to set up than
large multicentre studies, can be carried out quickly, and provide
a valuable and comparatively inexpensive way of examining a
new intervention or confirming that the findings of a previous
study are applicable in a different setting. However, studying only
a small number of patients limits statistical power such that the
confidence limits for the size of any effect observed are wide and
the benefits of a new treatment must be confirmed in the larger
definitive trial.
Obtaining robust estimates of the effect of an intervention may
require a large study of hundreds or thousands of patients. Such
studies will inevitably have to be conducted across many study centres and often across many countries. These studies provide robust
evidence to support clinical practice but are expensive and complex
and challenging to organize and run. Funding for large multicentre studies generally comes from commercial sources such as the
pharmaceutical industry or major grant funding bodies such as the
National Institutes of Health in the United States or the National
Institute for Health Research in the United Kingdom. Complex
multicentre studies may take several years to set up and must be
professionally managed by a team with appropriate expertise based
in a clinical trials unit.
A multi-arm trial may compare three or more interventions
simultaneously as with the study comparing high-dose epidural
analgesia, combined spinal–epidural analgesia, and low-dose epidural infusion in women in labour alluded to previously (Wilson
et al. 2009). A particular form of a multi-arm trial is the factorial
design in which subjects are randomized to receive more than one
treatment simultaneously. In the DeLiT study of the association
between surgical tissue injury and perioperative morbidity, 381
patients were randomized simultaneously to three potential anti-
inflammatory interventions: (1) low-dose dexamethasone or placebo, (2) intensive or conventional glucose control, and (3) lighter
or deeper anaesthesia (Abdelmalak et al. 2013). The investigators
found that dexamethasone reduced inflammation but not major
morbidity 1-year mortality while the other two interventions did
not affect the outcomes measured in this study. This design allowed
the economy of examining three different interventions in one
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study and also enabled the investigators to look for interactions
between the treatments. Factorial designs require prior confirmation that the treatments being investigated can safely be given
simultaneously and this should be confirmed during the course of
the trial by rigorous safety monitoring.
Under certain circumstances it may be possible to give each of
the interventions being investigated in turn to the same subject,
in a random order with a suitable washout period between each
intervention. In a study of different cardiopulmonary bypass strategies for maintaining tissue perfusion, subjects were subjected to,
in random order, (1) 20% flow decrease, (2) 20% flow decrease
with phenylephrine to restore baseline pressure, (3) 20% pressure decrease with sodium nitroprusside under baseline flow, and
(4) increased flow with baseline pressure (Moerman et al. 2013).
The study demonstrated that indices of tissue oxygenation were
significantly reduced with lower flow regardless of systemic pressure. The crossover design meant that subjects acted as their own
controls with all patient characteristics apart from the intervention
being maintained across all of the treatment arms. For a crossover design to be successful it must be possible to randomize the
order of the interventions and there should be no residual (carryover) effect from one of the treatments that influences subsequent responses. To achieve this, an appropriate washout period
is required.
In some cases it may not be feasible to randomize individual subject to an intervention. This is the case where the intervention is a
modification to the system of care that will impact on all patients.
In this case it may be necessary to randomize different clinical units
(e.g. different operating theatres or different hospitals) to use different interventions. This is known as a cluster randomized trial.
A particular form of such trials involves the stepwise implementation of a new intervention with a comparison between the early
and later adopting centres. In a study of the WHO Safer Surgery
Checklist in a single hospital, the introduction of the intervention
was randomized across theatres in three surgical specialties (orthopaedic, thoracic, and neurosurgery) (Haugen et al. 2013). The primary outcome was the impact of the Checklist on safety culture
perceptions, the secondary outcome was Checklist compliance. The
Checklist had a limited positive impact in two out of 12 domains
of safety culture.

Studies of investigational medicinal products
Any drug examined in a clinical trial is referred to as an investigational medicinal product (IMP) or investigational new drug (IND).
The stages and procedures for developing, testing, approving, and
monitoring drugs for use in human beings are rigorously systematized with different types of study required at different stages in the
process. These are known as phase 0, I, II, III, and IV studies and
are described in Table 30.2 (ClinicalTrials.gov 2016).

Outcome measures
Clinical trials are designed to assess the impact of an intervention on one or more outcome measures. For a trial to be of value,
the measures chosen must be relevant and rigorously defined.
Frequently, outcome measures used in clinical trials are of direct
clinical relevance, for example, death within 30 days of surgery
or unplanned escalation in level of care after surgery. These are
known as ‘true’ outcomes. However, not all studies use such measures. Instead, a ‘surrogate’ outcome is studied. Such outcomes do
not necessarily have an effect that can be detected by the subject
but are assumed to be a precursor to a true outcome, that is to say,
they lie on the causal pathway. Surrogate outcomes are of value
because they often occur more frequently than true outcomes,
allowing a result to be obtained with a small study. They may
be the only outcomes that can be used for the initial studies of a
new treatment (i.e. for phase I or phase II studies). It is important
that studies are available that validate the surrogate measure, that
is, that confirm that the surrogate measure truly does lie on the
causal pathway to a clinically relevant outcome. In many cases a
biomarker is used as a surrogate outcome. In a study of the use of
a glucose–insulin–potassium (GIK) solution for myocardial protection in off-pump coronary artery bypass surgery, 33 patients
were randomized to receive 0.3 ml kg−1 h−2 GIK solution (potassium 80 mEq and insulin 325 IU in 500 ml of 50% glucose) and
33 received an equivalent volume of normal saline (control) upon
anaesthetic induction until 6 h after reperfusion (Shim et al. 2013).
The end-points of the study were the concentrations of creatine
kinase-MB and troponin-T after reperfusion. Four patients in the
intervention group suffered myocardial infarction compared with
one in the GIK group. The difference between the groups was not

Table 30.2 Phases of clinical trials
Phase 0

Exploratory study involving very limited human exposure to the drug, with no therapeutic or diagnostic goals
(for example, screening studies, microdose studies)

Phase 1

Studies that are usually conducted with healthy volunteers and that emphasize safety. The goal is to find out
what the drug’s most frequent and serious adverse events are and, often, how the drug is metabolized and
excreted

Phase 2

Studies that gather preliminary data on effectiveness (whether the drug works in people who have a certain
disease or condition). For example, participants receiving the drug may be compared with similar participants
receiving a different treatment, usually an inactive substance (called a placebo) or a different drug. Safety
continues to be evaluated, and short-term adverse events are studied

Phase 3

Studies that gather more information about safety and effectiveness by studying different populations and
different dosages and by using the drug in combination with other drugs

Phase 4

Studies occurring after FDA has approved a drug for marketing. These including postmarket requirement
and commitment studies that are required of or agreed to by the sponsor. These studies gather additional
information about a drug’s safety, efficacy, or optimal use

Reproduced with permission from the US National Library of Medicine http://clinicaltrials.gov/ct2/about-studies/glossary
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significantly different. However, postoperative cardiac biomarker
values were significantly greater in the control group at all but one
time point suggesting benefit from this intervention. This small
and comparatively cheap study suggests that this treatment does
warrant further investigation.

Types of outcome measure
Outcome measures fall into two broad types:
◆

Counting people

◆

Taking measurements on people.

Counting people
This describes counting the number of people who experience a
particular outcome, for example, perioperative death, myocardial
infarction, or postoperative nausea and vomiting. The resultant
data are quantified in terms of the percentage or proportion of
individuals who experience the outcome, that is, the risk of that
outcome. For an epidemiological study, determining the incidence
of a particular outcome may be the objective of the study and the
authors will report the point incidence and confidence limits for
the estimate of risk. In a clinical trial, the objective is to compare the
risk between two or more groups and a number of statistical tools
are available for this, including the relative risk, the absolute risk
difference, and the odds ratio.
The relative risk is the ratio of the risk of an outcome in the intervention group to the risk of the outcome in the control group. It
has the merit of being unaffected by the baseline event rate. That
is to say, if an intervention is associated with a relative risk of 0.5
(i.e. it halves the risk of an adverse outcome), this will translate to a
reduction in adverse outcome from 2% to 1% in a low-risk population and from 20% to 10% in a high-risk population. The corollary
of this is that the relative risk gives no sense of number of people
in whom outcome will be improved by an intervention. So for our
imaginary intervention with a relative risk of 0.5, the absolute risk
reduction for adverse events in the low-risk group is 1% whereas
that in the high-risk group is 10%.
An alternative way of articulating the absolute risk reduction is
the number needed to treat (NNT). This is the number of patients
who would need to be treated with the intervention to avoid one
adverse outcome. It is simply calculated as the reciprocal of the
absolute risk reduction and so for our imaginary intervention
would be 100 patients in the low-risk group or 10 patients in the
high-risk group.
In a randomized controlled trial of goal-directed haemodynamic
therapy (GDHT) in patients with a fractured neck of femur, subjects were randomized to either GDHT to attain an oxygen delivery index of 600 ml min−1 m−2 using fluids and dobutamine or
protocol-guided routine fluid therapy. Seventy-four patients were
assigned to the GDHT group and 75 to the routine treatment group
(Bartha et al. 2013).
There were 30 deaths and complications in the GDHT group, giving an absolute risk of fatality or complication of 0.41. In the routine
therapy group 38 patients died or suffered a complication during an
absolute risk of adverse outcome of 0.51.The ratio of the absolute
risk in the GDHT group to that in the routine therapy group was
0.41/0.51 giving a relative risk of death or major complications of
0.8 with confidence limits of 0.56–1.14. The absolute risk reduction with GDHT was 0.51–0.41. That is, 0.1 or 10%. Expressing this
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as a NNT, 10 patients would need to be treated with goal-directed
therapy in order to avoid one death or major complication.
The odds ratio is an alternative means of comparing the number
of people experiencing a particular outcome. It is less intuitive than
relative risk but has some useful mathematical properties. The odds
of an outcome is the ratio of the number of people who suffered
an outcome to those who did not. Thus, if 20% of the population
experience an adverse outcome the odds of the outcome are 0.2/
0.8, that is, 0.25. If we have a treatment that reduces the adverse
outcome rate to 10%, the odds of adverse outcome in the treated
group will be 0.1/0.9 or 0.11. The odds ratio of the intervention is
the odds of adverse outcome in the treated group divided by that
in the untreated group, that is, 0.11/0.25 which equals 0.44. Odds
ratios are often regarded as being equivalent to relative risk. This
is true when the outcome being measured is seen rarely but not
for frequently occurring outcomes. So in our earlier example, the
intervention halves the incidence of adverse outcome but has an
odds ratio of 0.44. If the adverse outcome rate in the study population was 40% or 0.4 and was reduced to 20% or 0.2 by the intervention, the odds ratio would be 0.38.
In some studies, subjects are followed up until they experience
the outcome of interest and the time from the start of follow-up
to the event is recorded. These are known as time-to-event data.
A subject that reaches the end of the study period without experiencing an event is said to be censored. Similarly, individuals who
are lost to follow-up are censored at the last time point for which
data are available. These data can be used to construct a survival
curve comparing the intervention and control groups. A study of
the effect of dexamethasone on the duration of interscalene plexus
block compared the duration of blockade in patients who received
a block with ropivacaine 0.5% only, a block using ropivacaine 0.5%
with 10 mg dexamethasone, and a block with ropivacaine 0.5% plus
an intravenous injection of 10 mg dexamethasone. The primary
outcome was the duration of anaesthesia assessed by time to first
analgesia request after surgery (Desmet et al. 2013). The results
shown in Figure 30.1 show that patients who received dexamethasone via the intravenous or perineural route had longer ‘survival’
of their analgesia. Survival curves may be compared using the hazard ratio statistic. Unlike measuring survival at a particular time
point, this takes into account data across the whole survival curve
for each group.

Taking measurements on people
Rather than changing a binary outcome, such as perioperative
myocardial infarction, the intervention tested in a study may be
intended to change some characteristic of the subject that can
be measured by an assay or other test. For example, preoperative
exercise training may be assessed by measuring the increase in
anaerobic threshold or maximum oxygen consumption (V̇o2max)
produced by the intervention (O’Doherty et al. 2013). Such data
are often reported as the mean (standard deviation (sd) or median
(range) of the change in the variable of interest. In a study of pulmonary rehabilitation patients awaiting surgery for non-small cell
lung cancer, it was reported that before rehabilitation the mean
(sd) V̇o2max of the study group was 13.5 (1.3) ml kg−1 min−1. After
rehabilitation this raised to 16.3 (1.9) ml kg−1 min−1 and the mean
change in V̇o2max was 2.8 ml kg−1 min−1 (Bobbio et al. 2008).
Studies that use continuous data as an outcome measure generally involve repeated measures before and after the intervention.
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Figure 30.1 Survival analysis of duration time to first analgesia request in patients randomized to interscaline block with ropivacaine 0.5% only (R) (lower line at
2900 min), a block using ropivacaine 0.5% with 10 mg dexamethasone (RD) (middle line at 2900 min), and a block with ropivacaine 0.5% plus an intravenous injection
of 10 mg dexamethasone (RDiv) (upper line at 2900 min).
Reproduced with permission from Desmet. M. et al., I.V. and perineural dexamethasone are equivalent in increasing the analgesic duration of a single-shot interscalene block with ropivacaine for
shoulder surgery: a prospective, randomized, placebo-controlled study. British Journal of Anaesthesia, 2013, 111, 3, pp. 445–452, by permission of the Board of Management and Trustees of the
British Journal of Anaesthesia.

The change produced in the outcome variable is compared between
the intervention and control arms of the study. In the DeLiT study
of the inflammatory response to surgery alluded to earlier, serum
C-reactive protein (CRP) was measured as a marker of information before surgery and on postoperative days 1 and 2 (Abdelmalak
et al. 2013). The report of the study presented data on the change
in high-sensitivity CRP (hsCRP) between baseline and the first and
second postoperative days (Fig. 30.2).
Particular issues may arise if the variable of interest has different baseline values between the control and intervention groups.
In this circumstance, statistical adjustment must be made using a
technique such as analysis of covariance.
400
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Figure 30.2 Changes in high-sensitivity C-reactive protein between the placebo
and dexamethasone arms of the DeLiT study between baseline, postoperative day
1 (POD1), postoperative day 2 (POD2), and the peak recorded value (PODmax).
Reproduced with permission from Abdelmalak B., et al., Dexamethasone, light anaesthesia, and
tight glucose control (DeLiT) randomized controlled trial. British Journal of Anaesthesia, 2013,
Volume 111, 2, pp. 209–21, by permission of the Board of Management and Trustees of the
British Journal of Anaesthesia.

Health-related quality of life
As the objective of a clinical trial is to improve the well-being of
patients, measuring the subjects’ sense of well-being is an important
component of clinical research. The most frequent way of assessing the patient experience is through questionnaires that measure
health-related quality of life (HRQL). These generally have questions intended to assess some or all of:
◆

physical functioning

◆

mental functioning

◆

social functioning

◆

emotional well-being

◆

pain

◆

overall sense of well-being.

A vast array of quality-of-life tools is available. Questionnaires
such as Short Form 12 (SF-12) and Short Form 36 (SF-36) and the
Nottingham Health Profile are intended for use in the general population. They may be supplemented by disease-specific questionnaires such as EORTC-QLQ C-30 (applicable to all cancer patients)
often used with additional EORTC cancer-specific questionnaires
or modules. Tools such as the Hospital Anxiety Depression Scale
(HADS) are available to assess psychological well-being. HRQL
tools generally quantify quality of life in a number of domains.
For example, SF-36 gives indices of quality of life in eight health
domains (Ware et al. 1993):
◆

Physical functioning

◆

Role limitations physical

◆

Bodily pain

◆

General health
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◆

Vitality

◆

Social functioning

◆

Role limitations emotional

◆

Mental health.

These may be collapsed into two broad categories of physical health
and mental health.
Analysing quality-of-life scores is often complex. For tools such
as the SF-36, the data may be a summary of the raw scores in each
domain or the data may be adjusted using ‘norm-based’ scoring in which the data are reported relative to the mean value in
a comparable population. The two broad approaches to interpreting changes in quality-of-life scores rest on defining a minimum
important change for one or more domains (anchor-based methods) or examining the magnitude of changes based on the mean
and distribution of scores within groups (distribution-based methods) (Wyrwich et al. 2013). The complexity is increased by the fact
that quality of life is often measured several times during the course
of follow-up. Appropriate repeated measures analyses must be used
to compare change across a number of time points.
It should be borne in mind that HRQL is a man-made construct
which has the merit of generating numerical scores that can be
subjected to quantitative comparison but which may not reflect all
that matters to patients. Qualitative research using semi-structured
interviews or focus groups may offer insights not available from
numbers alone.

Composite end-points
In some trials, a number of different events are combined in a single outcome. If the subject experiences one or more of the events
they are deemed to have experienced the outcome. The POISE trial
was designed to determine if perioperative β-blockade with metoprolol reduced the occurrence of cardiac events in surgical patients
(Devereaux et al. 2008). The primary outcome was a composite of
cardiovascular death, non-fatal myocardial infarction, and non-
fatal cardiac arrest at 30 days after randomization. Patients who
experienced one or more of these outcomes within 30 days were
deemed to have experienced the primary outcome.
Composite outcomes do away with the need to examine multiple end-points, all of which may be of considerable importance to
the patient, and they increase the occurrence of the outcome being
studied, so allowing any effect of the intervention to be detected
with a small study. There should be a rational basis for combining
events in a composite outcome. For example, it would be difficult to
defend combining perioperative myocardial infarction and postoperative nausea and vomiting in one outcome. Composite outcomes
suffer from the limitation that they give all of the events included
in the outcome equal weight. This may not be valid: non-fatal
perioperative myocardial infarction is a major complication but its
impact on the patient and their family is generally less than that of
perioperative death. There is also the possibility that the intervention being investigated may be effective for some but not all of the
adverse events included in the composite outcome.

Economic analyses
Healthcare resources are limited. Those who pay for healthcare genuinely wish to know not only that a treatment is effective but also
that is cost-effective. In many jurisdictions, formal processes have
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been put in place for the examination of cost-effectiveness. Examples
include the National Institute for Health and Care Excellence (NICE)
in the United Kingdom and the US Food and Drug Administration
(FDA). Many clinical trials include a health economic evaluation as
an integral part of the study design. Frequently used types of health
economic evaluation include cost-effectiveness analysis, cost–utility
analysis, and cost–benefit analysis.
When a clinical trial shows benefit from a specific intervention, this is manifest as an increase in the number of subjects with
a positive outcome. Cost-effectiveness analysis examines the extra
expense (or saving) associated with each additional subject who
experiences a positive outcome. This is expressed as the incremental
cost-effectiveness ratio. If a trial demonstrates that a new treatment
saves five additional lives per hundred people treated but at an additional cost of £50 000, the additional cost per life saved is £10 000.
In a study of the cost-effectiveness of ultrasound as compared
with nerve stimulation for sciatic nerve block, 94% of the ultrasound group had an effective sensory sciatic nerve block at 48 h as
compared with 79% of the nerve stimulation group. Thus the mean
difference in effect between the two groups was 15%. The marginal
costs of performing a block were £108.10 for the ultrasound group
and £115.20 for the nerve stimulation group. The incremental cost-
effectiveness ratio for the use of ultrasound was therefore (108.1 –
115.2)/(0.94 –0.79) (Ehlers et al. 2012).
Cost–utility analysis is based on the use of quality-of-life measures such as the quality-adjusted life year (QALY). Changes in
HRQL measured with questionnaires such as EQ-5D may be translated into utilities using established relationships between a particular questionnaire score and the health utility that subjects give to
the score from that tool. By multiplying utility and follow-up time
the investigator can gain a numeric estimate of the QALYs gained
(or lost) by subjects who received an intervention. A cost–utility
analysis of data from the PAC-Man trial of the use of pulmonary
artery catheters (PACs) estimated the utility of withdrawing PACs
from use in critical care to be £2892 per QALY gained (Stevens
et al. 2005).
In cost–benefit analysis, outcomes are given a monetary value.
Subjects are asked how much they would pay for a given improvement in health or longevity from a particular intervention. This is
then compared with the cost of the intervention. This approach is
criticized because of the wide variation in value ascribed to a given
outcome by different subjects and the difficulty of giving a numeric
monetary value to a subjective construct such as well-being.

Sample size
At the beginning of any clinical trial there must be a plan dictating
how many subjects are to be recruited.
This statistical approach to sample size estimation rests on determining how many subjects will be required in each arm of a trial to
have a reasonable degree of certainty of detecting a true difference
between the intervention and control groups should one exist, while
at the same time not obtaining a false-positive result. Four pieces of
information are required to perform sample size calculation:
◆

A numerical estimate of the expected effect of the intervention,
for example, the expected reduction in the incidence of perioperative myocardial infarction between the control and intervention groups or the expected difference in peak postoperative
troponin level between the two groups. This may be estimated
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from previous studies or a decision may be made regarding the
minimum clinically significant difference between the groups.
◆

◆

◆

The event rate in the control group in the case of a categorical
measure or the variance of the outcome measure if a continuous
variable such as troponin or HRQL is being measured.
The statistical significance level for the comparison between
groups. By convention this is set at 5%. If a difference between
groups is just significant at the 5% probability level then it would
arise by chance 5 times in 100 repetitions of the study.
The power of the study: that is the chance of finding an effect in
the study if one truly exists. This is generally set at 80% or 90%.
Small increases in the desired power have a dramatic impact on
the sample size.

Both free and commercial statistical packages are available for sample size estimation and the mathematical basis for this calculation
will not be explored further here.
Data on the expected effect size in a study may be available from
previous small studies or trials on related populations. However, frequently this information is not available and a feasibility study must
be performed to provide an estimate that can be used to inform the
sample size calculation for larger study. The UK National Institute
of Health Research describes feasibility studies as:
pieces of research done before a main study in order to answer the
question ‘Can this study be done?’

They are used to estimate important parameters that are needed to
design the main study. For instance:
◆

standard deviation of the outcome measure, which is needed in
some cases to estimate sample size

◆

willingness of participants to be randomized

◆

willingness of clinicians to recruit participants

◆

◆

◆

◆

◆

number of eligible patients, carers or other appropriate
participants
characteristics of the proposed outcome measure; in some cases
feasibility studies might involve designing a suitable outcome
measure
follow-up rates, response rates to questionnaires, adherence/
compliance rates
availability of data needed or the usefulness and limitations of a
particular database
time needed to collect and analyse data.

Sample size estimation is not a precise science and judgement and
experience is required to produce reliable estimates of the sample
size needed for a robust study. Any sample size calculation should
take account of the fact that not all subjects will agree to take part in
a study and, depending on the nature of the trial, a significant proportion may drop out, be lost to follow-up, or die during the course
of the study. Thus, if experience suggests that 20% of subjects will
not complete the trial, this should be factored into the recruitment
estimate.

Subgroup analyses
The effect of an intervention is often estimated in different subgroups within a clinical trial. In a study comparing oesophageal

Doppler-guided goal-directed fluid therapy and a standardized
fluid regimen, patients were stratified into two subgroups on the
basis of aerobic fitness measured by cardiopulmonary exercise
testing. The aerobically unfit group had anaerobic thresholds in
the range 8.0–10.9 ml kg−1 min−1 while patients with an anaerobic threshold of 11.0 ml kg−1 min−1 or greater were classified
as being aerobically fit (Challand et al. 2012). In the fit group,
patients receiving goal-directed therapy had a significantly
increased median time to readiness for discharge (7.0 vs 4.7 days;
P=0.01) and a prolonged length of stay (8.8 vs 6.0 days; P = 0.01).
In the unfit patients, time to fitness for discharge and length of
stay was similar between the goal-directed therapy and control
groups.
Subgroup analyses such as that just described can provide clinically useful information. However, multiple subgroup analyses
may yield a significant result by random chance. Planned subgroup
analyses should be specified at the outset of the study to avoid the
temptation to test multiple subgroups. If additional subgroups are
examined at the end of the study they should be clearly identified
as post hoc analyses and statistically significant results will require
confirmation in further studies.

Equivalence and non-inferiority trials
and related designs
The majority of clinical trials compare one or more interventions
with a control group in the hope of detecting a significant difference between the two groups. That is to say, the null hypothesis
is of no difference between the two study groups and a significant
P-value for the outcome measure of interest indicates that the difference between the two groups would arise only infrequently if the
study were repeated many times. While this is the most common
trial design, it does not address questions of whether two treatments are equally effective or one is no less effective than the other.
Answering these questions requires the different study designs of
equivalence or non-inferiority trials.
In equivalence and non-inferiority trials a range is specified for
the outcome of interest within which it is judged on clinical grounds
that the interventions may be considered to have a similar effect. In
a study comparing ondansetron and metoclopramide for the prevention of vomiting in children after tonsillectomy, it was deemed
that the zone of equivalence was 0–15%. That is to say, if the difference in the incidence of postoperative vomiting in the two groups
was 15% or less the two treatments would be deemed equivalent
(Bolton et al. 2007). The incidence of vomiting in the ondansetron
group was 12% lower than in the metoclopramide group (25.3% vs
37.3%). On the basis of these pre-specified criteria the two treatments could be deemed equivalent. In the event, the authors also
used survival analysis to examine the time to first vomit between
the two groups and found ondansetron to be superior to metoclopramide on this criterion.
In a non-inferiority trial the objective is to demonstrate that the
treatment under investigation produces outcomes no worse than
the comparator. For example, if the treatment being investigated
is significantly cheaper than the current standard of care and can
be shown to be no worse than current care then it should be considered for adoption into routine practice. This is one of the few
circumstances in which a single-sided statistical test is acceptable
as the question to be answered is whether the treatment being
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tested is no worse than the current treatment (rather than is it
better or worse than current care). In a trial comparing pain relief
after lung surgery, patients were randomized to thoracic epidural
anaesthesia or intercostal nerve blockade. The investigators had
noted that epidural anaesthesia was time-consuming and subject to failure and wished to know if intercostal nerve block performed by the surgeon under direct vision was at least as good
at producing postoperative pain relief (Meierhenrich et al. 2011).
A maximum difference of 0.5 on a numerical rating scale for pain
was deemed to be the maximum acceptable difference between
groups. On the morning after surgery the difference in pain scores
between the two groups was at the border between the zone of
equivalence, showing intercostal blockade to be less effective
(Fig. 30.3). Intercostal blockade patients also had significantly
more pain on coughing than patients who had received an epidural. Taking these two findings together the authors concluded
that intercostal blockade is not equivalent to epidural analgesia
for pain relief after lung surgery.
It should be noted that sample sizes for non-inferiority and
equivalence trials are often larger than those for superiority trials because the effect size for the maximum allowable difference is
frequently smaller than the effect size considered appropriate for a
superiority trial.

the study set-up and management. It may meet frequently during
the early stages of study set-up and should meet regularly thereafter
during the course of the study.
The steering committee is responsible for writing a the protocol,
preparing the study data collection forms (clinical record forms or
CRFs), patient information sheets, and consent forms, submitting
regulatory applications, identifying collaborators and other key
partners, working with service providers such as pharmacy and
clinical laboratories, and setting up the independent data monitoring committee.

Conducting a clinical trial
The initial stages
Clinical trials research is a collaborative endeavour. At the outset, a
small working group of collaborators develops an initial idea into a
proposal for a clinical trial. The group may include the instigator of
the project (often but not always a health professional), other health
professionals, a statistician, and a methodologist with expertise in
clinical trials.

The trial steering committee and related
infrastructure
When funding is secured this initial group expands to become the
trial steering committee. Additional members may include experts
in clinical trials regulation, data management, safety monitoring,
clinical trials databases, and investigators from additional centres.
The steering committee takes overall responsibility for all aspects of

The protocol
The protocol is the core document for a clinical trial and includes
full details of the background, justification, design, and procedures
for the trial. It may be of considerable length, especially for a study
of an investigational medical product. It is signed by both the sponsor and the chief investigator and changes must be approved by
appropriate regulatory bodies. Sections of a protocol may include
the following:
◆

Details of chief investigator

◆

Details of trial steering committee

◆

Details of sponsor

◆

Study background and justification

◆

Study objectives

◆

Target population

◆

Details of intervention (including full details of IMPs)

◆

Study design

◆

Outcomes and study assessments

◆

Sample size

◆

Statistical analysis plan

◆

Case report forms (CRFs)

◆

Procedures for obtaining subject consent

◆

Monitoring arrangements

◆

Indemnity arrangements

◆

Study publication plan.

Intercostal better

Intercostal worse

NRS scores in the evening
NRS scores in the morning
–2
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Δ = 0.5
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Median treatment differences in NRS scores at rest
intercostal minus epidural

Figure 30.3 Median treatment differences for numeric rating scale (NRS) scores at rest on the first postoperative day. Error bars indicate two-sided 95% confidence
intervals. Δ, margin of non-inferiority. Non-tinted area indicates zone of inferiority.
Reproduced with permission from Meierheinrich, R., et al., Analgesia and pulmonary function after lung surgery: is a single intercostal nerve block plus patient-controlled intravenous morphine
as effective as patient-controlled epidural anaesthesia? A randomized non-inferiority clinical trial. British Journal of Anaesthesia, 2011, Volume 106, Issue 4, pp. 580–9, by permission of the Board of
Management and Trustees of the British Journal of Anaesthesia.
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The independent data monitoring committee

The role of the clinical trials unit

This generally consists of three to five people including a health
professional, statistician, and other relevant expert with no direct
correction to the study. The committee provides independent and
unbiased review of the trial. Key functions include:

The set-up, day-to-day management, data collection, monitoring,
closure, and analysis of a multicentre clinical trial is a complex
undertaking. It is frequently undertaken by a clinical trials unit
which has the expertise and infrastructure to deliver all of the components necessary for a successful study. Commercial pharmacological companies often have in-house clinical trials infrastructure
to deliver these functions or may contract the work to commercial
contract research organizations. Non-commercial studies are frequently managed by clinical trials units based in universities and
for non-commercial studies are essential partners not only in the
delivery of studies but also in the preparation of successful funding
applications.

◆

safeguarding the subjects

◆

assessing possible cases of toxicity

◆

identifying poor recruitment

◆

monitoring trial conduct including treatment compliance and
missing data.

The committee is generally responsible for early stopping decisions.
Should a decision be made to stop a trial early, it may be necessary
to inform subjects if this will affect them directly. A system should
be in place for this.

The sponsor
For a clinical trial, the sponsor is the company or organization
responsible for initiating the trial and ensuring that the study
is conducted in accordance with appropriate local, national, and
international regulations. This includes ensuring that regulatory
approvals have been obtained and appropriate arrangements are in
place for pharmacovigilance, reporting adverse events, appropriate
training of staff, trial monitoring, and indemnity.
The sponsor may be distinct from the funder. For many
commercial trials the role of sponsor is taken by the commercial pharmaceutical firm running the study. However, for non-
commercial studies a hospital or university generally acts as the
sponsor.

Funding
The financial costs of the trial should be estimated at an early stage
as a necessary prerequisite for obtaining funding. They should not
be underestimated. Costs may include the following:
◆

The cost of the investigators’ time

◆

Research nurses’ and clinical trials assistants’ salaries

◆

Office and travel expenses including site initiation visits

◆

The cost of regulatory applications

◆

Pharmacy costs

◆

Laboratory, radiology, and other investigations

◆

Licences for quality-of-life and other questionnaires

◆

Patients’ travel costs and other expenses

◆

Per patient payments centres

◆

Monitoring costs

◆

Database and other IT charges

◆

Clinical trials unit charges, including randomization

◆

Publication costs.

Study funding arrangements differ between jurisdictions. It is
essential to define at the outset which costs will be met from study
grant funding or commercial sources and which will be met in
recruiting centres or from other sources.

Pharmacy and other supporting services
Expert pharmacy support is essential for clinical trials into investigational medical products. IMPs used within trials are closely
regulated. For new drugs, a detailed product specification file must
be available and manufacturers must hold an appropriate manufacturing authorization. In the case of studies of established drugs,
clinical trials approval may still be required as detailed below. The
local pharmacy is responsible for receiving and ensuring safe storage of trial medications. As discussed previously, randomization
generally takes place in the pharmacy and to maintain blinding,
study medications are delivered to the clinician and patient bearing
a code number rather than the drug name. A record must be kept
of all drugs administered and any unused drug must be returned
to the pharmacy. A local record of which patient receives which
drug is therefore held in the pharmacy department should be a
need arise to break the randomization code. The presentation of
IMPs and placebos in this way requires expertise and may incur
significant costs.
Trials may also require laboratory, radiological, and other investigations. In many cases, blood and tissue samples or radiological
images are transferred to a single centre for analysis. It is essential
that the local expertise necessary to deliver the trial is available, that
the work can be done in a timely fashion, and that the necessary
funding has been included in the budget of the study.

Site agreements
These are agreements between each of the trial centres and the
sponsor which specify the responsibilities of both parties. Such
agreements are good practice for all multicentre studies and mandatory for European Union IMP clinical trials. They include details
specifying the appropriate regulatory approvals, arrangements for
data collection and investigations, the responsibilities of the site
pharmacy, and indemnity arrangements.

Study registration
All clinical trials should be registered on a public searchable database. The purpose of this is to enable searches to be conducted of
current and past work before new trials are initiated and to drive
the publication of all trial results, overcoming the publication bias
against negative trials. Widely used trial registers include:
◆

EudraCT: the European Clinical Trials Database (http://eudract.
emea.europa.eu). Registration in this database is essential for
obtaining Clinical Trials Approval in the European Union
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◆
◆

ClinicalTrials.gov (http://www.clinicaltrials.gov)
International Standard Randomised Controlled Trial Number
(ISRCTN) registry (http://www.isrctn.org)

Indemnity
Indemnity arrangements vary in different jurisdictions. Indemnity
against negligent harm provides the subject with protection against
inappropriate practice or conduct in the study centre. In the United
Kingdom it is provided by the sponsor for non-commercial studies. Practice regarding non-negligent harm, that is, injury or death
caused by participating in the trial where the study procedures have
been followed entirely correctly, varies between countries. Such
protection is provided in many European countries but not in the
United Kingdom.

The master file
The trial master file is the full set of essential documents relating to
a clinical trial. Documents to be held in the master file are identified
within International Conference on Harmonisation–Good Clinical
Practice (ICH GCP) guidelines. They include the following:
◆

The trial protocol

◆

The patient information sheet and consent form

◆

CRFs

◆

An investigators’ brochure or medicinal product dossier with full
details of the product investigation

◆

Details of the financial arrangements for the trial

◆

All signed agreements relating to the trial

◆

Ethical approval for the trial and all related correspondence

◆

Regulatory agreements relating to the trial and all related
correspondence

◆

Curricula vitae of the chief investigator and principal investigators

◆

Lists of staff and their responsibilities (delegation log).

Standard operating procedures
Standard operating procedures are guidelines specifying the working practices of the trial. They ensure that the trial is conducted in
the same way in all centres and demonstrate to external auditors
that there are clear and robust systems for the conduct of the study
in place. Such procedures include but are not limited to:
◆

Site assessment and site set-up

◆

Randomization procedures

◆

Adverse event recording

◆

Site visits and monitoring

◆

Trial closure.

Case report form
Standardized data collection is essential to the successful conduct
of a clinical trial. This is supported by the use of study-specific
CRFs which itemize the data to be collected and have boxes for
data entry into which the investigator should write or type. These
constrain the information collected and ensure that the correct data
are recorded. A number of CRFs may be completed in the course of
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a study including a baseline data form, a treatment CRF detailing
the intervention administered, one or more outcome CRFs at different points during follow-up, an additional CRF for monitoring,
and the reporting of adverse events.

Patient information sheet and consent form
Subjects must give informed consent before participation in a clinical trial. In order for them to do this, detailed information should
be provided regarding the possible risks in participation. This
should be provided in writing in the form of a patient information
sheet. This should include the following:
◆

The background to the trial

◆

Details of the study interventions

◆

How randomization will take place

◆

◆

◆
◆

What samples will be taken and how they will be stored and
disposed of
Benefits and disadvantages of participation including potential
drug side-effects
A clear statement that participation is voluntary
A clear statement of the right to withdraw from the trial at
any time

◆

Arrangements for continuing treatment at the end of the trial

◆

Funding sources

◆

A statement regarding indemnity and liability in the event of
mishap.

The information sheet should be provided in multiple languages if
necessary and arrangements made for access to the trial by disabled people if appropriate. The subject should be given an opportunity to discuss the study having had time to consider the patient
information sheet. Consent should be obtained in writing. This
should involve the subject signing and dating the consent form
rather than just ticking a box. The form should be co-signed by
a staff member with appropriate Good Clinical Practice training
plus further training in obtaining consent from particular groups
if required.

Monitoring
Ensuring that appropriate arrangements are in place for the monitoring of a clinical trial is one of the responsibilities of the sponsor. Monitoring may include checking that subjects actually exist,
confirming appropriate consent has been obtained, auditing and
confirming appropriate data collection, and verifying that adverse
events are appropriately recorded and reported.
Commercial studies generally include a detailed monitoring of
data quality, this is known as source data verification. The case
record forms of a proportion of subjects are examined and checked
against the hospital notes to ensure that data have been recorded
accurately.
The reporting of adverse events is an essential aspect of the conduct clinical trials. An adverse event is any untoward or unintended
medical event. It may or may not be causally related to the trial
treatment. If it is considered likely that the event was caused by
the intervention being studied, it is called an adverse reaction or
adverse drug reaction. An adverse event is one which directly affects
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the subject’s health, safety, or well-being. Such events are divided
into expected and unexpected adverse events. An expected adverse
event is one that has been pre-specified as a potential occurrence in
the medicinal product dossier for the trial drug. Adverse events are
considered to be serious adverse events (SAEs) or serious adverse
reactions (SARs) if the event is fatal or life-threatening, requires
hospitalization or prolonged hospital stay, results in persistent or
significant disability, results in a congenital abnormality, or is otherwise considered significant by the clinician. Such an event should
be reported to the coordinating centre within 24 h of discovery.
A SAE which is suspected to be causally related to the study treatment and is unexpected is classified as a suspected unexpected
serious adverse reaction (SUSAR). Such events are a potential justification for unblinding within the trial. Study sponsors must report
life-threatening SUSARs to the regulatory authority within 7 days
of being notified. If the event is not fatal or life-threatening it must
be reported within 15 days.

Interim analyses
Interim analyses involve conducting statistical analyses of the trial
data to examine the effect of the intervention while recruitment is
still in progress. Such analyses are generally conducted to decide if
a trial should continue or be stopped early. On occasion they are
undertaken to determine if the sample size should be increased.
This may be justified if the effect size used in the power calculation
was too large, perhaps as a result of improvements in standard care,
or fewer outcome events than expected are being observed. There
are a number of possible justifications for stopping a trial earlier
than planned. These include the following:
◆

◆

◆

◆

◆

Persistently poor recruitment that is not amenable to improvement and means that the trial is unlikely to be completed in an
acceptable time
The emergence of a new treatment that renders the intervention
in on the trial arms obsolete or otherwise inappropriate
Evidence from an interim analysis (or other studies) that the new
treatment is more harmful than the control intervention
Early stopping because of superiority: evidence from an interim
analysis that indicates, with a high degree of certainty, that the
new treatment is more effective than the control intervention
Early stopping because of futility: evidence from an interim
analysis that the treatment under investigation is very unlikely to
represent an improvement on current treatment.

Stopping a trial early is justified when an interim analysis identifies
a large effect size with a high degree of certainty. If interim analyses are to be undertaken, the protocol should pre-specify the time
points at which they are to occur, for example, after one-third and
two-thirds of the total planned study sample has been recruited.
Because repeated testing increases the likelihood of false-positive
results, the P-value required for significance at each time point is
reduced to below the 5% level. Stopping rules specifying the significance level for each interim analysis are frequently calculated
using one of a family of techniques known as spending functions.
Examples include the Pocock and Lan–Demets spending functions.
Generally, the earlier in a course of a study an interim analysis is
performed, the greater the risk of a false-positive result as a result
of random fluctuations in the data and the smaller the P-value
required for statistical significance.

A randomized controlled trial was conducted to compare pain
on injection with a formulation of etomidate in lipid (Etomidate-
Lipuro™) with propofol and lidocaine in children undergoing day
case surgery. The planned recruitment to the study was 110 patients
(55 patients in each arm) (Nyman et al. 2006). The ethics committee requested an interim analysis to avoid subjecting children to
pain if there was a benefit from the new drug formulation. This was
planned to take place after 80 patients had been recruited. A statistical significance of P < 0.02 was required for early stopping of
the study at this point. When an interim analysis was performed,
the incidence of injection pain in the study was significantly lower
in the Etomidate-Lipuro™ group [5.0%; 95% confidence interval
(CI) 0.61–16.9%] compared with the propofol–lidocaine group
(47.5%; 95% CI 31.5–63.9%) (P < 0.001) supporting early stopping
of the study.
Stopping a study because of futility is challenging as there
must be a high degree of certainty that an effect will not be seen
if more patients were recruited. Nevertheless, it is sometimes
appropriate. The previously discussed DeLiT study examined the
effect of three interventions—glucose control, anaesthetic depth,
and dexamethasone—and outcomes including major morbidity
after surgery and inflammation indicated by CRP concentrations
(Abdelmalak et al. 2013). Stopping rules for four planned interim
analyses of the primary outcome of major morbidity were specified
with P-values at each point determined using the gamma spending function. Interim analyses were performed after 242 and 364
patients had been recruited. The P-values for significance and
futility at the second interim analysis were set at P≤0.0039 and
P > 0.7912 respectively. All three interventions crossed the boundary for futility at the second interim analysis and the trial was therefore stopped (Fig. 30.4).

Trial closure
Trial closure generally takes place in two phases, the end of recruitment and the end of follow-up. Recruitment closure takes place
when the planned sample size has been achieved and centres are
instructed not to recruit further subjects. Follow-up may continue
for some considerable time after the end of recruitment and the
time point for trial closure is generally specified in the protocol.
Trial closure takes place when follow-up has been completed and
the sponsor is usually required to notify the ethics committee and
regulatory bodies that this point has been reached. At the end of
follow-up, a detailed data check is undertaken. Missing data are
sought and recorded where possible and any ambiguities in the
data are clarified. At this point the database is locked for statistical
analysis. The initial analysis of this database constitutes the report
on the trial.

Regulation
Historical and legal background
The first international guidance on the conduct of clinical trials was
the Nuremberg Code (The Nuremberg Code 1947). This was formulated following the prosecution of individuals involved in experimentation on concentration camp prisoners without the consent of
the victims and at great human cost. The code led to the Declaration
of Helsinki formulated by the World Medical Association in 1964.
This has been revised several times and specifies the ethical principles for the conduct of research in human subject including the
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All clinical trial should be approved by an independent Research
Ethics Committee. The committee makes judgements on the trial
in a number of domains including the scientific justification of the
study, the potential risks and benefits to subjects, and the suitability
investigators. In the European Union, the Committee has to deliver
a decision on the application within 60 days. It may stop the clock
once to seek clarification to the original application.
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Figure 30.4 DeLiT interim monitoring results for the primary outcome of any
major morbidity at n=242 and n=381. The group sequential futility boundary
(middle pink region) was crossed for each of the three interventions at the second
interim analysis (n=381); the trial was therefore stopped for futility. Vertical axis
is the z-statistic corresponding to the standardized treatment estimated at each
interim analysis; negative values indicate efficacy (significant if reaching lower blue
region), while positive values indicate harm (significant upper blue region).
Reproduced with permission from Abdelmalak B., et al., Dexamethasone, light anaesthesia, and
tight glucose control (DeLiT) randomized controlled trial. British Journal of Anaesthesia, 2013,
Volume 111, 2, pp. 209–21, by permission of the Board of Management and Trustees of the
British Journal of Anaesthesia.

need for informed consent, the requirement for prior research in
animals subjects, the requirement that the research be conducted
by a qualified health professionals, and the requirement that the
benefits of participating in the trial should justify the possible risks
of taking part (World Medical Association 1964).
The ICH GCP guidelines for the conduct clinical trials were
developed in 1996 and were based on the Declaration of Helsinki.
They provide an internationally accepted structure for the harmonization of the legal and regulatory requirements for registering medicines for human use. The guidelines are divided into four
categories:

Clinical trials of IMPs require specific approval in many countries.
In the European Union they must be approved by the competent authority. In the United Kingdom this is the Medicines and
Healthcare products Regulatory Agency (MHRA). Applications for
studies of new drugs require a detailed Investigational Medicinal
Product Dossier in the United Kingdom and incur a significant fee.
Studies on established medications that may be classified as trials
are associated with a lesser regulatory burden.

Regulatory approvals
Different countries have regulations in place to ensure that each site
undertaking a clinical trial has appropriate infrastructure, arrangements for protecting subject data, appropriately skilled staff, and
can ensure both good access to the trial and the safety of the subjects. In the United Kingdom these arrangements are codified in
the Research Governance Framework for Health and Social Care
and specify both global checks to ensure overall good conduct of
the study and local checks to ensure appropriate running in individual sites (Department of Health 2005). At the time of writing,
the United Kingdom research governance arrangements are under
review by the national Health Research Authority.

The reporting of clinical trials
Clinical trials should be reported according to the CONSORT
guidelines. These specify in detail the aspects of the study that
should be included in the report. These include the following:
◆

Trial design and conduct

◆

Interventions

◆

Q: Quality

◆

Results

◆

S: Safety

◆

Treatment compliance

◆

E: Efficacy

◆

Discussion of the study including any limitations

◆

M: Multidisciplinary.

◆

Conflicts of interests.

The core principles of GCP reiterate the requirements of the
Declaration of Helsinki outlined earlier and include specific
requirements that individuals involved in the conduct of a trial
should be appropriately qualified and experienced. Implementation
of the ICH GCP guidelines in the European Union led to the development of the European Union Clinical Trials Directive (2001/20/
EC) and a GCP (2005/28/EC) directive. These directives standardize the conduct of clinical trials across the European Union
(European Commission 2001, 2005). This has been updated by
Clinical trials -Regulation EU No 536/2014 published in 2014
and due to come into effect no earlier than May 2016. Amongst
the regulations arising from these directives is the requirement that
individuals involved in the conduct of a clinical trial must receive
regular training (every 2 years in the United Kingdom) in GCP.
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The history of anaesthesia
Alistair G. McKenzie
Antiquity
Two thousand years ago, the Roman encyclopaedist Celsus recommended opium and mandragora for pain relief (Celsus 1938).
Also in the first century ad, Dioscorides, a Greek surgeon in Nero’s
army, used mandragora in wine to relieve pain at surgical operations (Morch and Major 1954). However, in reference to surgery,
the writings of Hippocrates do not mention pain relief at all; we
can only speculate on the degree to which analgesia was offered
(Nunn 1989)—certainly it was a far cry from general anaesthesia as
we know it in the twenty-first century.

Inhalation anaesthesia
Glimmerings prior to 1846
There is some evidence that the Spanish alchemist Raimundo Lulio
discovered ‘sweet oil of vitriol’ in the thirteenth century (Davison
1965). If so, it was rediscovered in 1540 by Valerius Cordus, apprentice to Swiss chemist Paracelsus (Tallmadge 1925). Paracelsus
recognized that ‘sweet oil of vitriol’ had an anaesthetic effect on
chickens without harm (Faulconer and Keys 1965). In 1730, the
apothecary A.S. Frobenius (Fellow of the Royal Society) gave this
liquid the name ‘aether’ (Duncum 1947).
In 1774, Joseph Priestley produced (inadvertently from nitric
oxide) a new gas which he called ‘dephlogistigated nitrous air’.
Working for Dr Thomas Beddoes at the Pneumatic Institute in
Bristol, United Kingdom, in 1795, Humphry Davy deliberately
inhaled this gas and coined the name ‘laughing gas’ for it. Then
in 1800 he discovered that it had analgesic properties, named it
nitrous oxide, and remarked that it might be used to relieve the
pain of surgery. Beddoes had secured the Scottish engineer James
Watt to make apparatus for receiving the nitrous oxide and other
‘airs’ (Smith 1965a).
Thus by 1800 the knowledge and means for surgical anaesthesia were available, yet it would not be introduced until 1846. In
those days, surgery was rudimentary and pain was not generally considered as something to be avoided. In the social context,
there was widespread religious belief that pain provided a means
of atonement and the infliction of pain was considered appropriate punishment (Adams 1998). Between 1800 and 1846 in Britain,
Europe, and the United States, ether (Davison 1965) and nitrous
oxide (Smith 1965b) were ‘misused’ by inhalation for recreational
inebriation at parties and the theatre. Humphry Davy himself
was for a while addicted to inhaling nitrous oxide and influenced
the same penchant in the Lakeland poets, Coleridge and Southey
(Cartwright 1972).

Having graduated in medicine at Edinburgh University in 1819,
Henry Hill Hickman went to practise in Ludlow, United Kingdom.
There from 1821 he experimented on animals under the influence of carbon dioxide, which seemed to produce anaesthesia. He
published this work on ‘suspended animation’ as a pamphlet in
1824, but it was not given due recognition (Smith 2005). Hickman
appears to have been the first person who was actually looking for
something to remove the pain of surgery; it seems that those before
him just made casual remarks on the subject without believing it
was important or a good thing.
In January 1842, William E. Clarke, a medical student in
Rochester, New York State, United States, administered ether from
a towel to a Miss Hobbie, which enabled Elijah Pope to painlessly
extract one of her teeth. It seems that Clarke simply extended his
penchant for ‘ether frolics’, rather than heeding Shakespeare: ‘he
that sleeps feels not the toothache’ (Cymbeline Act V, Scene IV).
The participants remained reticent, and the event did not appear in
the literature until over three decades later (Stetson 1992).
On 30 March 1842, Crawford W. Long, a general practitioner in
Jefferson, Georgia, United States, successfully administered ether
from a towel to James Venable and proceeded to painlessly excise
an encysted tumour from his neck. Long had a diffident personality
and did not publish this work until 1849 (Long 1849)!
It was the excruciating pain of toothache that put dentists at the
forefront in bringing anaesthesia to the public’s attention. Horace
Wells, a dentist in Hartford, Connecticut, United States, attended
on 10 December 1844 a public entertainment exhibition of the
effects of nitrous oxide (laughing gas) put on by Gardner Quincy
Colton. There he observed a young man, Samuel Cooley, under the
influence of the gas suffer abrasions to his knees yet not feel pain.
This was a ‘eureka’ moment for Wells, who the very next day acted
as guinea pig—undergoing nitrous oxide anaesthesia by Colton
and extraction of a wisdom tooth by John M. Riggs. On recovering, Wells declared ‘a new era in tooth-pulling’. He quickly learned
the technique of preparing the gas and administered it with crude
apparatus for 15 painless extractions by January 1845: he probably achieved analgesia rather than anaesthesia. He then travelled
to Boston, where he contacted a former partner turned medical student, to introduce him to surgeons at the Harvard Medical
School’s Massachusetts Medical College. This was William Thomas
Green Morton, who helped Wells to arrange a demonstration. At a
Boston public hall (exact location uncertain), before an audience of
medical students, Wells administered nitrous oxide to one of their
number for a tooth extraction (Haridas 2013). Unfortunately inadequate gas was given and the patient complained of some pain—the
demonstration was denoted ‘humbug’ (Duncum 1947).
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James Esdaile, MD (Edinburgh) went out to India and successfully tried hypnotism (mesmerism) on Hindu patients as a means
of anaesthesia for surgery. He published a book on this work in
January 1846. On his return he was unable to reproduce his results
in Scottish patients (Comrie 1932).

Wells tragically went into a downward spiral of depression and committed suicide in 1848. The characters of these three players have
recently been reviewed (Wolfe 2001). However, it was Morton who
convinced the world that ether could provide general anaesthesia.

The public demonstration of ether anaesthesia in 1846

The fastest means of transmission of the news from the United States
to the Old World in 1846 was the steamship—the first successful
trans-Atlantic cable was not laid until 20 years later. The Cunard paddle steamers provided a passenger and mail service between Boston
and Liverpool via Halifax, Canada, the voyage taking 15 days. From
Boston the Britannia departed on 16 November and the Acadia
departed on 1 December. Probably on board the Britannia was a
letter describing cases of ether anaesthesia from the President of
Harvard University, Edward Everett, to a successful London physician, Dr Henry Holland. Strangely, Holland took no action (Ellis
1989). The Britannia probably also carried a package from William
Morton to an American doctor living in Paris, Dr Willis Fisher. It
seems that the steamers proceeded from Liverpool to Le Havre.
On receiving the information from Morton, Fisher arranged for
an ether inhaler to be made at the St Louis Hospital in Paris. There
on 15 December 1846 he administered ether for surgeon Antoine
Jobert de Lamballe to remove a lesion from the lower lip of a patient,
Pierre Dihet. Partly because of the lip lesion, the etherization was
difficult and not very successful—the event was not published until
February 1847 (Cousin 1998). A book describing the beginning of
anaesthesia in France has recently been published (Zimmer 2008).

In 1844, William T.G. Morton had already tried liquid ether as a
local application in dentistry, at the suggestion of a Boston chemist, Charles T. Jackson. In the middle of 1846, Morton began to
experiment with ether as an anaesthetic—on his spaniel dog, himself, and two young dental apprentices. He did this in secrecy and
learned the importance of ether being pure (a point reinforced by
Jackson). On 30 September 1846, he successfully administered pure
sulphuric ether from a handkerchief to a patient, Eben H. Frost, for
a dental extraction. Then he approached the surgeon John Collins
Warren for a public demonstration, which Warren accepted.
Morton quickly consulted an instrument maker, who produced a
two-necked glass flask from which air charged with ether vapour
could be inhaled. On 16 October 1846, Morton used this inhaler
to administer ether (disguised by the addition of aromatic oil) to
Gilbert Abbott at the Massachusetts General Hospital—Warren
removed a jaw tumour without producing pain and declared
‘Gentlemen, this is no humbug’ (Nuland 1983). The great event was
painted by Robert Hinckley—see Figure 31.1.
Morton tried to patent ether under the name Letheon. There was
a long dispute between him and Jackson (Nuland 1983). Horace

The news travels

Figure 31.1 First public demonstration of surgery under anaesthesia on 16 October 1846 at the Massachusetts General Hospital, Boston, United States,
by Robert C. Hinckley, 1892.
Image courtesy of the Association of Anaesthetists of Great Britain and Ireland.
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The Acadia carried correspondence about ether from the Boston
Professor J. Bigelow and his son to Dr Francis Boott in London. On
receiving the news, Boott approached a prominent London dentist, James Robinson, to help him set up a trial of the new technique. They improvised an inhaler from a Nooth’s (soda-water)
Apparatus. On 19 December 1846 at Boott’s house, James Robinson
administered ether to Miss Lonsdale and then extracted a molar
tooth—witnessed by Boott and family. The success of this trial led to
further trials and modification of Robinson’s inhaler—constructed
by Hooper of Pall Mall. Boott invited the famous surgeon Robert
Liston to see these proceedings. Then on 21 December 1846, ether
was administered from Squire’s inhaler to Frederick Churchill, on
whom Liston performed (fortuitously) a painless amputation of a
leg through the thigh. Liston famously remarked to the audience
‘This Yankee dodge beats mesmerism hollow’. This event cemented
the belief in general anaesthesia in Britain (Duncum 1947; Ellis
1989, 1992).
Also on board the Acadia was the ship’s surgeon, Dr William
Fraser, who disembarked at Liverpool on 16 December 1846 and
proceeded to his home town of Dumfries in Scotland. There he
informed his surgical colleagues about the great event in Boston.
There is some evidence that as a result on 19 December at the
Dumfries and Galloway Royal Infirmary, ether was administered by Dr William Scott for surgery (Baillie 1996). Recently the
Dumfries claim has been reviewed, without finding further support
(Martin 2004).
Within a few months ether anaesthesia had been tried all over
the world, including South Africa (April 1847) and Australia (May
1847. In remote regions (e.g. Central Africa), Christian missionaries were the first to administer anaesthesia (McKenzie 2002).

Gradual acceptance of anaesthesia
The fact that general anaesthesia was now a possible option did
not mean that all surgeons and patients would want it! The French
surgeon Velpeau had dismissed the possibility and many surgeons
felt that pain was important for recovery. There were numerous
other reasons including fear, resistance to change, and inertia.
Misgivings were common well into the 1860s with many practitioners selecting some patients for anaesthesia and excluding others (Pernick 1985).

Development of inhalation anaesthesia
The introduction of ether anaesthesia in London captured the
interest of John Snow, then a general practitioner. He proceeded
to establish a scientific basis for anaesthesia, producing an ether
vaporizer early in 1847. Of course, in this work he was aided
by instrument makers and commercial chemists, as were those
who followed. In September 1847, Snow (Fig. 31.2) published an
important monograph, describing five stages of ether anaesthesia (Snow 1847/1987). He was fortunate not to encounter ignition of the highly flammable ether in the open-flame lighting of
the time.
In Russia, Nikolai Pirogoff used ether for anaesthesia from
February 1847, developing his own apparatus. He had the imagination to try the rectal route of administration in obstetrics, and
experimented with the i.v. route in animals. Later in the year he
published a book in which he recognized four degrees of anaesthesia (Secher 1986).

the history of anaesthesia

Figure 31.2 John Snow (1813–1858).
Image courtesy of the Association of Anaesthetists of Great Britain and Ireland.

In January 1847, James Young Simpson, Professor of Midwifery
at Edinburgh University, was the first to use ether in obstetrics.
However, he found that ether was not ideal for this purpose and
searched for a better agent. On the suggestion of David Waldie, a
chemist working in Liverpool, Simpson obtained a supply of chloroform (Dundee 1953). After it had been tried by his assistant James
Matthews Duncan (Newlands 1891), Simpson held a dinner party
on 4 November 1847 at his home, where most of those attending
inhaled chloroform. Four days later Simpson used chloroform in
obstetrics and within 2 weeks he published his experience on about
50 cases (Simpson 1847).
Chloroform diluted with alcohol (‘chloric ether’) had been tried
in London by Holmes Coote and William Lawrence 6 months
before (Coote 1847), but this did not equate to chloroform, which
was much more potent than ether and also had the advantage of
being non-flammable. Simpson through his forceful personality, championed analgesia for childbirth against some opposition,
and popularized chloroform. He eschewed designing inhalers and
simply used a cloth, folded into a cone—the Edinburgh method.
Chloroform was shipped from Edinburgh for use in the Crimean
War. In the years which followed, the Edinburgh method of chloroforming was propagated around the world.
In 1853, Queen Victoria received chloroform from John Snow at
the birth of her eighth child, Prince Leopold; Snow repeated this
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service in 1857 for the delivery of Princess Beatrice. Earlier authors
have stated that this narcose à la reine set the seal of respectability on obstetric analgesia. However, this is probably a myth—the
Queen’s inhalation of chloroform was not well publicized at the
time (Connor and Connor 1996), although the social elite in
London may have been informed (Caton 2000). Anaesthesia
for childbirth became part of general medical practice by public
acclaim.
After the death of John Snow in 1858, he was succeeded as the
leading anaesthetist in London by Joseph Clover (Fig. 31.3). In the
mid-1860s interest in nitrous oxide was rekindled in the United
States by Gardner Quincy Colton, who used it in dentistry. He
passed this on to an American dentist working in Paris, T.W. Evans,
who in turn demonstrated the technique in London in 1868. This
was observed by Joseph Clover, who noted difficulties with the
apparatus. Clover substituted his own chloroform inhaler with the
sack filled with nitrous oxide. This innovation heralded the general acceptance of nitrous oxide as the dental anaesthetic of choice
(Duncum 1947).
The administration of oxygen with volatile anaesthetics was not
advocated until the 1890s (Duncum 1947). A prolific variety of
facemasks, inhalers, and other apparatus (many with eponymous
names) ruled in British practice until the evolution of the continuous flow (‘Boyle’s’) anaesthetic machine from 1917. In 1933 the clinical use of cyclopropane was established by Ralph M. Waters (the
first university Professor of Anesthesia) in Madison, Wisconsin,
United States and also by Harold R. Griffith in Montreal, Canada.
From 1935, cyclopropane became popular in anaesthesia for

Figure 31.3 Joseph T. Clover (1825–1882) administering chloroform in air to a
patient—note the finger on the pulse.
Image courtesy of the Association of Anaesthetists of Great Britain and Ireland.

thoracic surgery, because as a powerful respiratory depressant it
facilitated intermittent positive pressure ventilation. The downside
was that it was highly flammable, explosive, and could cause severe
ventricular dysrhythmias.
Probably the most outstanding new inhalation anaesthetic agent
in the twentieth century was halothane, introduced in 1956 after
production by ICI laboratories through investigation of fluorocarbons (Suckling 2007). Here at last was a non-flammable,
non-explosive, but potent agent administered from a calibrated
vaporizer, which (being non-irritant to the respiratory tract) provided rapid smooth induction with minimal side-effects and relatively rapid recovery. In many countries it has now been replaced
by newer agents: isoflurane, sevoflurane, and desflurane—see
Table 31.1.

Intravenous anaesthesia
In 1628, William Harvey published De Motu Cordis in which he
expounded on the circulation of the blood. This was fundamental
to the investigation of the i.v. route. Working with Robert Boyle
in Oxford in 1656, Christopher Wren injected tincture of opium
into the vein of a dog, through ‘the slender pipe of a syringe’
(Boyle 1999).
A prerequisite for both i.v. anaesthesia and nerve ‘blocking’
by local anaesthetic (1884) was the hypodermic needle and
syringe. It was not until 1853 that Scottish physician Alexander
Wood of Edinburgh (Fig. 31.4) married together the hollow
needle and the syringe, thus facilitating parenteral injection
(Boulton 1984).
The first successful i.v. anaesthetic was chloral hydrate, first used
in Bordeaux, France, in 1874 by Pierre Cyprien Oré, who published
a book on the subject. Perhaps because of toxicity reports, this
agent fell out of favour (Sykes 1982).
In 1909, i.v. hedonal (methylpropylcarbinol urethane) was successfully used for anaesthesia in St Petersburg, Russia, following
experimental work by Nicholas Krawkow (Kissin 1988). The technique was adopted by others including Page at St Thomas’ Hospital
in London, United Kingdom (Page 1912), and remained in favour
for about 15 years.
A few of the early barbiturates were tried in the 1920s, but it was
not until 1932 that a really satisfactory barbiturate for i.v. anaesthesia arrived: this was hexobarbitone, introduced by Helmut Weese
in Germany. Then thiopental (pentothal sodium) was popularized
in 1934 by J.S. Lundy of the Mayo Clinic, Rochester, Minnesota,
United States, and also Ralph Waters at Madison. Initially thiopental was used as a sole anaesthetic, which was risky, because
of its cardiodepressant effects. It was said to have multiplied the
death rate when administered to casualties at Pearl Harbor in
December 1941, but this was overstated and partly the result of relative overdosage (Bennetts 1995). Thiopental went on to become
the most popular induction agent in the world, and remained so
for 50 years (Dundee 1984). Moreover, i.v. induction of anaesthesia became the norm in adults (with maintenance by inhalation
agents).
Space does not permit a description of the i.v. anaesthetic agents
which had only a short period of popularity, but a summary is given
in Table 31.2.
In 1950, a landmark paper in the British Journal of Anaesthesia
referred to ‘a balanced anaesthetic when a relaxant is used to
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Table 31.1 Inhalation anaesthetic agents
Name

Date first prepared

First clinical anaesthetic use

Popularized by and when

Date of last anaesthetic use

Diethyl ether

Thirteenth century: R. Lulio
1540: V. Cordus and
Paracelsus

1842: independently
W.E. Clarke, C.W. Long

W.T.G. Morton: 1846

Still in use

Nitrous oxide

1774: J. Priestley

1844: H. Wells

G.Q. Colton: 1863
T.W. Evans: 1868

Still in use

Chloroform

1831: independently
J. von Liebig, E. Soubeiran,
and S. Guthrie

1847: H. Coote and
W. Lawrence (diluted
with alcohol)

J.Y. Simpson: 1847

? 1980

Ethyl chloride

1759: G.-F. Rouelle

1848: J.F. Heyfelder

W.J. McCardie: 1902
M.W. Ware: 1904

? 1950s

Ethylene

1669: J.J. Becher

1923: A.B. Luckhardt and
J.B. Carter

A.B. Luckhardt and
J.B. Carter: 1923

? 1960s

Cyclopropane

1882: A. von Freund

1929: G.W.H. Lucas,
V.E. Henderson
and W. Easson Brown

R.M. Waters: 1933

? 1990s

Trilene

1864: E. Fischer

1935: C. Striker

C.L. Hewer: 1941

? 1990s

Halothane

1953: C.W. Suckling

1956: M. Johnstone

Numerous after 1956

Still in use

Methoxyflurane

1948: W.T. Miller

1960: J.F. Artusio
and A. Van Poznak

Numerous 1960s

Still in use as analgesic in
Australia and New Zealand
and United Kingdom

Enflurane

1963: R.C. Terrell

1966: R.W. Virtue

Numerous after 1966

Still in use

Isoflurane

1965: R.C. Terrell

1971: W.C. Stevens

Numerous after 1971

In current use

Sevoflurane

Late 1960s: B.M. Regan

1971: R.F. Wallin
and M.D. Napoli

Numerous after 1995

In current use

Desflurane

1960s: R.C. Terrell

1987: E.I. Eger

Numerous after 1995

In current use

Xenon

1898: W. Ramsey

1951: S. Cullen
and E. Gross

–

In current use occasionally

complete the triad of relaxation, narcosis and analgesia’ (Rees
and Gray 1950). This sparked the search for a potent but short-
acting opioid analgesic for use in anaesthesia. Paul Janssen and
co-workers in Belgium synthesized fentanyl (1960) and alfentanil
(1976), which soon became standard i.v. drugs in anaesthetic practice (Cookson et al. 1983).
Fentanyl also transformed ‘neurolept analgesia’ introduced in
Brussels in 1959 by De Castro and Mundeleer into a much more
reliable technique (Nilsson 1963).
Ketamine was introduced in the United States in 1965 and arrived
in the United Kingdom late in 1969. Unfortunately it was initially
used in United Kingdom as a sole anaesthetic agent resulting in
a high incidence of emergence hallucinations—hence it became
unpopular (Dundee et al. 1970). Twenty years later its advantages
as a cardiovascularly stable induction agent to be followed by maintenance with volatile agents, adjunct for sedation, and as an analgesic were recognized (Boulton 1985). It also remains widely used in
less resourced countries.
Etomidate was introduced into clinical practice in the United
Kingdom in 1976. It was found to have the great advantage as an
induction agent of not depressing the circulation; hence it remains

in occasional use for cases where this is especially important. It was
also used as a continuous infusion for sedation in intensive care
units until 1983 when found to cause adrenocortical suppression
(Ledingham and Watt 1983).
The introduction of propofol by ICI in 1985 (a reformulation
of 1977’s disoprofol) was a major advance. It soon achieved tremendous popularity, particularly because its rapid suppression of
laryngeal reflexes promoted the slick insertion of the newly introduced laryngeal mask airway (LMA). It has certainly displaced
thiopental as the most commonly used induction agent in the
world. Propofol was also noted to be an ideal agent for total i.v.
anaesthesia (TIVA). Computerized infusion systems were developed in the late 1980s, led by Dr Gavin Kenny at the University of
Glasgow, United Kingdom (White and Kenny 1990). From 1990,
Dr J.B. Glen organized international meetings on target-controlled
infusion (TCI)—resulting in the launch of the ‘Diprifusor’ TCI in
the United Kingdom in 1996. By this time there was also available
an ultrashort-acting opioid, undergoing rapid metabolism by non-
specific esterases in blood and tissue—remifentanil (Rosow 1993).
The combination of propofol and remifentanil is now a common
method of TIVA.
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(A)

The first suggestion of refrigeration to relieve the pain of surgical incisions was in 1595 by Johannes Costaeus of Venice. In 1646,
Severino of Naples used snow or ice as analgesic for lithotomy
(Davison 1965). Baron Larrey in 1807 noted that soldiers suffered
little pain in the extreme cold after the battle of Eylau, even though
they developed gangrene of extremities as a result of frostbite
(Leroy-Dupre 1861).
James Young Simpson introduced the concept of chemical
local anaesthesia in 1848, experimenting with the application
of chloroform to lower animals (Simpson 1848). Unfortunately
Simpson had neither an appropriate local anaesthetic agent nor
the syringe with needle (still to be introduced by Alexander
Wood). In the same year, James Arnott of Brighton, United
Kingdom, responded to Simpson’s paper in The Lancet by promoting refrigeration anaesthesia (Arnott 1848)—
t his was
adopted in France as ‘congelation’. However, Arnott’s cumbersome apparatus was superseded by B.W. Richardson’s ether spray
of 1866 (Bird 1949).

Cocaine

(B)

Figure 31.4 (a) Alexander Wood (1817–84). (b) Syringe devised by Wood.
© Royal College of Surgeons of Edinburgh.

Regional anaesthesia
Concept of local anaesthesia
The introduction of local anaesthesia lagged behind the advent of
general anaesthesia by 38 years.
There were three prerequisites for local anaesthesia:
1. The concept of blocking neuronal transmission of pain
2. A means of achieving this: physical (nerve compression, cold) or
chemical
3. If by a chemical agent, then a technique for delivering this agent
to the required anatomical point.
As early as 1562, the great French surgeon Paré described a
method of local analgesia by compression of nerves. Two centuries later (1794), James Moore in England advocated reducing the
pain of amputation by screwing down a clamp on the limb, compressing the main nerves; this was used at St George’s Hospital,
London, by John Hunter but the technique never became popular
(Davison 1965).

For centuries the Indians of Bolivia and Peru have chewed the leaves
of the coca shrub to suppress fatigue and appetite. This became
known in Europe after the Spanish conquest, and in 1858, sacks
of coca leaves were shipped over. Working in Wöhler’s laboratory
in 1860, Albert Niemann purified the alkaloid isolated from coca
leaves and called it cocaine. Although Niemann and Wöhler noted
that cocaine numbed the tongue, this property was not exploited
until 24 years later (Davison 1965).
Carl Koller entered medical school at Vienna University,
Austria, in 1876. He was impressed by his teacher in ophthalmology, Professor Ferdinand von Arlt, who pointed out that general
anaesthesia was unsatisfactory in eye surgery. Hence, while still
a student, Koller tested a number of agents for local anaesthesia
in the eyes of animals: all of these failed. He graduated in 1882
and, after military service, began work at the Vienna General
Hospital. A contemporary Vienna University graduate and friend
was Sigmund Freud, who specialized in neurology and became
a lecturer in 1883. In the spring of 1884, Freud completed Uber
Coca—a monograph on the possible use of cocaine in the treatment of neuro/psychiatric conditions, which also mentioned its
local application. In the summer, just before he left Vienna temporarily to visit his fiancée, he invited Koller (by this time a trainee
ophthalmologist) to participate in experiments on the drug. When
Koller realized that cocaine numbed the tongue, it dawned on him
that here might be the local anaesthetic he was looking for. Without
delay he successfully tested the local anaesthetic effect on the eyes
of animals, his own eye, and then on a patient. He prepared a short
report for a meeting of the German Ophthalmological Society to be
held on 15 September 1884 in Heidelberg. As he could not afford to
travel there himself, a friend read his paper for him. Furthermore
the local anaesthetic effect of cocaine solution was demonstrated
in the Heidelberg eye clinic, with Professor von Arlt looking on
(Wyklicky and Skopec 1984).
The news of cocaine spread quickly around the world. Carl
Koller (Fig. 31.5) can justifiably be called the founder of local
anaesthesia, but his prospects in Vienna were ruined by his
involvement in a duel with another doctor. In 1888, he emigrated
to New York City where, having established himself as an ophthalmic surgeon, he remained for the rest of his life (Wyklicky
and Skopec 1984).
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Table 31.2 Intravenous anaesthetic agents
Name

Date first prepared

First clinical anaesthetic use

Popularized by and when

Date of last anaesthetic use

Chloral hydrate

1832: J. von Liebig

1874: P.C. Oré

P.C. Oré: 1875

Early 1900s

Hedonal

1899: H. Dreser

1909: A.P. Jeremisch for
N.P. Krawkow

C.M. Page: 1912

Late 1920s

Hexobarbital

1931: Kropp and
Taub

1932: H. Weese

H. Weese from 1932

Late 1940s

Thiopental

1932: E.H. Volwiler and
D. Tabern

1934: R.M. Waters

J.S. Lundy from 1934

Still in use

Methohexital

1956: S.M. Chernish

1957: V.K. Stoelting

J.W. Dundee and
J. Moore: 1961

? 2010

Gamma-hydroxy-
butyric acid

1874: A. Zaytsev

1961: H. Laborit

Various from mid-1960s

? 1970s

Diazepam

1959: L. Sternbach

1964: L. Campan and
M-Th. Espagno

S.S. Brown and
J.W. Dundee: 1968

Still occasionally used for
sedation

Ketamine

1962: C. Stevens

1965: G. Corssen and
E.F. Domino

G. Corssen and E.F.
Domino: 1966

Still in use. Also used as
analgesic

Propanidid

Early 1960s: F-Bayer AG

1964: J.W. Dundee

Various from 1964

1984 withdrawn

Althesin (Alphaxalone +
Alphadolone)

1970: Glaxo

1971: D. Campbell et al.

Numerous from 1973

1984 withdrawn

Etomidate

1971: P. Janssen

1973: A. Doenicke

Numerous after 1973

Still in use

Disoprofol

Early 1970s: JB. Glen at ICI
(ICI 35868)

1977: B. Kay and G. Rolly
(solvent Cremophor EL)

K.M. Rogers et al. 1980

1984 withdrawn

Propofol

As above

1984 reformulated in soybean
oil emulsion

T.E.J. Healy et al. 1985

In current use

Infiltration analgesia
Carl Ludwig Schleich of Berlin, Germany, used a dilute solution
of cocaine which reduced toxicity and so popularized infiltration
analgesia in the early 1890s (Davison 1965).

Esters to amides

Figure 31.5 Carl Koller (1857–1944).
Image courtesy of the Association of Anaesthetists of Great Britain and Ireland.

The benzoic acid ester, cocaine, had toxic effects. Research
through the 1890s concentrated on synthesizing a substitute
ester, and procaine was some improvement, especially for spinal
intradural anaesthesia. However, it was the search for an amide-
linked agent in Stockholm, Sweden, from 1932 that resulted in the
major breakthrough of lidocaine, synthesized by Lofgren in 1943
and tested by Lundqvist. Torsten Gordh wrote the first clinical
account of this agent (then known as Xylocaine®) in 1948–1949
(Gordh 1949). It had more penetrative power and less toxicity
than all previous local anaesthetics and was a major advance;
it remains a most versatile local anaesthetic drug in clinical
practice.
Another amide-type local anaesthetic drug, bupivacaine, was
synthesized by Bo Af Ekenstam (in the laboratories of Bofors
Nebel-Pharma) in 1957 and used clinically from 1963. Compared
to lidocaine it had the advantage of longer duration, but the disadvantage of more cardiotoxicity (Watt et al. 1968). It was and
remains embraced by practising regional anaesthetists worldwide.
Levobupivacaine, a less cardiotoxic enantiomer of bupivacaine,

535

536

536

Part 5

the practice of anaesthesia

was marketed in 2001 (McLeod and Burke 2001). More details of
these and other local anaesthetic drugs are listed in Table 31.3.

Nerve blocks
In 1884 in New York, W.S. Halsted and R.J. Hall originated ‘nerve
block’ by applying cocaine to specific nerves of the face, then the
brachial plexus and the posterior tibial nerve. Through experimentation on each other and themselves, they became cocaine
addicts (Winnie 1984). Means of prolonging the local anaesthetic effect of cocaine followed: J.L. Corning in 1885 applied
an Esmarch bandage proximally, immediately after injecting
cocaine around a nerve (Winnie 1984); Heinrich F.W. Braun in
1902 added adrenaline to the solution of cocaine (Röse 1989).
New terminology evolved: ‘block’ was coined by G.W. Crile in
1897, and ‘regional anaesthesia’ was first used by Harvey Cushing
in 1901 (Cushing 1903). Heinrich Braun published the first edition of his textbook on local anaesthesia in 1905 (Röse 1989).
Also in this year, German obstetrician Hugo Sellheim first
reported advantages of paravertebral block; the technical aspects
were improved in 1911 by Arthur Läwen, but it was not until
1912 that Max Kappis developed it into something really comparable to the modern technique (Goerig and Schulte am Esch
1992). The first use of a peripheral nerve stimulator for nerve

location was described in 1912 by George Perthes (Goerig et al.
1989). The French surgeon Victor Pauchet produced the first edition of his textbook on regional anaesthesia in 1914, with a third
edition in 1921 in which he paid respect to his assistant Gaston
Labat. In 1920, the Mayo Clinic recruited Labat, who in turn produced his own textbook, based on Pauchet’s. At this time regional
anaesthesia was very much in the hands of surgeons, but from
1924, Lundy, having taken over from Labat at the Mayo Clinic
(Vachon et al. 2008), established a reputable regional anaesthesia programme and instigated the transfer of this role to the
anaesthetists.
From the 1920s to the 1960s, regional anaesthetists used anatomical landmarks to locate the nerves to be blocked. The great D.C.
Moore declared ‘no paresthesias—no anesthesia’ (Moore 1997).
Use of a peripheral nerve stimulator became popular from the
1970s and is still widely used. Dag Selander declared ‘no paraesthesiae, no dysaesthesia’ (Selander et al. 1979). From 2000, there
has been a huge uptake of ultrasound for nerve location in regional
anaesthesia.

Intravenous regional anaesthesia
In 1908, August Bier described i.v. regional anaesthesia using procaine. After a short period of enthusiasm the method was forgotten

Table 31.3 Local anaesthetics
Name

Date first prepared pure

First clinical anaesthetic use

Popularized by and when

Date of last anaesthetic use

Cocaine

1860: A. Niemann

1884: Carl Koller

Numerous from 1884

May still be used occasionally
in ENT

Tropocaine

1891: Giesel

1891

Displaced by Procaine

? early 1900s

Stovaine (Amylocaine)

1904: E. Fourneau

1904: H. Chaput

H. Chaput in France

? 1940s

Procaine

1904: A. Einhorn

1904: H.F.W. Braun

H.F.W. Braun: 1905

? 1940s

Cinchocaine (Percaine)
(Nupercaine) (Dibucaine)

1925: K. Miescher

1929: T. Uhlmann

H. Jones: 1930

Currently used only in
suppositories

Tetracaine (amethocaine)

1928: O. Eisleb

1931

1932: J.S. Lundy

? 1980s.
Currently used only as topical
gel, eye drops

Lidocaine

1943: N. Lofgren

1948: T. Gordh

Numerous

In current use

2-Chloroprocaine

1949: H. Marks and
M. Rubin

1952: F. Foldes and P. McNall

1956: F. Foldes USA
Not marketed in UK

Used in USA, Canada and
some European countries
for epidural anaesthesia and
peripheral blocks

Mepivacaine

1956: B. Af Ekenstam
and B. Egnér

1956: K.G. Dhuner

Numerous—for dental use

Current dental use only

Prilocaine

1959: N. Lofgren
and C. Tegnér

1959: T. Gordh

Numerous from 1964

In current use (Bier’s blocks
and spinal anaesthesia of
short duration)

Bupivacaine

1957: B. Af Ekenstam

1963: L.J. Telivuo

D.B. Scott: 1980s

In current use

Etidocaine

1971: B.H. Takman

1972: P.C. Lund

Not introduced to UK
market

? No longer marketed in USA

Ropivacaine

1957: B. Af Ekenstam

1990: E. Whitehead

Numerous from 1995

In current use

Levobupivacaine

1972: G. Aberg

1998: H. Bardsley

Numerous from 2000

In current use
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for 50 years. It was then reintroduced and remains a common
choice for reducing Colles’ fractures—prilocaine is usually used, as
it is potentially least toxic (Nolte 1998).

Spinal anaesthesia
By 1891, lumbar puncture was standardized as a clinical procedure
by H.I. Quincke of Kiel, Germany. The first deliberate spinal block
was performed in 1898 by August Bier (assisted by A. Hildebrandt)
using 3 ml of cocaine 0.5% (Goerig and Beck 1992). The following year, T. Tuffier used it for intractable pain and surgery, and
by 1908 he had published 20 papers on the technique. The addition of morphine to intrathecal injection of local anaesthetic was
recorded in 1899 by French surgeon Matthieu Jaboulay to help a
patient with painful cancer; this addition was also tried in 1900 by
Otojiro Kitagawa in Japan and Rudolph Matas in the United States
(Barros 2002).
Three improvements facilitated popularization of spinal
anaesthesia in the United States from 1905: procaine was less
irritating than cocaine to the meninges, finer needles reduced
post-dural puncture headache, and rubber gloves allowed aseptic technique (Winnie 1984). In the United Kingdom, during
1906–1907 the importance of curves and gravity were realized: through A.E. Barker’s demonstration with a ‘glass spine’
and the introduction of ‘heavy’ stovaine, made hyperbaric by
addition of glucose (Lee 1979). In 1909, Thomas Jonnesco advocated thoracic arachnoid puncture and injection of stovaine plus
strychnine for head and neck, chest, and upper limb surgeries
(Jonnesco 1909)!
Next, hypobaric solutions were tried: Babcock in Philadelphia
(1912) rendered stovaine hypobaric by the addition of 10% alcohol; in 1927 Pitkin introduced spinocaine (procaine plus alcohol) (Winnie 1984). Also in 1927, ephedrine was first used to
restore blood pressure during spinal anaesthesia (Ockerblad and
Dillon 1927).
‘Continuous spinal anaesthesia’ (CSA) was taken forward
by Walter Lemmon in 1940 using novocaine, a malleable needle, and special rubber tubing attached to the hub (Lemmon
1940)—the technique had first been described in 1907 by H.P.
Dean, but was not accepted at that time (Akhtar 1972). Then in
1944, E.B. Tuohy described an alternative technique: passing a
size 4 ureteral catheter through a 15 G spinal needle, but CSA
received an unfavourable review by Dripps in 1950 (Denny and
Selander 1998).
In the early 1950s, spinal anaesthesia nearly disappeared from
clinical practice, owing to the Woolley and Roe case of 1947 and the
Foster Kennedy report of 1950. However, there was a resurgence of
popularity from the 1980s as a result of better drugs and equipment
(Wildsmith 2008).
Spinal needles underwent considerable improvement over the
years. Although a pencil-point needle had been described in
1951, it was not until the late 1980s that improved design led to
large-scale acceptance of pencil-point needles, which reduced
the problem of post-dural puncture headache (Calthorpe 2004).
The revival of CSA at this time was tempered by an association
of severe neurological sequelae with microcatheters—the Food
and Drug Administration of the United States banned thin catheters (<24-gauge) in 1992. However, CSA has remained a valuable technique for some indications in careful hands (Denny and
Selander 1998).

the history of anaesthesia

Epidural analgesia
This began with the sacral approach to the epidural space (caudal), independently described by J. Sicard and F. Cathelin of Paris
in 1901. Cathelin found that cocaine by this route reduced pain,
but did not provide anaesthesia. In 1910, Arthur Läwen (in Leipzig,
Germany) used the sacral approach for injection of procaine, with
success in operative obstetrics. He recommended alkalinizing the
procaine with sodium bicarbonate to increase rate of onset and
reduce toxicity (Goerig et al. 2002).
The lumbar approach was introduced in Madrid, Spain, by Fidel
Pagés Miravé in 1921. Unfortunately because of his premature
death, the method was temporarily forgotten (De Lange et al. 1994).
Turin surgeon, Achille Maurio Dogliotti popularized the lumbar
approach from 1931 in Italy. He used a saline-filled syringe to identify the epidural space (Goerig et al. 2002). Other methods of seeking the negative pressure in the epidural space soon followed: the
‘hanging drop technique’ of Gutierrez (1932) and in 1936, Odom’s
suction of blue-dyed saline along a capillary tube (Dawkins 1963).
Continuous caudal analgesia was first described in 1931 by E.B.
Aburel of Romania for pain relief in childbirth (Curelaru and
Sandu 1982). Unaware of this work (published in a French journal),
in 1933, John Cleland of Oregon City, United States, introduced
use of a caudal catheter for analgesia in labour (Cleland 1933).
Hingson and Edwards (Philadelphia, United States) popularized
continuous caudal analgesia in obstetrics from 1942 (Hingson and
Edwards 1942).
Massey Dawkins pioneered epidural analgesia in the United
Kingdom from 1945, the same year in which Tuohy produced his
needle in the United States (Dawkins 1945). Curbelo in Cuba was
the first to pass a catheter through this needle (Curbelo 1949).
Bonica’s unit at Tacoma, Washington, was one of the first to offer
a 24-hour obstetric epidural service in 1952. Philip Bromage in the
United Kingdom described a test dose to safeguard against ‘total
spinal’ and systemic toxicity (Bromage 1954). The complication
of post-dural puncture headache was recognized—treatment by
blood patch was first reported by Gormley in 1960 (Cullen 1960).
Bromage went on to provide a score for motor block (Bromage
1965). Epidural infusion for postoperative analgesia was reported
in 1966 by Green and Massey Dawkins for patients undergoing
abdominal surgery (Green and Dawkins 1966). From the late 1970s
use of epidural filters became standard practice as an aid to preventing infection (McKenzie 2001). In 1979, epidural morphine
was used at the Hadassah Hospital, Jerusalem in the treatment
of pain (Behar et al. 1979)—the publication inspired great interest in epidural opioids. Over the years there was development in
epidural needles and catheters (Frölich and Caton 2001). Solutions
of low-concentration bupivacaine with fentanyl were popularized
in the late 1980s to early 1990s: epidural infusion of this mixture
has become standard postoperative care for many major surgeries.
Patient-controlled epidural analgesia was promoted from the mid
1990s and has also become popular.

Combined spinal–epidural anaesthesia
In 1922, Polish surgeon Ryszard Rodzinski was the first to combine
administration of local anaesthetic into the spinal and the epidural
space. However, he failed to popularize this technique and it was
forgotten. In 1932, New York surgeon Angelo Soresi injected local
anaesthetic into the epidural space and then the subarachnoid space
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(‘episubdural’)—again his idea was forgotten. It was not until 1979
that the interest of practising anaesthetists was captured as a result of
a publication by Romanian anaesthetist Ioan Curelaru. He described
use of a two-segment technique for abdominal and lower extremity surgery: (1) epidural catheter inserted, (2) spinal injection one to
two interspaces below (Goerig et al. 2002). In 1981, P. Brownridge
in Adelaide, Australia, described a similar technique for Caesarean
delivery (Brownridge 1981). Then in the 1990s, the ‘walking epidural’
concept advanced the cause of combined spinal–epidural anaesthesia.

Airway, muscle relaxants, and ventilation
Airway devices
The early anaesthetists soon came to realize the fundamental
importance of ensuring that the patient under general anaesthesia
maintained a clear airway. Hence an array of facemasks evolved.
Oral surgery obviously could not be performed with a facemask in
place, and so props, tongue forceps, and mouth gags were developed
(Zuck 2006).
A multitude of maxillofacial injuries sustained in World War
I intensified the problem of both surgeon and anaesthetist needing
access to the patient’s airway. In 1919, this confronted Harold Delf
Gillies, the surgeon who performed his pedicled flap technique at
Sidcup in Kent, United Kingdom. His anaesthetists, Ivan Whiteside
Magill (Fig. 31.6) and Stanley Rowbotham, solved the problem
by intubation of the trachea with an endotracheal tube. Their first
endotracheal tubes were narrow gum-elastic tubes (Bankoff 1952).
To visualize the larynx for intubation, Magill in 1926 modified
Chevalier Jackson’s laryngoscope (Magill 1926). Arthur Guedel and
Ralph Waters added a cuff to the endotracheal tube, which Guedel
popularized with his ‘dunked dog’ demonstrations in 1926–1928
(Calverley 1985). In 1933, Guedel introduced his famous oropharyngeal airway, which also remains in common use (Calverley
1985). Robert R. Macintosh further modified the laryngoscope
(Macintosh 1943) to the type still in common use.
The LMA was introduced in 1983 by Archie Brain, then working in England. Commercial production began in 1987 (Brain
1991) and was enthusiastically received—the LMA becoming the
most common form of airway management in general anaesthesia
(when tracheal intubation is not required) though the original has
been modified.
In some patients, conventional laryngoscopy is impossible, and
the difficult tracheal intubation of such cases by means of a fibreoptic bronchoscope began in the 1970s, after a publication on the use
of a choledochoscope (Murphy 1967).

Mechanical ventilators
In the 1930s, the advantages of artificial respiration in thoracic surgery became appreciated. Swedish workers introduced a positive-
pressure mechanical ventilator to relieve manual bag squeezing
(Crafoord 1938). The first such British ventilator was built by Blease
in 1945 (McKenzie 2000a). Of course the introduction of neuromuscular blocking agents in British anaesthesia from the following
year created demand for the mechanical ventilator, as paralysing
the patient necessitated controlled ventilation.

Neuromuscular blocking agents
In 1596, Walter Raleigh described the use of arrow poisons (probably curare) by the South American Indians in his book Discovery

Figure 31.6 Sir Ivan Whiteside Magill (1888–1936).
Image courtesy of the Association of Anaesthetists of Great Britain and Ireland.

of the Large, Rich and Beautiful Empire of Guiana. Nearly 150 years
later (1745) C.M. de la Condamine, explorer of the Amazon, brought
the first samples of curare to Europe, having seen the Indians’ use
of blowpipes. He performed experiments with curare on animals.
In 1807, German naturalist F.H. Alexander von Humboldt (and
A. Bonpland) described the manufacture of curare by the Indians
in Venezuela. Humboldt also brought curare back to Europe.
Five years later, English explorer Charles Waterton journeyed in
what is now Guyana and brought a sample of ‘wourali’ (curare) back
to England. In 1814, Waterton and Brodie showed that curare killed
by causing paralysis of the muscles of respiration: they showed that
death of a she-ass from curare could be prevented by artificial respiration (Davison 1965).
Curare brought by Humboldt had reached Francois Magendie,
who inspired Claude Bernard (then a medical student in Paris) to
study physiology. In 1850, Claude Bernard reported on experiments with curare on frog nerve-muscle preparations. By 1857,
Bernard defined the site of action of curare as the peripheral end
of the motor nerve—now called the neuromuscular junction
(Lee 1978).
In 1914, British pharmacologist Henry Dale described the
physiological effects of acetylcholine, which he had isolated from
ergot (a fungus parasitic on rye). Dale recognized that these effects
fell into two categories: muscarinic and nicotinic (Dale 1914). In
1921–1926, German pharmacologist Otto Loewi demonstrated
that ‘vagusstoff ’, a neurotransmitter in frog heart, was apparently
liberated by vagal stimulation (Loewi and Navratil 1926). In 1934,
Dale showed that ‘vagusstoff ’ was in fact acetylcholine, which was
the neurotransmitter responsible for neuromuscular transmission (Dale 1934). Also in 1934, H.W. Florey, working in Sheffield,
United Kingdom, used curare to control tetanus spasms in rabbits
(Florey et al. 1934). Dale and Loewi shared the 1936 Nobel Prize
for Medicine.
In 1938, Richard Gill went on an expedition to Ecuador, bringing back to the United States a considerable quantity of crude
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artificially ventilated. After the experiment he reported that
he had been fully conscious throughout, a harrowing ordeal
(Prescott et al. 1946).
2. Accusation that use of curare increased mortality five-to six-fold.
This was the gist of a sensational article by Beecher and Todd in
1954. While curare enabled surgery to be performed on sicker
patients, a proportion of deaths may have been caused by failure
to secure the airway at the beginning of anaesthesia (aspiration)
and failure to ensure that the patient was breathing adequately at
the end of surgery—reversal by neostigmine was not common at
that time (Beecher and Todd 1954).

More neuromuscular blockers

Figure 31.7 Harold R. Griffith (1894–1985).
Image courtesy of the Association of Anaesthetists of Great Britain and Ireland.

curare; some of this was purified in the laboratory of A.R. McIntyre
of Nebraska. There, A.E. Bennett, Professor of Psychiatry, (1938)
used the curare to prevent the injuries caused by the convulsions induced by metrazol in shock therapy (Humble 1982). By
1941, researchers showed that curare acted at the acetylcholine
receptor site, where it blocked the action of the neurotransmitter
(Eccles et al. 1941). Then in 1942, in Montreal, anaesthetist Harold
R. Griffith (Fig. 31.7) and Enid Johnson used a purified form of
curare prepared by the Squibb Company (d-tubocurarine—named
Intocostrin) for the first time to produce muscle relaxation during
surgery (Griffith and Johnson 1942).
Although used in subparalytic doses, the introduction of curare
had a huge impact on clinical anaesthesia by providing the abdominal
surgeon with good operating conditions and facilitating endotracheal
intubation with i.v. induction. It was enthusiastically introduced into
British practice by Gray and Halton, who used pure d-tubocurarine,
reporting a series of 1000 cases in 1946 (Gray and Halton 1946).
They progressed to advocating paralytic doses in combination with
very light narcosis—predominantly nitrous oxide (Gray 1985)—and
promoting ‘balanced anaesthesia’, the triad of narcosis, analgesia, and
muscle relaxation, in 1950 (Rees and Gray 1950).

Complications
Two problems arose in the early years of neuromuscular blockade
in anaesthesia.
1. Awareness. Some anaesthetists believed (mistakenly) that
curare also produced unconsciousness. A number of surgical
patients were partially ‘anaesthetized’ with curare and little else,
and postoperatively reported pain during the surgery. In 1946,
the pharmacologist Frederick Prescott bravely subjected himself to being given a large dose of Intocostrin and then being

Work at the Pasteur Institute in Paris (1946), directed by Daniel
Bovet, culminated in the synthesis of a new (non-depolarizing)
neuromuscular blocking agent, based on the tubocurarine molecule but of simpler structure: gallamine—first used clinically in
1948 (Bowman 1990). By 1949, Bovet (then in Rome, Italy) and colleagues introduced suxamethonium (succinylcholine), which was
first used clinically in 1951 and remains the most commonly used
depolarizing neuromuscular blocker. Bovet was awarded the 1957
Nobel Prize for Medicine.
From the 1960s there was much research into structure and synthesis of new non-depolarizing relaxants. This required contributions from botanists, chemists, and pharmacologists. Pancuronium
(non-depolarizing aminosteroid) was synthesized by Savage and
Hewitt in 1964 and soon became popular in clinical practice.
Further work resulted in another aminosteroid, vecuronium, being
introduced in 1979 (McKenzie 2000b).
Atracurium, the product of a new structural approach (designed
to undergo spontaneous degradation by Hofmann elimination) by
Stenlake, came into clinical practice from 1981. Another aminosteroid with a faster onset of action, rocuronium, was introduced in
1994 (Hughes 1998). Next the benzylisoquinolinium esters, mivacurium and cisatracurium, were presented for clinical use.
The neuromuscular blocking agents most commonly used currently are probably suxamethonium, atracurium, and rocuronium.
Table 31.4 gives details of these and most others.

Reversal of non-depolarizing neuromuscular block
Physostigmine (isolated from the calabar bean by T.R. Fraser in
1864), was found by Pal to antagonize curare in 1900 (Nickalls and
Nickalls 1985). It was synthesized by Percy L. Julian, American
chemist, in 1935 (Julian and Pikl 1935). Neostigmine, synthesized in 1931 (Aeschlimann and Reinert 1931), superseded it and
(administered with atropine or glycopyrrolate) remains the usual
reversal agent in the Western world.
A well-recognized limitation of neostigmine has been its inability to reverse deep block—thus it should only be administered
after the onset of recovery from neuromuscular block (indicated
by a peripheral nerve stimulator). For many years the pharmaceutical industry has used cyclodextrins in drug formulation.
A γ-cyclodextrin, sugammadex, was designed to encapsulate
rocuronium (Hunter and Flockton 2006). This drug, shown to
reverse very rapidly a block with rocuronium or vecuronium from
any depth, was introduced into clinical practice in 2009 (Mirakhur
2009). However, as it is very expensive, in most countries its use
has been restricted to specific indications, for example, ‘rescue
reversal’ at failed intubation.
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Table 31.4 Neuromuscular blocking drugs
Name

Date first prepared

First clinical anaesthetic use

Popularized by and when

Date of last anaesthetic use

d-Tubocurarine

1934: H. King

1942: H.R. Griffith and
E. Johnson

T.C. Gray: from 1943

? still used in some countries

Gallamine

1946: D. Bovet

1948: P. Huguenard and
A. Boué; 1949: W. Mushin

Numerous from 1949

? still used in some countries

Decamethonium

1948: R.B. Barlow and H.R. Ing
1949: W.D.M. Paton and
E.J. Zaimis

1949: G. Organe

From 1949

? 1980

Suxamethonium
(succinylcholine)

1906: R. Hunt and R. Taveau
1949: A.P. Phillips
1949: D. Bovet

1951: O. von Dardel and
S. Thesleff

Numerous from 1951

In current use

Alcuronium

1958: K. Bernauer

1961: W. Hugin and P. Kissling

Numerous from 1961

? still used in some countries

Pancuronium

1964: D.S. Savage, C.L. Hewett
and W.R. Buckett

1966: W.L. Baird

Numerous from 1966

Still in use

Fazadinium

1971: E.E. Glover

1971: B.R. Simpson et al.

From 1971

? 1980

Vecuronium

1973: W.R. Buckett,
C.L. Hewett, and D.S. Savage

1980: S. Agoston et al.
1980: J.F. Crul and L.D.H. Booij

Numerous from 1980

In current use

Atracurium

1974: G.H. Dewar with
J.B. Stenlake

1980: J.P. Payne and R. Hughes

Numerous from 1983

In current use

Pipecuronium

1980: E. Karparti and K. Biro

1980: O. Alánt

Numerous from 1980

? still used

Doxacurium

1986: S.J. Basta et al.

1986: M.P. Mehta et al.

Numerous from 1988

? still used

Mivacurium

1988: S.J. Basta et al.

1988: S. Weber et al.

Numerous from 1993

In current use

Rocuronium

1988: D.S. Savage, T. Sleigh,
and I.G. Carlyle

1990: J.M.K.H. Wierda

Numerous from 1994

In current use

Cisatracurium

1989: D.A. Hill and G.L. Turner

1993: C.A. Lien et al.

Numerous from 1995

In current use

Evolution of the continuous flow
anaesthetic machine
A physiologist, Raphaël Dubois (working under Paul Bert in Paris),
produced by 1891 an ‘anaesthetizing machine’ which injected a
measured quantity of liquid chloroform into a measured flow of air,
directed to a facepiece (Duncum 1947). Two years later, Frederick
Hewitt in London devised apparatus for mixing a set percentage of
oxygen into a flow of nitrous oxide, which he used for dental anaesthesia; this featured a demand valve, that is, the flow was intermittent. Following Hewitt’s example, in the first decade of the twentieth
century, A.C. Clark, S.S. White, C. Teter, and J. Heidbrink in the
United States improved nitrous oxide/oxygen apparatus for dental
anaesthesia/analgesia—White and Heidbrink utilizing reducing
valves. In 1911, E.I. McKesson of Toledo, Ohio, produced intermittent flow apparatus for mixing of nitrous oxide and oxygen, with
rebreathing to conserve the dead space gas; he went on to develop
further models, which were popular (Thomas 1975a); however this
was eventually displaced by continuous flow apparatus.
Parallel to this, in 1902 Otto Roth and Heinrich Dräger in Germany
developed drip-feed apparatus: oxygen was passed through an injector to generate suction of vaporized drops of chloroform (Goerig
and Schaffner 1998). Commercial production began in 1903 and the
apparatus was exhibited in the United States the following year.

In 1912, James T. Gwathmey in New York designed a continuous
flow nitrous oxide–oxygen–ether apparatus, with consideration
of principles already identified in the United States by Cotton and
Boothby. Initially the machine included gas tanks, reducing valve,
water-sight feed bottle, and an ether attachment; manufacture by
Foregger began in 1915 (Thomas 1975a).
The entry of the United States into World War I in 1917 drew
Dr J.T. Gwathmey to the American Red Cross Hospital in France.
He brought with him his anaesthetic machine. This was modified by Geoffrey Marshall, a British physician practising military
anaesthesia on the Western Front. Later, another British physician
anaesthetist, H.E.G. Boyle, also modified the apparatus (built by
Coxeters) and in Britain subsequent generations of anaesthetic
machines were called ‘Boyle’s’ (Thomas 1975a). In the early hospital model the anaesthetic gas mixture passed from the water
sight-feed meter through narrow rubber tubing to a reservoir
bag, connected to the face-piece by a three-way stop-cock—see
Figure 31.8.
Over the next 50 years, improvements were steadily introduced
(Watt 1968):
◆

1920: addition of chloroform bottle (vaporizing bottle)

◆

1926: by-pass controls

◆

1927: third water sight-feed tube for carbon dioxide

541

Chapter 31

the history of anaesthesia

1. Bimetallic strip—this was invented by John Harrison (1693–
1776) who utilized it in the first accurate ship’s chronometer
(McLaren 1998)
2. Copper heat reservoir—utilizing thermal conductivity, which
was first investigated by Jan Ingenhousz (1730–1799).
Cyprane was the first manufacturer of Tec vaporizers in the United
Kingdom (Edmonson 1994).
An alternative method of precision vaporization was the ‘copper
kettle’ introduced by Lucien Morris in the United States in 1952—
very fine bubbles of oxygen (from an extra rotameter) were maximally saturated with the anaesthetic vapour in the ‘kettle’ and then
added to the fresh gas flow via a mixing chamber (Morris 1952).
This was first applied to ether and then halothane.

Breathing systems

Figure 31.8 The 1917 Boyle machine (hospital model).
Image courtesy of the Association of Anaesthetists of Great Britain and Ireland.

◆

1930: plunger device added to Boyle’s bottle (vaporizing bottle)

◆

1930: Magill attachment (breathing system)

◆

1933 water sight-feed meter replaced by dry bobbin flowmeter
(Coxeter)

◆

1937: dry bobbin flowmeters replaced by rotameters

◆

1953: new colour identification of gas cylinders

◆

1955: pin-index system (to prevent wrong positioning of gas
cylinders)

◆

1958: Bodok seal

◆

1958: emergency oxygen flush button

◆

1965: standard couplings

◆

1978: specified design of terminal outlets and flexible pipelines

◆

1980s: oxygen failure warning device standard

◆

1984: terminal outlets: Schrader sockets and probes

◆

1984: non-interchangeable screw thread (NIST) connectors.

Vaporizers
The Boyle’s bottle did not allow accurate regulation of anaesthetic
vapour concentration. In the late 1940s, temperature compensated
(Tec) vaporizers emerged, based on two principles:

This includes tubing, reservoir bag, and valve connecting anaesthetic gas mixture from anaesthetic machine to the patient’s airway.
Many of the early breathing systems (including first versions of
Roth-Dräger, Gwathmey and Boyle) lacked breathing tubing and
were therefore inefficient (Rendell-Baker 1989).
Another way of providing efficiency was rebreathing with carbon
dioxide absorption.
As far back as 1850 John Snow converted his ether inhaler into a
to-and-fro rebreathing system with absorption of carbon dioxide by
caustic potash—this was an experiment to measure the production
of carbon dioxide during anaesthesia. Alfred Coleman, a London
dentist, in 1869 was the first to introduce the to-and-fro system into
clinical practice. In 1906, Franz Kuhn in Germany was the first to
design a circle system with unidirectional valves and absorption of
carbon dioxide by soda-lime. The first to introduce this into anaesthesia were Gauss, Wieland, and Dräger in 1924. In the same year
in the United States, Ralph Waters introduced to-and-fro breathing of anaesthetic gas through a metal canister filled with sodium
hydroxide granules. Between 1928 and 1930, Forreger and Brian
Sword introduced the anaesthetic circle rebreathing system, with
absorption of carbon dioxide by soda-lime, into the United States
(Baum 1998). This permitted very low gas flow with great economy
in gas consumption and became increasingly popular after the
introduction of (expensive) cyclopropane (closed system).
In 1928, Ivan Magill in London had the inspiration to connect
a wide-bore endotracheal tube to a constant high flow apparatus
(including breathing tubing), with the reservoir bag at the proximal
end, and an expiratory valve at the distal end (patient’s mouth)—
this got the reservoir bag out of the surgeon’s way in maxillofacial
cases (Magill 1928). This was called the ‘Magill attachment’ or
circuit. The higher gas flow breathing systems with partial or no
rebreathing became called semi-closed systems. These were classified by Mapleson in 1954—the Magill circuit being classified ‘A’
(Mapleson 1954).
High resistance conferred by one-way valves in the circle system
made it unsuitable for paediatric patients. A low-resistance T-piece
circuit for paediatric use was designed in 1937 (Ayre 1937)—
classified Mapleson ‘E’. It was later modified by the addition of a
500 ml bag (Rees 1950).
A new semi-closed circuit was tested during World War II by
Pask to experiment on the buoyancy of life-jackets worn by unconscious subjects. The chest augmentation conferred by the life-jacket
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led to it being called the Mae West. Later the circuit was classified
Mapleson ‘D’ (Macintosh and Pask 1957).

Commercial changes
In the 1940s, the work of British anaesthetists was often peripatetic, so they owned their own portable anaesthetic machines, for
example, Alfo-Blease (McKenzie 2000a) and Gillies (McKenzie
2008). From the 1970s, there was little call for portable anaesthetic machines, and manufacturers concentrated on larger, more
versatile machines, intended for single-site use. Ventilators, often
made by different manufacturers, were simply placed on top of
the machines. With the introduction of minimum standards
of monitoring, there were more and more add-ons (Christmas
tree appearance). Moving into the twenty-first century, ventilators and monitors tended to be integrated into the anaesthetic
machine as a package deal—often now called the ‘anaesthetic
work station’.

Monitoring
John Snow’s case books (London) reveal his emphasis on record-
keeping and, as early as 1848, his detailed observations of the
patient’s pulse characteristics under anaesthesia (Ellis 1995). In
Edinburgh, James Simpson and his followers felt it was respiration
that needed watching rather than the pulse. Soon these two views
became polarized between the two cities (Syme 1855). In the 1860s,
Joseph Clover (who had succeeded Snow in London) would both
watch the respiration and feel the pulse when anaesthetizing, as
indicated in the famous photograph of him administering chloroform from a sack (Fig. 31.3). However, such men were leaders in
their field, and there is little doubt that the majority of ‘anaesthetists’ were far less assiduous! In the following years, many surgeons,
including Joseph Lister, felt that the administration of anaesthesia
could be done by anyone, and it was usually delegated to the most
junior staff (Thomas 1975b). No monitoring equipment whatsoever was utilized. This wasn’t because no monitoring apparatus
existed—some did—but it was not considered necessary to bring it
from the laboratory to the operating room.
In 1894, Harvey Cushing and Ernest Codman (then at the
Massachusetts General Hospital) devised charts for recording
pulse, respiration, and temperature during anaesthesia. Nine years
later Cushing added measurement of systolic blood pressure (using
the Riva Rocci technique) to his ‘ether charts’—though this was initially dismissed by the Harvard Medical School, the idea was taken
up elsewhere (Frost 1989).
‘Monitoring’ was not an expression in use in the 1950s: the anaesthetist observed patients, checking the pulse, colour, respiration
and ‘depth of anaesthesia’.
It was by no means standard practice to monitor blood pressure; record-keeping was minimal. But in this decade monitoring
equipment and record-keeping began to be accepted as part of safe
anaesthetic practice. There were three driving factors:
◆

Introduction of new drugs and new surgical techniques

◆

Perception that physiological parameters needed to be tracked

◆

Medico-legal considerations.

Foremost among the new drugs were neuromuscular blocking agents, starting with the use of d-tubocurarine. Advances in

surgical techniques were particularly apparent in cardiac and neurosurgery. A major stimulus to monitor physiological parameters
came from John Gillies’ famous lecture on high spinal anaesthesia
to limit bleeding during surgery (‘physiological trespass’) in 1950
(Gillies 1950). Medico-legally it was the Beecher and Todd report of
1954, which caused a furore (Beecher and Todd 1954).
By the 1960s, it became manifest that advances in surgery
(vascular, cardiac, and transplant) and the use of hypothermic
techniques were accompanied by deleterious biochemical effects.
Methods were developed for monitoring these, at first chemical, but later electronic, so that continuous observation became
possible. The ‘ordinary’ anaesthetist had to relearn physiology
and acquire further knowledge for the use of new apparatus and
the interpretation of results. This learning process was aided by
refresher courses, review articles commissioned by the journals
and textbooks.
It was not until 1986 that minimum standards of monitoring were introduced at the Harvard University departments
of anaesthesia (Eichorn et al. 1986), while UK guidelines were
produced 2 years later (Association of Anaesthetists of Great
Britain and Ireland 1988) and these proceeded to four editions
within a decade (Association of Anaesthetists of Great Britain
and Ireland 2007). New technology enabled, and continues to
enable, improved and more convenient monitoring. Of all the
advances in anaesthesia during the past half century, the developments in monitoring techniques—particularly pulse oximetry
and capnography—have probably made the greatest contribution
to patient safety.
A summary of key advances in the art and science of clinical
measurement follows.

The pulse
In 130 ad, Galen emphasized the importance of the pulse in diagnosis. However, measurement of pulse rate required an accurate clock,
so accurate determination was delayed by 13 centuries. About 1450,
Nicholas of Cusa developed water clocks: the water delivered during 100 beats of the pulse was weighed, giving an index, which was
the reciprocal of the pulse rate. In the eighteenth century, accurate
clocks were invented, enabling calculation of pulse rate by counting
the number of beats in a specific time (Hutton 2000).

Arterial pressure: invasive measurement
In 1733, English parson Stephen Hales inserted a tube into the
carotid artery of a horse and measured the height to which
the blood rose (Clark-Kennedy 1929). In 1969, cannulation of the
radial artery for continuous display of arterial pressure using an
aneroid manometer was described in British anaesthetic practice
(Zorab 1969). By 1988, this was common practice using a transducer system (Allan et al. 1988).

Arterial pressure: non-invasive measurement
In 1896, Italian paediatrician Scipione Riva-Rocci introduced the
combination of an inflatable blood pressure cuff with a mercury
manometer (Faulconer and Keys 1965)—the forerunner of the
sphygmomanometer. Von Recklinghausen’s oscillotonometer was
popular in the 1970s (Corall and Strunin 1975). It was replaced by
automated oscillotonometers (with computed mean arterial pressure) in the 1980s.
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The stethoscope
French physician R.-T.-H. Laennec invented the stethoscope in
1816. Russian physician N.S. Korotkov in 1905 first used the stethoscope to measure diastolic pressure by auscultating over an artery at
a point just below the Riva-Rocci cuff (Comroe 1976). Anaesthetists
came to realize the value of a precordial stethoscope for continuous
auscultation of breath and heart sounds.

Oscilloscope and electrocardiogram
The cathode ray oscilloscope was invented by K.F. Braun in 1897.
Willem Einthoven constructed the string galvanometer in 1901,
and in 1903 applied this to electrocardiogram (ECG) recording. In
1911, Welsh cardiologist Sir Thomas Lewis published a book on the
ECG, promoting its use in medical practice (Lewis 1920, 2nd Edn).
The oscilloscope was first used to display the ECG in 1929 (Dock
1929), and this became the basis for continuous monitoring during
anaesthesia—adopted routinely many decades later!

Temperature
About 400 bc, Hippocrates estimated temperature with his own
hand. Galileo is credited with inventing the thermoscope two thousand years later! In 1714, the mercury-in-glass thermometer was
introduced by G.D. Fahrenheit. On his scale, the melting point of
ice was 32° and the boiling point of water 212°. In 1742, Anders
Celsius introduced a new temperature scale: freezing point of water
100 and boiling point 0. Later Carl von Linné (1707–1778) reversed
the two extremes. At Leiden University, The Netherlands, Hermann
Boerhaave (1668–1738) used Fahrenheit’s thermometer clinically.
One of his students, G. van Swieten (1700–1772), developed the
clinical thermometer in Austria, and in France it was developed
by J.N. Corvisart. In 1835, the first electrical thermometers were
introduced and in 1871, William Siemens proposed the resistance
thermometer (Allen 1989).

Neuromuscular block and depth of anaesthesia
Use of a peripheral nerve stimulator to assess neuromuscular block
in humans was first reported in 1949 at the Johns Hopkins Hospital,
Baltimore, Maryland, United States (Grob et al. 1949). Recording of
the electrical activity of the human brain was developed in 1934—
the electroencephalogram (EEG). Important papers on awareness during general anaesthesia in the late 1960s and 1970s led to
Michael Tunstall’s isolated forearm technique of 1977 (Tunstall
1977). Measurement of lower oesophageal contractility (Evans
et al. 1984) then had a vogue, followed by computerized monitoring of the EEG—compressed spectral array and Bispectral Index™
‘(BIS™) (Myles et al. 2004).

Central venous pressure, pulmonary arterial wedge
pressure, and cardiac output
Reverend Stephen Hales in 1733 measured the central venous
pressure (CVP) in a horse (Clark-Kennedy 1929). In 1861, French
veterinary surgeon J.B.A. Chaveau (with E.J. Marey) passed a
double-lumen catheter through the jugular vein of a horse and
obtained intra-cardiac pressure tracings from the right atrium and
ventricle (Chaveau and Marey 1863). Then in 1929, the urologist,
Dr Werner Forssmann, was the first to insert a catheter through
a vein into the human heart (Forssmann 1929). In 1943, the first
clinical measurements of CVP using saline manometers were
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performed (Cournand et al. 1943). W. Forssmann, A.F. Cournand,
and D.W. Richards were jointly awarded the 1956 Nobel Prize for
Medicine. Swan and Ganz in 1970 developed the balloon-tipped
flow-directed flexible pulmonary artery catheter (Swan et al.
1970). This enabled measurement of pulmonary arterial pressure or it could be wedged distally to estimate left atrial pressure.
Combination with a thermodilution technique enabled determination of cardiac output.

Transducers
In 1660, English scientist Robert Hooke (the first microscopist to
define a cell) discovered Hooke’s law of elasticity: the extension of
a solid body is proportional to the load applied to it. This is the
basis of the strain gauge, as the electrical resistance of a wire is proportional to the strain. Sir Charles Wheatstone in 1843 designed
the Wheatstone bridge circuit, which is used in the strain gauge
transducer to measure the changes of electrical resistance. In 1947,
Earl Wood, working with Lambert at the Mayo Clinic, introduced
the strain gauge to measure intra-arterial pressure (Lambert and
Wood 1947). Such pressure transducers enable the vascular pressures sensed to be displayed on an oscilloscope.

Anaesthetic and respiratory gases
Oxygen
W. Pauli in 1924 formulated his exclusion principle, which explains
paramagnetism of atoms in which an orbital has an unpaired electron. The oxygen molecule has two unpaired electrons and so is
strongly paramagnetic. In 1946, Linus Pauling described the paramagnetic analyser. This type of analyser was used in anaesthesia
until the 1980s (Ellis and Nunn 1968).
Jaroslav Heyrovsky introduced a new method of electrochemical
analysis in 1922—polarography (Pokorny 2012). Oxygen analysers
using polarographic electrodes displaced paramagnetic analysers.
In the 1960s, fuel cells were developed in direct response to the
need for high-efficiency stable power supplies by the Apollo space
missions. A spin off was the oxygen analyser using a fuel cell.
These are now the most commonly used devices in anaesthetic
practice.

Carbon dioxide
In 1666, Sir Isaac Newton discovered the dispersion of white light
into the colours of the visible spectrum. Sir William Herschel in
1800 detected heat just beyond the red part of the spectrum—this
led to the discovery of infra-red (IR) rays.
By 1941, it was known that gases which contain two or more
dissimilar atoms will absorb IR radiation; secretly, as part of the
American war effort, A.O. Beckman invented the spectrophotometer. The following year he extended this to IR gas analysis.
Nevertheless it was not until the 1980s that the IR spectrometer
was combined with a microprocessor to provide the capnometer,
from which the now commonly used capnograph was developed
(McPeak et al. 1988).

Anaesthetic gas mixtures
In the 1960s, gas chromatography was developed from the paper
chromatography introduced (in 1944) by Martin and Synge. This
method was too slow to be of practical use.
The refractometer was used in the 1970s—mainly for checking the performance of vaporizers (Hulands and Nunn 1970). In
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the late 1970s, the Raman spectrometer was introduced, based on
Raman scattering (Philip et al. 1995).
During the 1980s, the mass spectrometer was sometimes used
in anaesthesia. For anaesthetic purposes the instrument was too
complex, bulky, and expensive. In the same decade, the Engstrom
Emma analyser was introduced, based on the piezo-electric effect.
However, this instrument was not specific to individual anaesthetics and water vapour caused interference (Ross et al. 1983).
By the late 1980s, IR analysers (as for carbon dioxide) displaced
all the above-mentioned instruments in routine anaesthetic practice. An important landmark was the union of the IR spectrometer
with the microprocessor in 1986 (McPeak et al. 1988).

Pulse oximetry
Isaac Newton’s demonstration of the spectrum of colours from
white light by means of a prism (1666) has already been mentioned.
He concluded that the colours were components of the white light
source. In 1860, Robert Kirchhoff and R.W. von Bunsen (of Bunsen
burner fame) developed the first spectroscope.
In the 1930s, Karl Matthes used two wavelengths of light and
first stated the principle of oximetry: ‘red light can pass through
oxy-Hb, but reduced Hb absorbs it’. Glen Millikan (son of Nobel
Prize physicist R.A. Millikan) with J. Pappenheimer invented an
ear oximeter in 1941—in response to the need to measure blood
oxygen saturation of fighter-pilots, who could black-out at high
altitude in the Battle of Britain. In 1948, Earl Wood at the Mayo
Clinic improved Millikan’s oximeter by adding an inflatable cuff
to the earpiece to obtain a bloodless zero. By 1950, Earl Wood and
colleagues improved the accuracy of the oximeter by dividing the
red signal by the IR signal to display oxygen saturation continuously. Also they described the isobestic points and plotted the calibration curves.
Through 1977–1979, Minolta Camera used the ideas of Japanese
bioengineer Takuo Aoyagi in developing a fibreoptic pulse oximeter. This was tested and described by surgeon Professor Susumu
Nakajima. By 1985 New, Yelderman, and Lloyd introduced pulse
oximeters to operating rooms (Pole 2002).

Microprocessors
The microprocessor was introduced in California in 1971. A microprocessor is an integrated circuit acting as the central processing
unit (CPU) in a small computer—‘a computer on a silicon chip’.
Automatic non-invasive blood pressure measurement, cardiac output calculation, IR spectrometry and pulse oximetry all include
microprocessors in the instrumentation.

Transoesophageal echocardiography and oesophageal
Doppler monitoring
Over the past decade there has been a move away from the invasive pulmonary artery catheter to measure cardiac output—with
increasing use of less invasive methods, particularly transoesophageal echocardiography and oesophageal Doppler monitoring (Cowie 2011). The Doppler probe is inserted orally into the
oesophagus (35–40 cm) and measures the velocity of blood flow in
the thoracic aorta; integration of the velocity–time curve gives the
distance travelled by the blood after cardiac systole: this is multiplied by the (nomogram estimated) cross-sectional area to derive
stroke volume and cardiac output.

Premedication, preoperative assessment
and optimization, anaesthetic rooms,
postoperative recovery rooms,
and enhanced recovery
Premedication
This was scarcely used for the first 50 years of general anaesthesia. The
idea of ‘preliminary medication before anaesthesia’ came to French
physiologist, Claude Bernard, in 1868, and he gave a public demonstration in 1872 (Lee 1978). Gradually it was realized that a prior
dose of atropine would reduce the cardiac arrhythmias induced by
chloroform. Later, the drying action of atropine was noted to also be
useful for ether anaesthesia. Much later, the value of premedication
with antiemetics (e.g. hyoscine) and anxiolytics became appreciated.

Preoperative assessment
In 1858, John Snow’s posthumous book On Chloroform and Other
Anaesthetics (Snow 1858/1997) drew attention to the need for
evaluation of patients before induction of anaesthesia. J. Alfred Lee
pioneered the anaesthetic outpatient clinic in 1949 at Southend
Hospital, United Kingdom (Lee 1949). In 1963, the American
Society of Anesthesiologists (ASA) published the ASA classification
of patients’ physical status (ASA 1963). This was adopted worldwide.
The need for a risk index for patients with cardiac disease was
addressed by Goldman in the United States (Goldman et al. 1977).
Further scoring systems followed (Detsky et al. 1986; Lee 1999).
The value of these scoring systems in terms of statistical robustness
has been questioned (Ridley 2003).
More recently there has been a move to cardiopulmonary exercise testing (CPET): the patient is given a graded exercise challenge (static pedal cycle) while connected to metabolic monitoring
equipment—the expired breath-by-breath analysis being used to
derive objective measures of cardiorespiratory capacity (anaerobic
threshold and peak oxygen consumption). The value of CPET is
still under review (Grocott and Pearse 2010).

Optimization
In a seminal paper, Shoemaker et al. (1982) identified higher
median values of cardiac output and oxygen delivery in survivors
of critical illness after surgery. This led to the 25-year era of the
pulmonary artery catheter, initially the province of the intensive
care unit, but then adopted for perioperative management in major
surgery, especially cardiac, vascular, and transplantation. Over the
past decade, there has been much debate about extending the use of
oesophageal Doppler monitor to goal-directed therapy in general
surgery (Challand et al. 2012).

Anaesthetic rooms
Probably the first purpose-designed room for administration of
anaesthetics was built at the Johns Hopkins Hospital after plans
made in 1875 (Zuck 1995). Within two decades the advantages
of such a facility were widely recognized with implementation in
design of operating theatre suites.

Postoperative recovery rooms
The first postoperative observation room was probably that organized at the Mayo Clinic in 1942 by the anaesthetist J.S. Lundy
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(Zuck 1995). Over decades it became accepted that this facility was
important for patient safety.

generally accepted that multimodal therapies are indicated. These
include:

Enhanced recovery

◆

Fast-track surgery was pioneered in Denmark in the 1990s by
Professor Henrik Kehlet, who noted ways in which the anaesthetist
could contribute: anaesthetic technique to reduce stress response
(regional anaesthesia), excellent analgesia with attention to reducing the side effects of postoperative nausea and vomiting, and urine
retention (Kehlet and Wilmore 2002). More recently the concept
has been termed enhanced recovery and given much promotion
(Fawcett et al. 2012).

◆

Postoperative pain management

The appropriate application of effective therapy

Availability of effective therapy
Opioids
In 1803, F.W.A. Serturner isolated morphine from opium. The
correct structure of the morphine molecule was proposed by
R. Robinson and J.M. Gulland in 1925. Paul Ehrlich had introduced
the ‘receptors concept’ in 1900, but it was not until the early 1970s
that opioid receptors were mapped in brain and spinal cord (Snyder
1977). This was the ground work for burgeoning research in opioid
pharmacology.

Non-steroidal anti-inflammatory drugs
In 1763, an English clergyman, Reverend Edward Stone, reported
that the bark of Salix (willow) had antipyretic and analgesic
properties. By 1827, the active principle was isolated from the
bark of the white willow, Salix alba, and named salicin. Dr Felix
Hoffmann, working for the Bayer Company, synthesized a
pure and stable form of acetylsalicylic acid in 1897. After successful clinical trials, acetylsalicylic acid was given the trade
name ‘Aspirin’ and introduced into medical practice in 1899
(Sneader 1997).
Following research on prostaglandins by Swedish biochemists
Sune Bergstrom and Bengt Samuelsson in the 1950s and 1960s, it
was found that when tissue is damaged there is a local synthetic
pathway from arachidonic acid to prostaglandins and leukotrienes,
which sensitize nerve endings, causing pain. In 1971, English biochemist Sir John R. Vane reported that aspirin and related NSAIDs
block the enzymatic conversion of arachidonic acid to prostaglandins (Vane and Botting 1992).

Paracetamol
First marketed in the UK in 1956, paracetamol (Spalton 1956) soon
became a popular oral analgesic. Later it was discovered that it acts
by crossing the ‘blood–brain barrier’ (a concept due also to Ehrlich)
to centrally inhibit prostaglandin synthesis.

Regional anaesthetics
The huge advances in regional anaesthesia, beginning with cocaine
in 1884, have been described in earlier sections.

Drugs for neuropathic pain
It was not until the 1990s that clinicians began to accept that neuropathic pain can arise after surgery, and may progress to chronic
pain. The classic example is pain after amputation and development of phantom limb pain. Over many years it has become

◆

◆

tricyclic antidepressants (launched 1957), usually amitriptyline
anticonvulsants: carbamazepine, gabapentin (Mellick and
Mellick 1995), and pregabalin (Zhang et al. 2011)
N-methyl-D-aspartate (NMDA) receptor antagonists, usually
ketamine;
calcitonin (Nikolajsen and Jensen 2001).

Physiotherapy
This has an established role in the treatment of musculoskeletal pain.

During World War II, Dr Henry Beecher noted that acute pain
in soldiers in action was far less than that reported by hospital patients from major surgical wounds of equivalent severity
(Beecher 1956). In the same period, John Bonica was appointed
Chief of Anesthesiology at the Madigan Army Hospital in Fort
Lewis, Washington (said to be the largest army hospital in the
world) with remit to be in charge of pain control. He introduced
the multidisciplinary approach to pain management and continued this in 1947 when he moved to the Tacoma General Hospital,
promoting regional anaesthesia. In 1953, he published a famous
book, The Management of Pain, which included acute pain problems (Bonica 1990). Nevertheless, the provision of postoperative
analgesia was relatively neglected in most hospitals of the world
until the 1970s.
Although Hooper suggested patient-controlled inhalation analgesia as long ago as April 1847 (Macdonald and Zuck 2006), it was
not until 1968 that Philip Sechzer in the United States introduced
small i.v. doses of opioid given on patient demand by a nurse,
proceeding to use of a machine in 1971 (McKenzie 2006). The
first commercially available patient-controlled analgesia (PCA)
machine in the United Kingdom (1976) was the Cardiff Palliator—
giving autonomy to the patient with powerful placebo effect
(Welchew 1995).
In 1979 came the first report of morphine by epidural route for
treatment of pain—at the Hadassah Hospital, Jerusalem (Behar
et al. 1979). Soon epidural infusions of local anaesthetic with added
opioid were provided in hospitals internationally.
The first account of an acute pain service (APS) came in 1988
from Brian Ready at the University of Washington in Seattle, United
States. In the United Kingdom, it was the landmark 1990 report on
pain after surgery (initiated by the College of Anaesthetists) that
highlighted the problems of postoperative analgesia and recommended provision at all major hospitals of a high dependency unit
(HDU) and APS. By 2002, most hospitals in the United Kingdom
had an APS with highly trained nurses monitoring infusions of opioids (McKenzie 2006).
An important advance for step-down to the oral route for analgesia was the introduction of MS Contin® (controlled-release
morphine sulphate) by Purdue Pharma in 1984. This company
then introduced OxyContin® (controlled-release oxycodone lasting 12 h) with better bioavailability in 1995 (Obituary: Mortimer
Sackler 2010). Also fentanyl has been provided as patches for
sustained transdermal administration and in preparations for
sublingual use.
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A new problem in modern anaesthetic practice is the possibility of opioid-induced hyperalgesia, especially with the increasing
use of remifentanil as an anaesthetic technique (Colvin and Fallon
2010). Gabapentin has been promoted as a potential agent to
improve postoperative analgesia after a wide range of operations,
to protect against hyperalgesia and to prevent chronic post-surgical
pain. The evidence is still inconclusive (Kong and Irwin 2007). The
same is true of pregabalin (Zhang et al. 2011).
It is likely that improved postoperative pain relief will be a
key factor in multimodal enhanced postoperative recovery programmes, which should lead to improvements in surgical outcome
(Kehlet and Holte 2001).
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CHAPTER 32

The roles and responsibilities
of the anaesthesiologist
Hans Knape
Definitions
In this chapter, it is necessary to make the distinction between
medically qualified anaesthesia specialists, who I shall refer to as
anaesthesiologists, and a generic term for a person (medically qualified or non-medically qualified) who administers anaesthesia, who
I shall refer to as an anaesthetist.

Early history of anaesthesia
It is virtually impossible to give a detailed, general account of the
development of the responsibilities of the specialty of anaesthesia
because the development of anaesthesia has been different in each
country. Anaesthesiology traditionally is the medical specialty with
responsibilities towards patients who have to undergo a surgical
procedure. Following the invention of modern anaesthesia in the
United States in the middle of the nineteenth century, both inhalation anaesthesia and local anaesthesia preceded the advent of
intravenous anaesthesia at the beginning of the twentieth century.
Initially, various professionals such as surgeons, general practitioners, medical students, and nurses were involved in administering
anaesthesia: the induction of anaesthesia was often performed by the
surgeon and nurses took over during maintenance of anaesthesia.
In Britain, anaesthesia has always been the responsibility of physicians, with John Snow leading the way by specializing in anaesthesia in the nineteenth century. Other countries followed sooner
or later, putting responsibility for anaesthesia in the hands of physician anaesthetists, but nurse anaesthetists maintained an important
role in the practice of anaesthesia, bearing various responsibilities
depending on differing legislation from country to country. Even
today, the vast majority of anaesthesia procedures worldwide are
performed by non-medical anaesthesia personnel: in the United
States, certified nurse anaesthetists provide anaesthesia services in
more than 34 million cases annually.
In Europe, different models exist for cooperation between medical (anaesthesiologists) and non-medical anaesthesia personnel
(nurse anaesthetists, circulation nurses, and others), emphasizing
that anaesthesia in Europe is a team effort (Meeusen et al. 2010).

Twentieth century
New developments with curare and endotracheal
intubation
The advent of curare in the 1940s and the fast spread of its use had
considerable repercussions for the anaesthetist in the sense that the

skills of endotracheal intubation were required to safely conduct
an anaesthetic procedure (Griffith and Johnson 1942). The use of
curare-like drugs also necessitated the installation of postoperative
recovery rooms where anaesthetists could observe their patients
who were recovering from the consequences not only of surgery
but also of anaesthesia itself. Anaesthetists were forced to study the
physiology of respiration and the circulation, modern pharmacology, and the practice of hand and mechanical ventilation of the
lungs. It soon became clear that the use of neuromuscular blocking agents was beneficial on the one hand but increased the risk
of anaesthesia considerably on the other. Following a number of
fatal accidents it was felt imperative to acquire data on morbidity
and mortality. When the overall anaesthesia-associated death rate
was estimated to be about 1:1560 in the 1950s, anaesthesiologists
undertook the first steps towards acceptance of greater responsibility towards improving patient safety (Beecher and Todd 1954).

Second half of the twentieth century
Expanding responsibilities for anaesthesiology in medicine
With new scientific data, new monitoring devices, newer drugs and
techniques, and epidemiological data, the position of anaesthesia
in the Western world has undergone significant changes in recent
decades. The main responsibility of anaesthetists in the 1950s and
1960s was essentially limited to providing anaesthesia care to surgical patients and ensuring optimal surgical conditions. Surgeons
tended to view anaesthetists as subservient technicians, and as
soon as the patient was awake the responsibility of the anaesthetist
ended, with further care provided by the surgeon. More and more
surgical specialties, however, realized that the outcome of a surgical procedure was not only dependent on surgical skills. Adequate
selection of patients, adequate management of a patient’s medical
conditions, balancing risks and benefits of alternative surgical procedures, selection of the appropriate anaesthesia technique, and
the input of the best-qualified anaesthesia team for the particular
patient were all new responsibilities which could not be assigned
to the surgeon alone (Brueckmann et al. 2013). General medical
knowledge and anaesthetic knowledge and skills were indispensable factors in improving outcome.
It was during this period that the first pain clinics and the specialty of intensive care medicine found their origin in departments
of anaesthesiology. Subspecialties of anaesthesiology based on age
(paediatric and geriatric anaesthesia) or on particular disease states
(cardiac anaesthesia, neuroanaesthesia, and obstetric anaesthesia,
to name a few) started to evolve, and these focused attention on
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the advancement of knowledge specific to the subspecialty area.
This enhanced the development of newer techniques and procedures such as transoesophageal echocardiography and ultrasound
imaging, which reduced the morbidity of patients and improved
survival.

New attainments for anaesthesiology: pain medicine
The application of the knowledge and skills of anaesthesiologists in
the fields of regional anaesthesia and pharmacology to the management of acute and chronic pain expanded first in academic hospitals and later in general hospitals during the 1970s. Leadership
came from anaesthesiology departments but the benefits of a multidisciplinary approach to the management of patients with complex
pain syndromes was soon realized. Currently, a significant number
of anaesthesiologists devote all of their time to pain medicine.
International audits underline the fact that acute postoperative pain remains a problem (d ‘Amours and Ferrante 1996). In
attempts to drive improvements, acute postoperative pain management is used as a benchmark or indicator for quality of care by
individual anaesthetists, between hospitals and by health insurance
companies.

New attainment for anaesthesiology: intensive care medicine
and emergency medicine
The expertise of handling patients suffering from different types of
respiratory failure, circulatory failure, and cardiac rhythm disturbances was instrumental in giving anaesthesiologists leading roles
in intensive care medicine and emergency medicine in the latter
part of the twentieth century (Kelly et al. 2014). Techniques such
as airway management, intravenous administration of potent and
rapidly acting drugs, transfusion, and infusion therapy are the
mainstay of intensive care medicine. Other disciplines such as surgery, internal medicine, cardiology, and respiratory medicine are
also represented in intensive care medicine. In a limited number
of countries, intensive care medicine has evolved into a separate
medical specialty but in others, anaesthesiologist-intensivists play
the major role in intensive care.
A similar situation has developed for emergency medicine in
some countries where anaesthesiologists play an important role
within the emergency team in stabilizing and supporting the vital
functions and the resuscitation of severely ill or heavily traumatized
patients.

Anaesthesia today
Responsibilities for anaesthesiology
The increasing complexity of surgical procedures, the increasing
comorbidity and age of patients, and the expansion of day case
surgery in the 1980s stimulated anaesthesiologists to take steps to
improve the perioperative care of surgical patients. Anaesthetists
realized in particular their responsibilities in the operating theatre
to contribute to improving the quality of care, to contribute to cutting costs in healthcare, and to improve the efficiency of the perioperative process. Thus, anaesthesiologists became more and more
involved in the organization of the perioperative process, taking
into account the increasing need for efficiency in hospitals. The concept of the ‘perioperative physician’ was born and is implemented
in more and more hospitals today to pave the way to more coherent care for patients instead of dividing care between an expanding
number of areas of expertise in medicine (Roulin et al. 2014).

This growing emphasis on the medical expertise of the anaesthesiologist contributing to all phases of the surgical pathway in
order to improve outcomes and efficiency provides a stark contrast
to a traditional view where their expertise is predominantly technical and relevant almost exclusively to the operating theatre. Just as
anaesthesiology involvement in chronic pain, intensive care, and
emergency medicine necessitated an expansion in anaesthesiology
departments, the same is inevitable if the potential benefit from
the concept of the perioperative physician is to be optimized. One
way of enabling this evolution is to consider the transfer of traditional anaesthesiology tasks to non-physicians. This should not be
viewed as a threat but rather should serve to emphasize the medical
expertise of the anaesthesiologist to evaluate and interpret clinical
and laboratory information, and apply this in the context of a deep
understanding of physiology, pathophysiology, and pharmacology
to identify, estimate, and limit risks, to prevent complications, and
to manage situations of uncertainty or where evidence is not available to directly guide management.
Fortunately, the current younger generation of anaesthesiologist is being educated across Europe to a high level of knowledge
of pharmacology, physiology, anatomy, and relevant aspects of
internal medicine compatible with the medical expertise required
of the perioperative physician. Perhaps equally as important are
higher-level generic attributes, such as communication skills,
team-working, leadership, advocacy, and professionalism, that
provide a broader perspective for the discipline (UEMS 2013).
Finally, there needs to be recognition by anaesthesiologists that
progress and evaluation require active participation in academic
and scholarly pursuits if the specialty is to fulfil its obligations to
patients.

Preoperative care
Anaesthesiologists have led the development over the last 30 years
of outpatient pre-anaesthesia assessment, which reduces costly last-
minute cancellation of surgical procedures, and reduces the incidence of perioperative complications and the duration of pre-and
postsurgical hospital stay (Pasternak 2002). They have shown that
effective and high-quality practice can be achieved working closely
with physician assistants, residents, well-trained pre-assessment
nurses, and administrative personnel. Well-
designed pre-
assessment protocols can enable the anaesthesiologist to estimate
the risk of an operation and to construct an appropriate anaesthetic
management plan for individual patients, including measures to
optimize concurrent medical conditions.
There is currently a wide variation between hospitals in their
approach to preoperative screening services: in some situations the
preoperative screening process is performed by an anaesthesiologist, while others are nurse or physician assistant based. There is no
evidence of improved outcome with outpatient preoperative consultation by an (expensive) anaesthesiologist for low risk-patients
(ASA I and II). In some countries it has been shown that general
practitioners can play a useful role in the process of preoperative
screening. The general practitioner is close to the patient and knows
their history and, based on mutually agreed protocols, they might
undertake the required screening, rather than the patient having to
attend hospital. Another possibility for increased cost-effectiveness
and patient convenience is the use of online questionnaires or
simply sharing of the primary care electronic health record of the
patient with the hospital.
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Perioperative care
Management of the safety and well-being of patients during
anaesthesia is the core role of the anaesthesiologist. The constant
presence of an adequately trained anaesthetist is the single most
important measure for ensuring the safety of the anaesthetized
patient. However, with careful patient selection and preparation
involving routine, relatively straightforward surgical procedures,
with adoption and implementation of standardized anaesthetic
protocols, the constant presence can be provided by non-physician
anaesthetists, without any apparent compromise of patient safety
or quality of outcome. Important provisos are that an anaesthesiologist must be present for the phases of anaesthesia (and surgery)
that carry a risk of adverse events, such as anaesthetic induction
and reversal. The immediate availability of an anaesthesiologist
at other times must be guaranteed in order for them to deal with
unexpected events that cannot be protocolized or when adherence
to protocols fails to achieve desired objectives (Brindley 2014).
Working with such a system, some experts are of the opinion that a
single directly available anaesthesiologist can manage three or four
operating rooms concurrently where low-risk patients are directly
anaesthetized by nurse anaesthetists and/or trained physician
assistants. It should be emphasized that all non-physician anaesthetists should undergo a carefully planned training programme
and their practice subject to professional regulation that includes
regular quality assurance.
It is important for anaesthesiology to show leadership in any
development involving delegation of anaesthetic duties to non-
medical personnel and to retain final responsibility and accountability for practices resulting from such developments.

Postoperative care
The anaesthesiologist contributes to postoperative comfort by preventing and managing postoperative pain, nausea, and vomiting,
which are the major determinants of patient satisfaction.
Generally, the potential for the anaesthesiologist to contribute
positively to patient care is poorly realized in the postoperative
period. In most countries the role and responsibility of the anaesthesiologist in the postoperative period has not been defined. There
are several obstacles to improving this situation, including attitudes of surgeons and anaesthesiologists, the costs of scheduling
time for the anaesthesiologist to contribute to postoperative ward
care, alignment of resident ward medical staff with surgical teams,
and so on.
New skills must make the difference.

Future of anaesthesiology
What is happening in the outside world?
Changes and developments in the roles of anaesthesiologists are an
example of how the specialty has responded and adapted to new
challenges in healthcare. It will need to continue to do so but also
it must be ready for societal changes other than direct medical
advances that might impact on the specialty.

Common factors in society
One of the most interesting challenges now and in the near future
will be the financial constraints that healthcare systems all over the
world will have to deal with. The increase in age-related conditions,

together with staggering increases in costs of healthcare as a result
of new technology and new drugs and treatments, must be tackled
jointly by governments, health insurance companies, and the medical profession. Other factors of interest are changes in labour ethics, limitations by international working time directives, part-time
employment, and the constant flow of information via the Internet
and social media, which affect the medical workforce.

Medical technology
Developments in medical technology will continue to affect the
practice of the anaesthesiologist. Medical decision-making technology will provide decision-support to every phase of the perioperative pathway. Developments in genetics and genomics will be
significant in deciding which anaesthetic technique will be adopted
as the best choice for the individual patient. Predictive markers will
enable rationalization of diagnostic procedures. Electronic medical
records will be standard. It is clear that these and other medical
technological developments will have an impact on the activities
of the anaesthesiologist. The way the anaesthesiologist integrates
them into daily practice will determine the value gained.

Quality of care: concentration of care
To further improve quality and effectiveness of medical care the
process of concentration of highly complex and acute care will be
limited to more specialized hospitals (Kain et al. 1999). There is
also a trend for relatively simple routine medical care to be provided close to the patient’s home. These changes could have a
major impact on the nature of anaesthesia services. Where there
is a need for concentrated highly complex care there will be a need
for ‘super-specialized’ anaesthesiologists with specific knowledge of
complex pathology. They will be working in dedicated and highly
specialized teams of university and major non-academic hospitals.
In smaller district hospitals and in private institutions, mainly low-
risk patients will be treated. For these hospitals, anaesthesiologists
will be needed with a broad spectrum of skills and techniques for
standardized anaesthetic care.
It is clear that the goal of training doctors to be an anaesthesiologist will no longer be to produce a uniform product. It is likely
that a training schedule consisting of a common path followed by
a short period of training in limited areas of subspecialty expertise will be instituted shortly (UEMS 2013). This is at a time when
financial considerations and working time regulations have led to a
reduction of the effective training period for medical specialists in
many countries.

Transfer of duties from medical to non-medical
professionals
The organization of anaesthesia practices for operating room support vary from country to country, depending on the organization of the healthcare system, on training, on funding, and on the
availability of monitoring and nursing facilities. In some systems,
anaesthesiologists have delegated activities and responsibilities to
non-medical anaesthesia personnel such as nurse anaesthetists,
physician assistants, and other well-trained care providers. As long
as final supervision and responsibilities remain within the department of anaesthesiology these systems function well and provide
a high level of anaesthesia care. In fact, operating procedures have
been developed and standardized to such a degree that there is a
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widely held view that the personal involvement of an anaesthesiologist in low-risk surgery in otherwise healthy patients has minimal
apparent benefit.

Non-medical anaesthesia personnel
Currently there are two main categories of non-physician anaesthesia team members with a nursing background: nurse anaesthetists
and circulation nurses (Meeusen et al. 2010).
Nurse anaesthetists have a nursing degree (or equivalent), have
acquired additional education and training in anaesthesia, and
administer anaesthesia under the direct or indirect supervision of a
physician anaesthesiologist to patients undergoing surgical or diagnostic medical procedures, according to or in compliance with a
plan defined by the supervising anaesthesiologist. They are allowed
to administer medication to patients, according to a written protocol or in accordance with the anaesthesiologist’s agreement/order,
and they may perform tracheal intubation and extubation, and
insert intravenous and arterial lines depending on local protocols,
and terms and conditions of service.
Circulation nurses or anaesthetic nurses are employed in the
operating theatre, and can be asked to help the anaesthesiologist
during anaesthetic induction or maintenance, or emergence from
anaesthesia. Following basic nurse training, they can proceed to
training in operating theatre practice in schemes that vary substantially according to local circumstances. Circulation nurses are
not allowed to take any responsibility for the anaesthetic care of
patients, or to have direct patient-related roles during induction
and maintenance of anaesthesia. They usually are entitled to prepare anaesthetic medication and solutions.
In some countries, such as the United Kingdom, operating department assistants can fulfil the role of the anaesthetic nurse. Similarly,
there are graduate training programmes for non-physician anaesthetists for those without a nursing qualification. The role is very
similar to that of nurse anaesthetists.
In many European countries there are neither nurse anaesthetists
nor circulation nurses employed in anaesthetic practice. The diversity in the composition of anaesthesia teams and in competencies
and skills of non-medical anaesthesia professionals in Europe does
not afford easy standardization of care. There are two important
reasons to strive for harmonization of training guidelines for non-
medical anaesthesia personnel in Europe:
1. By harmonizing training of nurse anaesthetists (similar to the
European minimum guidelines for training in anaesthesiology
and intensive care medicine in Europe), a common standard
for anaesthesia practice can be achieved. This should recognize
that anaesthesia is a team effort where complementary skills and
knowledge of medical and non-medical anaesthesia personnel
combine to achieve the highest standards. The team approach

is the best way to promote quality and safety in the practice of
anaesthesiology.
2. Harmonization of training of non-medical anaesthesia personnel will, just like the harmonized training in anaesthesiology for
doctors, result in free exchange of non-medical anaesthesia personnel in Europe and lifelong learning programmes for continuous development.

Conclusion
More than ever, it is of vital importance for all who are working
in healthcare to re-evaluate and rethink their practices. Changes
in the world around us, scientific and technological advances, and
patient expectations mean that anaesthesiology will not stand still.
While this may seem threatening to some, it is in fact an opportunity for anaesthesiologists to show leadership as doctors committed
to high-quality, safe medical care.
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CHAPTER 33

Ethics, consent,
benefit, and risk
in anaesthetic practice
Stuart White
The importance of ethics in medical
practice
Medicine is an imperfect science. Even the most competent of doctors has to accept that the treatments they administer carry risks—
however small—for their patients. Medical ethics is the system of
values and principles that permits and regulates the administration
of such treatments by doctors to patients, in order to maximize the
benefits and minimize the harms for patients and for society as a
whole (White and Baldwin 2004a).
As a concept, medical ethics is not new, and has developed alongside advances in Western philosophy. Thales and Hippocrates for
example, were philosopher physicians of Ancient Greek city states
and applied classical philosophical principles to the practice of
medicine. However, it was not until the development of the ethical theories of utilitarianism (Bentham and Mill) and deontology
(Kant) towards the end of the Enlightenment that medical ethics
evolved into the discipline it resembles in the present day.
There are four main ethical theories commonly applied to
medicine, which provide general approaches to analysing ethical
dilemmas. None is ‘better’ than the others, and each is open to
criticism:
1. Deontology. The physician is required to ask of him-or herself
what their duty is in the circumstances which arise. There are
certain moral imperatives to which the physician must always
adhere, such as ‘Do not harm’ and ‘Do not lie’, even though
adherence can sometimes lead to adverse consequences for a
patient/third party (e.g. non-recognition of advanced directives).
2. Utilitarianism. The physician is asked to consider which course
of action will have the best outcome for the greatest number
of people, even though this can sometimes lead to a course of
action that would normally be considered unacceptable (e.g.
non-consensual organ donation).
3. Communitarianism. The physician is required to follow a course
of action which is of greatest benefit to the community. Critics
point out that this could allow, for example, non-consensual
medical research.
4. Principlism. This is not an ethical theory, per se, but best describes
the modern day decision-making approach to ethics that most
physicians would recognize.

Principlism recognizes four interrelated fundamental principles
which must be addressed when determining a course of action
(Beauchamp and Childress 1979):
◆

◆

◆

◆

Beneficence. The doctor should always seek to provide treatment
that is in the patient’s best interests, a determination of which is
more than merely what is medically in their best interests and
incorporates, for example, social and financial aspects of care.
Non-maleficence. Simultaneously, the physician is required to
provide the ‘least harmful’ treatment for patients.
Respect for autonomy, which recognizes that patients who are
capable of making a decision about their bodily integrity must
be allowed to determine what a doctor can or cannot do to them,
even if their decision is against the advice of their physician.
Similarly, respect for autonomy implies that patients must be
provided with truthful information by their doctor in order to
come to their decision.
Justice. A more nebulous concept, the principle of justice obliges
doctors to treat patients fairly, and equates to maximizing the
welfare of a given patient population.

Are ethics and law the same?
Ethics, with its dependence on thought experiment and didactic
discussion, provides a framework for determining what society
thinks should be done when a moral dilemma arises. However, there
is rarely a ‘correct’ answer to most ethical problems. Effectively, the
purpose of law is to delineate at which point along the spectrum of
ethical opinion an action is deemed by society to be unacceptable,
and therefore punishable. Laws change over time, reflecting both
changes of emphasis in the corresponding ethical debate and the
attitudes of society towards the acceptability of certain actions.
Medical law in most jurisdictions is a comparatively young legal
specialty, but has evolved rapidly, reflecting the pace of medical advancement and the ethical quandaries that result from the
development of new technologies or improvements in treatment. In
most countries, the medical profession itself codifies and regulates
the national approach towards medical ethics (albeit with governmental or independent oversight), whereas national government
(through statute/parliamentary law) and the court system (through
civil law) determine the legality of doctors’ actions. An interesting
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consequence of globalization and the development of international
law [e.g. codification of the Universal Declaration of Human Rights
(UDHR)] is the dissemination and transintegration of both legal
precedent and avenues of argument from one jurisdiction (often
the United States or the Commonwealth, which have high rates of
medical litigation) to many other jurisdictions around the world.
In practice, most governments remain somewhat deferential to
the medical profession in their country and have declined to legislate specifically with regard to medicine, preferring to leave the
evolution of medical law to the legal profession, in the main. In
turn, the legal profession have proved remarkably adept both at
clarifying the standard of care expected from doctors and at resolving ethical conundra, at least to a degree which is acceptable to
the wider society. This has often been achieved by reinterpreting
existing legal precedent in a medical context (e.g. access to medical
records according to the general law of data protection

Consent
The legality of consent
Morally, medical consent is a reciprocal process that enables a person to express their autonomy by indicating what treatments they
will accept or not accept, based on information given to them by
their doctor (White and Baldwin 2004b). In law, consent is one of a
number of legal defences that a doctor may use to justify administering a treatment to a patient that would otherwise be considered
a trespass against the patient (other defences include necessity, self-
defence, defence of others, etc.). Jurisdictions vary, but the principles of consent stated in the following section are common to all.
In general, a patient can give consent to or refuse treatment (at
any time and for whatever reason) provided that they do so voluntarily and have the capacity to make a decision about treatment
based on information given to them, usually by their doctor (White
and Baldwin 2003).

Voluntariness
In practice, voluntariness is rarely a legal issue, excepting cases
where a question arises concerning religious conviction or the
medical treatment of prisoners/military personnel.

Capacity
Of greater relevance is the capacity of a patient to make a decision,
because adult patients (i.e. usually those over the age of 18 years)
with capacity are invariably allowed in law to consent to or refuse
treatment, whereas adult patients without capacity must have decisions about treatment made for them by a proxy decision maker.
Most jurisdictions presume that an adult patient has capacity,
unless lack of capacity can be proven, and emphasize the necessity for helping a patient to express their decision, particularly if
there are language or speech difficulties. It should be noted that the
patient should be evaluated for capacity at the time a decision about
consent needs to be made.
A patient is normally considered to be capable of making a decision if they can understand relevant information given to them by
a doctor, can remember that information, and can use the information when deciding whether or not to accept a treatment. It is normally left to the doctor(s) to decide whether a patient has capacity,
according to varying degrees of formal review by the courts.
Patients who lack capacity must have medical treatment decisions made for them by a third party. Normally, this is the doctor

or doctors treating them, but may additionally involve one or more
of the courts, the state, relatives, or friends of the patient. Proxy
decision makers must themselves have the requisite capacity to
make a decision, and must do so in the patient’s ‘best interests’.
Best interests, as previously indicated, are more than just medical
best interests and involve determining other influences that may
have relevance in deciding whether to proceed with treatment,
effectively inviting proxies to make a subjective assessment of what
they think the patient in the patient’s current situation would want
to have done to them if the need arose. For example, discussion
between relatives and doctors may reveal that an elderly cancer
patient, unconscious after myocardial infarction, had previously
informally indicated that they did not want to be resuscitated in the
event of a cardiac arrest, even though that treatment is medically
indicated.

Information
In general, doctors have a duty to tell patients what a treatment
involves, why it is being done, what the risks are of the procedure,
and what the consequences would be for the patients if those risks
eventuated. Failure to tell patients about the nature and purpose of
an act can render the doctor liable to charges of assault (a criminal
offence that can be punishable by imprisonment) whereas failure to
tell patients about the risks and consequences of an act can render a
doctor liable in negligence (usually a civil offence that can be punishable through financial compensation).
The standard of information provision required from doctors
varies from country to country, from the more ‘comprehensive
disclosure’ standard starting to be used in some hospitals in the
United States, via a ‘reasonable patient’ (‘materiality’ standard in
the United States) increasingly recognized in the United States
and Commonwealth, to a ‘reasonable doctor’ standard (‘community standard’ in the United States) applied elsewhere (Paterick
et al. 2008).
Physician anxiety has arisen from the uncertainty surrounding
the standard of information provision, but the courts have sensibly been reluctant to specify explicit guidelines, recognizing ‘full
disclosure’ to be impractical and the circumstances of information to vary from case to case. Adoption of the ‘reasonable patient’
standard causes further anxiety, because it demands of the doctor
that they tell ‘the patient in the patient’s situation what the patient
would want to know’, which requires a measure of subjectivism.
However, the ‘reasonable patient’ standard is a far better correlate
of the ethical principle of ‘respect for autonomy’ than the ‘reasonable doctor’ standard, according to which a doctor is required to tell
the patient only that information which would be deemed reasonable by a body of his/her professional peers, and which is viewed
by modern ethicists as overtly paternalistic in nature. Rejection of
the reasonable doctor standard also limits paternalistic application
of the ‘therapeutic principle’, which may be invoked by a physician
who fears that disclosure may in some way harm the patient, and
has been used as a defence of non-disclosure in court cases.

Negligent information provision
A number of cases in the last decade have considered the standard of information provision in the context of civil negligence.
A successful claim in civil negligence normally requires the claimant to prove on the balance of probabilities that the doctor had a
duty of care to the claimant (rarely of issue), that (s)he breached
that duty of care (by failing to provide a reasonable professional
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standard of care appropriate for his/her experience), and that harm
was caused to the claimant as a direct result of the doctor’s breach
of duty (failure to prove causation being the most common reason for dismissing negligence claims). Cases alleging negligence in
information provision are usually brought by claimants when harm
has occurred but the doctor has seemingly administered care to a
reasonable professional standard, and is therefore unlikely to be
found negligent per se. In such cases, the claimant tries to prove
that ‘but for’ the doctor’s negligent breach of duty in providing
reasonable information, the claimant might not have undergone
the procedure, and the alleged harm would not have eventuated.
This approach is illustrated in the English case of Chester v Afshar
(2002), in which Miss Chester suffered permanent nerve damage
after elective lumbar microdiscectomy, and claimed she would not
have consented to the operation without a second opinion if Mr
Afshar had informed her preoperatively of the 1–2% risk of serious
nerve damage during microdiscectomy, because she was so frightened of being ‘crippled’. The court agreed with Miss Chester and the
Court of Appeal rejected Mr Afshar’s appeal, stating:
Where a doctor, in breach of duty, fails to draw a particular risk to
the patient’s attention and that specific risk materialises, causative
responsibility will lie. It is not necessary for the patient to prove that
she would have refused the operation for all time had she been given
the proper advice.

The form of consent
In most jurisdictions, separate written consent for anaesthesia is
not required, because anaesthesia is included in the consent process for surgery. Consent for anaesthesia is usually implied (e.g. by
the patient holding out their arm for intravenous cannulation) or
given verbally. However, it remains incumbent on anaesthetists to
seek consent for any procedure which they undertake, and a number of professional guidelines strongly encourage anaesthetists to
write down details of the consent discussion in the patient’s medical notes, in part to provide documentary evidence of the discussion and in part to act as an aide memoire should the provision
of consent be challenged in court at a future date (Association of
Anaesthetists of Great Britain and Ireland 2006). The case of Chester
v Afshar described previously highlights the importance of contemporaneous documentation: Mr Afshar asserted that he always told
his patients of this risk—a claim rejected by Miss Chester—but
was unable to produce any documentary evidence to support his
assertion.

Special circumstances
There are a number of circumstances in which the law relating to
consent may be less certain, and physicians must be aware of their
legal duties in these situations. If in doubt, professional organizations invariably advise the physician to seek early advice from hospital lawyers or professional indemnity organizations.

Children
Young children obviously lack the capacity to make decisions about
their medical treatment. In these cases, a proxy is required to make
decisions, normally the child’s parents, but occasionally the courts,
doctors, or other appropriate adults, who must themselves have
capacity to make a decision. Situations in which a dispute arises
about treatment—usually between doctors and parents, or parents
and parents—are best resolved by referral to the courts.

The situation with regard to older children is often less certain.
There is no age when children suddenly become competent, but
most jurisdictions recognize a person as competent to make decisions about medical treatment somewhere between the ages of 16
and 18 years. However, there is also legal recognition in most countries that under-16s may be competent in certain circumstances to
consent to medical treatment, provided that they understand the
information provided to them about the nature, purpose, risks,
and consequences of treatment, and use that information to decide
what treatment they will accept. Usually, the more significant and
potentially damaging the treatment, the greater the level of understanding required from the child.
In all cases involving children, the courts have proved reluctant
to support refusals of treatment that may lead either to the child
being harmed or dying, such that otherwise valid refusals of treatment by minors have been overruled in court.

Mental illness
A diagnosis of mental illness does not necessarily preclude a patient
making a competent decision about medical treatment. In English
law, for example, the legal test for capacity arose out of a three-
stage test applied by psychologists in the case of a detained chronic
paranoid schizophrenic who declined below-knee amputation as
advised by his surgeon, in favour of local debridement and skin
grafting, a decision supported by the courts. Doctors must be satisfied that at the time a decision must be made, the patient does not
understand, remember, or use the information provided to reach a
decision, before declaring a patient with mental illness ‘incompetent’ to make decisions about medical treatment.
Nevertheless, most jurisdictions recognize that a patient suffering
from a mental illness may require—but refuse—treatment for that
mental illness, and so legislate to allow non-consensual treatment
and restraint (i.e. institutionalization, physical, or both) specifically
for the purposes of mental rehabilitation, provided the treatment is
both necessary and in the best interests of the patient.

Advanced directives/living wills
These are legal tools that allow a competent patient to specify what
treatments they will or will not accept in the event of their future
loss of competence, and are most commonly used by patients with
chronic degenerative conditions, in whom a future loss of competence is strongly anticipated. Their legal validity depends on
them being correctly constituted and witnessed, and inclusion of
information about the circumstances under which the directive is
intended to apply.

Power of attorney
This is a legal instrument similar in nature to the advanced directive,
which allows a competent patient to express their views by appointing a proxy decision maker, in anticipation of the patient’s future
loss of capacity. Again, the appointee (who may be able to make
decisions about the patient’s financial and social affairs, in addition
to decisions about life-saving medical treatment) must be properly
appointed and registered with an official national organization.
Under certain circumstances, some jurisdictions are able to appoint
a deputy to act as a proxy decision maker for the patient once they
have lost competence or if they have never been competent.
Doctors are obliged to ascertain the presence of advanced directives or appointees with power of attorney before administering
non-emergency medical treatment to patients without capacity.
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Emergencies
In an emergency, doctors are obliged to provide all necessary treatment in the best interests of the unconscious patient, until such
time as the patient regains capacity or the existence of a properly
registered advanced directive/power of attorney is ascertained.

Additional procedures
Sometimes it becomes obvious during the course of surgery on
an unconscious, anaesthetized patient that a further unforeseen
procedure is clinically indicated for which consent has not been
obtained and is not obtainable without waking the patient. In these
circumstances, it is accepted that the surgeon may proceed without consent, provided that the extra intervention is necessary and
in the patient’s best interests (e.g. a life-saving splenectomy during
emergency surgery for blunt abdominal trauma), unless the extra
procedure has been explicitly proscribed by the competent patient
preoperatively.

Obstetric care
It is a well-established legal principle that pregnancy and labour
per se do not erode a woman’s capacity to make a decision about
treatment (Scott 2009). However, labour, although a normal physiological process, can be a very emotional and painful experience,
requiring the administration of potent analgesics and decisions to
be made about surgical or anaesthetic intervention. As is the case
in general with all patients from who consent is sought, labouring women should be presumed to have capacity unless that presumption can be disproved. With regard to the effect of temporary
factors such as confusion, shock, pain, fatigue, or drugs, Dame
Elizabeth Butler-Sloss in the case of Re MB (a competent mother
who consented to Caesarean section but refused intravenous cannulation) [Re MB (an adult: medical treatment) 1997] states the
legal position, that ‘these factors must be operating to such a degree
that the ability to decide is absent’ before a doctor can conclude
that a patient lacks the capacity to decide about treatment. This
approach is supported by research that shows labouring women are
able to accurately recall information given to them by doctors, and
that their recall is relatively unaffected by pain or potentially sedative analgesia (Gerancher et al. 2000).
Ideally, comprehensive information about pregnancy and labour
should be given to women (and their partners, if appropriate) during pregnancy, and should include specific information about the
risks and consequences of surgical/anaesthetic interventions and
potential alternatives, so that the woman can make less-pressured
decisions about obstetric care.
Birth plans are similar to advanced directives in that they represent an anticipatory expression of the patient’s wishes for labour and
birth. In contrast to advanced directives, however, a birth plan is not
legally binding (although it may be used in an evidentiary capacity)
because the courts recognize a presumption of competence during
labour and that a person can change their mind about treatment. In
practice, the doctor proposing an emergency obstetric intervention
that a labouring woman has proscribed in her birth plan must still
satisfy him/herself whether the woman has or does not have capacity at the time a decision about treatment needs to be made (i.e. can
understand, retain, and use information about the nature, purpose,
risks, and consequences of the proposed treatment). For example,
birth plans proscribing epidural anaesthesia can be overruled by
the consent of a labouring woman with capacity. Courts generally

do not recognize the ‘Ulysses directives’ that use birth plans to
proscribe certain treatments (such as epidural anaesthesia) even
if the patient is apparently competent and changes her mind during labour. Discussion of birth plans well in advance of labour and
delivery, involving patients, midwives, obstetricians, and anaesthetists, facilitates clinical and legal risk management.
The law relating to children who carry a pregnancy to term is as
stated previously, such that their competence should be assessed
as a question of fact. There are obvious child protection issues if a
child is pregnant but assessed as not having the capacity to make
decisions about medical treatment.
Finally, there is a growing awareness of the ethicolegal problems presented by what is known as the ‘maternal–fetal conflict’
(Broaddus and Chandrasekhar 2011). Advances in fetal medicine
mean that medical intervention might be available solely for the
benefit of the fetus, even though it remains biologically linked to
the mother. A parallel exists in the case of conjoined twins, where
treatment may be given for the benefit of one but not the other (and
may indeed harm the other), the difference being that in law, some
jurisdictions recognize a mother’s autonomy, but not that of the
fetus. Problems tend to occur when the mother refuses treatment
that may benefit the fetus, but physicians are obliged effectively not
to provide treatment that benefits one patient (i.e. the fetus) at the
expense of another, in this case the mother.

Teaching
Increasingly, the use of medical simulation and other teaching aids
avoids the need for medical trainees to learn practical skills directly
involving patients. Nevertheless, at some point, direct patient contact is involved. Crucially, the acceptability of this contact would
appear to rest on three factors, namely that the patient understands
the identity of the trainee (i.e. that the trainee is a trainee and not
a senior doctor, in order to avoid liability in battery or negligence),
that the trainee seeks consent for the procedure that they are
intending to perform (involving the provision of information to the
patient that there is a training component to the procedure), and
that there is suitable supervision of procedure performance so that
the patient may be reassured that there is no excess risk attached to
the training component (Yentis 2005; White 2009).
Similarly, consent must be obtained before taking photographs
or video recordings of the patient, or for retaining tissue, particularly when taken solely for training purposes.

Jehovah’s Witnesses
Based on their interpretation of several passages in the Bible,
Jehovah’s Witnesses—of which there are 6 million worldwide—
are generally opposed to receiving blood or blood products
(Association of Anaesthetists of Great Britain and Ireland 2005).
There is considerable variation in adherence to this dogma
among individuals, resulting in a spectrum from limited acceptance of some fractionated products (such as clotting factors) via
organ transplantation to absolute refusal of blood transfusion even
if this could lead to personal harm or death.
Usually well informed about their legal position, Jehovah’s
Witnesses often carry an advanced directive card, which should be
treated in the same way as any advanced directive (as described),
such that treatment contrary to the advanced directive could constitute a battery, unless it was provided in an emergency to an
unconscious patient in ignorance of any directive.
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Courts have proved reluctant to allow proxy refusal of blood
treatment for the children of Jehovah’s Witnesses, such that special
injunctions may be granted authorizing transfusion. In an emergency, doctors may give blood provided it is necessary and in the
child’s best interests.

Pragmatic and conceptual problems with consent
The law relating to consent is a blunt instrument that draws a necessary line in the sand in order to settle disagreements between
litigants. However, the law is far from perfect, and an increasing
number of commentators have highlighted practical and conceptual inadequacies in both the law, and more vociferously, the very
nature of informed consent as an expression of autonomy. This section serves as a brief introduction to these problems, but interested
readers are directed to books by Manson and O’Neill (2007) and
Maclean (2009), and the debate these have triggered.

Pragmatic problems
Of greatest importance to anaesthetists is the considerable number
of practical problems involved in achieving an acceptable standard of process in consent.
Organizational
The evolution of surgical care towards day case operations and day
of admission surgery has altered the nature of the consent process,
by restricting the time available for preoperative discussion. In
many cases, this is of little relevance: patients are competent adults
who are invited to give their consent for procedures that carry low
risk, and for which standardized preoperative written information can be provided after the initial surgical consultation (in these
cases, timing pressures only tend to arise during high patient turnover operating lists). However, there is a subgroup of sicker patients
with impaired cognitive function undergoing significant surgery of
considerable risk for whom this approach may not be appropriate,
and it is essential in these circumstances that patient throughput is
not expedited at the expense of the consent process. This is particularly relevant when the risks of anaesthesia are significantly greater
than the risk of surgery (e.g. inguinal hernia repair in a patient with
inoperable severe aortic stenosis) or when the anaesthetist is providing the sole intervention (e.g. nerve block for chronic pain).
Increasingly, consent for surgery is sought during preoperative
assessment, often several months before surgery. Legally, this is a
valid practice as the law does not specify when consent is taken
so much as whether it has been sought; nevertheless, it remains
good practice to reconfirm consent immediately before surgery.
What is important is that consent should be sought by a doctor
who is capable of performing the procedure intended: it is not considered acceptable in most countries for a junior doctor, who may
have little knowledge of the risks or consequences of a procedure,
to elicit consent for a procedure performed by a more senior surgeon. Similarly, the doctor pre-assessing a patient may not actually
become involved in the performance of surgery or anaesthesia, and
may need to provide more general information to the patient before
a more formal consent discussion on the day of surgery.
Voluntariness
Voluntariness is rarely an issue with regard to the provision of consent for anaesthesia. However, preoperative anxiety is common but
underappreciated, with patients often more fearful of their anaesthetic rather than the surgery itself (Crockett et al. 2007), submitting

to the former in order to access the latter and in so doing, possibly
consenting under a degree of coercion. This is not entirely a theoretical limitation, with patients occasionally refusing those aspects
of anaesthetic intervention that they are most anxious about; in
practice, anaesthetists are not obliged to accede to these refusals if
they think that omission would significantly compromise patient
care (although one could argue that such an approach adds to the
erosion of autonomy and coercion experienced by the patient).
Concurrent neuroactive drug therapy (e.g. sedative premedication) is often viewed as affecting patient voluntariness, but should
more appropriately be viewed as potentially affecting competence.
Capacity
Current interpretation of patients’ capacity for decision-making is
open to several criticisms. In general, patients have to understand
the information given to them, remember it, and use that information to come to a decision.
The degree of understanding required by patients is rarely stated,
but appears to fall somewhere between a broad appreciation of
what is intended providing the patient consents to treatment, and
more specific understanding in cases where the patient appears to
refuse treatment. In cases of treatment refusal, the degree of understanding of the consequences of refusal is often so demanding as to
be used as an indication that the patient (usually a 14 to 16-year-
old child) lacks capacity, such that parents and doctors can seek to
override a refusal by a patient who would be deemed competent
had they consented to treatment; these cases require settlement
through application to the court. There is also the concept of ‘situational competence’, in which the necessary level of understanding
is affected by circumstance; for example, the courts may recognize
that only a broad appreciation of intended treatment by the patient
was possible before emergent surgery (e.g. in cases of massive
haemorrhage or life-threatening injury) as a defence in negligence
against the non-provision of more detailed information.
Postoperatively, patient recall of preoperative information about
anaesthesia is invariably poor (Rosique et al. 2006), and worsens
over time. Consequently, the fact that a patient cannot recall having
been told of a risk is seldom decisive to a legal decision (although
see Chester v Afshar, in ‘Negligent information provision’), because
the law tends to demand evidence that the patient could understand, retain and use information only for the process of consent
itself.
Problems can arise when a patient uses the information presented to them to make a ‘bad’ decision, for example, by refusing
all forms of analgesia after laparotomy, for whatever reason. This is
usually a failure of communication, resolved by further exploration
of the patient’s understanding and interpretation of the information
provided. As stated, the doctor is not obliged to provide any treatment (except in an emergency) if (s)he thinks the patient’s refusal
will compromise their care.
Furthermore, the situation may arise where a patient refuses to
make a decision at all, or defers decision-making to relatives or back
to the doctor, in which case it could be argued with equal validity
that the patient is either expressing his/her autonomy by not choosing or by asking a proxy to make a decision (similarly to appointing lasting powers of attorney), or does not pass the legal test for
competence in which case a proxy decision must be made anyway.
Finally, there is the question of what should be done in patients
with fluctuating levels of consciousness, for example, after head

559

560

560

Part 5

the practice of anaesthesia

injury. In this, the law is relatively clear, that the patient must materially understand, retain, and use information at the time at which
a treatment decision needs to be made, and that where possible,
non-urgent proxy decisions should be deferred if the expectation is
of a return to competence.
Information
Most of the pragmatic problems relating to consent are concerned
with the communication and interpretation of available information (Adams and Smith 2001; Moppett 2009).
Problems with the communication of information fall into two
broad categories: what is said by the doctor, and what is heard by
the patient.
The doctor is required to provide the information that a reasonable person in the patient’s position would want to know; this
is, of course, unknowable, but implicitly imposes a duty to provide an acceptable volume of information in an understandable,
but non-coercive way. However, there is a large degree of subjective opinion involved in this, requiring doctors to make judgements about factors such as patient intelligence and interest, often
within a short timeframe. Factors such as fear of litigation and
lack of training in communication skills tend to result in doctors
providing either too much or too little information, or delivering
the information as jargon that may be unintelligible to the patient.
Written aids, and increasingly electronic media, may be used to
improve provision of information, but often overestimate the literacy of a population.
In addition, there may be an understandable reluctance on the
part of the doctor to convey certain information for fear of provoking anxiety or the ‘wrong’ decision in patients. Previously, doctors
would plea the ‘therapeutic privilege’ in support of non-disclosure
that was thought to be in patients’ best interests, but this is no
longer a tenable option in law, as the limited research in this area
indicates that patients want to be given information, even if it provokes anxiety
Some countries are moving towards fuller disclosure of risks in
order to reduce legal liability in the event of a complication occurring, but this tends to increase the volume of information beyond
that which most patients would like and can process. This also
erodes further the concept of the doctor as ‘adviser’ rather than
‘conveyor’ of information: patients consult their doctors for advice
because they want complex information interpreted by the doctor
for the benefit of the patient (White and Baldwin 2003).
There is variation in what information is heard and how it is
interpreted by patients, according to culture, language, interpersonal relations, sex, age, external influence, ‘cognitive dissonance’
(i.e. information that does not agree with patients’ ‘world view’),
and the nature of the risk presented. How one patient interprets a
‘1:1000’ risk is unlikely to be the same as how another patient might
interpret the same risk, even if a full range of risk illustrations are
used (verbal/pictorial/physical/temporal).
The other main problem of information concerns the nature of
risk itself (Jenkins and Baker 2003). A ‘risk’ is merely the likelihood
of an outcome occurring. Ideally, medical interventions are heavily weighted in favour of ‘good’ outcomes (i.e. ‘benefit’, e.g. 5-year
survival after cancer surgery) compared with ‘bad’ outcomes (i.e.
‘risk’, e.g. dying from anaesthesia during surgery). The ‘risks’ of a
procedure are normally synonymous, however, with the likelihood
of an adverse or unintended outcome occurring.

The consent process allows the patient to determine what degree
of risk they are willing to accept, which introduces the dichotomy
between subjective and objective assessment of risk. Studies may
report that the objective risk of permanent nerve damage after spinal anaesthesia is one episode per ten thousand spinal anaesthetics
[1:10 000 = ‘minimal’ = ‘very rare’ (Calman 2002)], which is less
than the 1% prevalence traditionally used as the level below which
disclosure was not deemed necessary. However, even this minimal
risk may be of extreme subjective relevance to a professional footballer, for example, requiring surgery for a broken ankle.
Furthermore, objective risk estimates, derived from large audits
or research, often fail to appreciate patient-specific factors and circumstance; the risk of permanent nerve damage after spinal anaesthesia may be more prevalent after anticoagulant therapy, previous
spinal surgery, or emergency procedures, and so the doctor may
need to interpret and adjust procedural risk accordingly before presenting the information to patients.
In addition to patient-adjusted risk, there is the increasingly recognized concept of operator-adjusted risk, which further adjusts
objective risk according to the skill of the operator and implies the
need for accurate procedural data collection by doctors. This is not
a concept that has been widely debated in law, but would appear to
be of interest to the reasonable patient, who might want to know
‘the risk of that procedure performed on me by that anaesthetist’.
Finally, there is the problem of ‘unknown unknowns’, that is, risks
that have not been previously reported or even expected as consequences of a procedure, and which occur more commonly with
newer procedures. Courts have proved reluctant to attach liability
if these occur, provided due care and attention have been exercised,
but the patient may still be harmed physically and financially as a
result, giving rise to calls for the expansion of no-fault liability.

Conceptual problems
O’Neill has consistently challenged the primacy afforded patient
autonomy in contemporary medical ethics (O’Neill 1984; Manson
and O’Neill 2007), and suggests that unlimited autonomy in healthcare is neither achievable nor desirable. The illusion of perfect
autonomy, whilst an important concept, is further compromised by
the effects of illness, rendering patients never more than partially
autonomous because their continued autonomy can only be optimized by the intervention of others (i.e. doctors). Far from rejecting paternalism, O’Neill recognizes that limited paternalism has a
role in promoting patient autonomy because it allows an informed
elite to help patients make the decisions that return them to health.
She suggests that the criticism of paternalism in modern society
as a whole and medical ethics in particular is symptomatic of a
loss of trust in institutions professing specialist knowledge, and is
detrimental to society as a whole. This is not to say that a return
to unrestrained paternalism to an extent that existed in previous
decades is desirable, merely that doctors, by becoming effective
communicators rather than merely effective dispensers of information, are able to help patients make those decisions which are most
likely to return them to health, even if these decisions go against
the patient’s agency in good health (i.e. prompts patients to make
‘good’ medical choices when ill that would otherwise go against
their beliefs when not ill).
A similar but subtly different approach is put forward by Maclean,
who introduces a relational model of consent that emphasizes the
importance of information transfer between agents within the
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doctor–patient relationship, whilst recognizing that both agents
are autonomous but have differing roles to perform and duties to
adhere to. Doctors have the duty to respect autonomy but also to act
beneficently and it may be that the duty to perform the latter, contrary to what is generally accepted, actually overrides the former,
such that, for example, poor patient decisions regarding treatment
should be challenged, and refusals of treatment that will potentially
lead to patient harm should be challenged by asking the patient for
justification. These approaches aim to restore the balance between
autonomous agents that have been lost through liberalization of
the consent process, to the detriment of patient care. Consent, in
other words, should be seen as an agreement between doctors and
patients, rather than a permission granted by patients.

End-of-life issues
Nowhere are the ethical dilemmas that result from medical
advances more contentious than those arising at the extremes of
life. The discussions that surround genetic manipulation, contraception, and abortion, for example, reveal deeply entrenched moral
positions that are often immune to rational debate. Similarly strong
viewpoints are often advanced regarding end-of-life care (White
and Baldwin 2004c), with opinion invariably divided along moral
or religious lines; this section describes these moral and legal
positions.

Withdrawal of treatment
Approximately 150 000 people die each day worldwide, the vast
majority dying of famine, war, or disease rather than ‘natural
causes’. Nevertheless, advances in medical technology mean that an
increasing number of people are capable of being kept alive, who
would otherwise have died. Amongst these, the question arises as
to whether treatment should continue to support life, or whether it
would be better to withdraw treatment and let the patient die.
Morally, this dichotomy is debated with respect to human rights,
the sanctity of life, the doctrine of double effect, and the distinction
between acts and omissions.
The general ‘right to life’ recognized by many countries [e.g. signatories of the European Convention on Human Rights (White
and Baldwin 2002)] is invariably enforced in law only conditionally, and for good reasons. General recognition imposes a duty on
states and their agents (including doctors) to protect the lives of
citizens, but without insisting necessarily that life per se is sacred
(the ‘sanctity of life’ argument) and therefore should be maintained
at all costs, despite the possible financial and physical burdens. It
should be noted that a general right to life does not also confer a
general right to death, and therefore precludes legislation in most
countries allowing assisted suicide or active euthanasia.
Conditional enforcement enables the withdrawal of life-
sustaining treatment under certain circumstances, usually either
when a competent patient asks for treatment to be withdrawn, or
more commonly when the burden of therapy given to a patient
without competence is not in their best interests.
Advanced directives/living wills (see Advanced directives/living
wills) are most commonly used by competent patients to inform
future discussion around the withdrawal of life-sustaining treatment in the event of the patient’s future predicted loss of capacity through illness or injury. Some countries further facilitate such
expression by recognizing the legal appointment of proxy decision

makers (with ‘powers of attorney’) who can make treatment decisions on behalf of an incapacitated patient, including end-of-life
decisions. Advanced directives that demand treatment including
artificial hydration and nutrition tend not to carry legal weight
when they are contrary to the opinion of the treating doctor.
The decision to withdraw treatment that is not in the best interests of the patient is more contentious. Appealing to the sanctity
of life argument, critics suggest that appeal to ‘best interests’ does
not apply, because it cannot be in anyone’s best interests to be
dead. Opponents suggest the converse, that there are certain situations in which the burden of continued life is so great that death
is preferable. The latter is the usual pragmatic position taken, and
allows for the withdrawal of treatment, for example, in cases where
the unconscious patient appears to be in constant severe pain, or
is receiving futile treatment(s), or has no chance of meaningful
recovery to a degree that proxy decision makers (usually doctors
and relatives) consider that the patient would want were they able
to make a decision (e.g. severely brain damaged or in a persistent
vegetative state).
In both circumstances, withdrawal of treatment is not generally
viewed as either an act or an omission by the doctor resulting in
the death of a patient (either of which actions would normally be
proscribed by law), rather that withdrawal allows ‘nature to take
its course’ such that the patient dies from the illness for which
life-sustaining therapy was originally administered (Glover 1990;
Steinbock and Norcross 1994). Similarly, according to the ‘doctrine
of double effect’, treatment may be actively given with the genuine
intention of relieving terminal pain or agitation, even though such
treatment may contribute to the inevitable death of the patient.

Do not attempt resuscitation order
A logical progression from the argument surrounding treatment
withdrawal concerns whether to administer life-sustaining therapy
in the first instance (Lippert et al. 2010). Similar arguments apply,
but with the added benefit of greater guidance from the patient
about their wishes should the need for resuscitation arise in future
(excepting cases where the patient already lacks capacity, e.g. as a
result of dementia).
A number of august bodies have published guidance on this
subject. All recommend cardiopulmonary resuscitation (CPR) in
the event of cardiorespiratory arrest, unless there are (or become)
known explicit preclusions expressed in the form of an advanced
directive, a correctly empowered proxy decision maker or ‘do not
attempt resuscitation’ (DNAR) order, or if it rapidly becomes clear
that CPR would be futile (e.g. multiorgan failure in a patient with
terminal cancer).
The value of a DNAR order is that it mandates open discussion
between patients, doctors, and others (friends, relatives, other
medical staff, and occasionally the courts) about CPR, and therefore effectively acts as a highly specific advanced directive. Often,
patients (particularly the elderly) welcome the opportunity to
refuse resuscitation, whilst others refuse once they have been sensitively and accurately informed about the likely outcome of CPR.
It should be noted that DNAR orders apply to CPR only. A patient
with a DNAR order may occasionally require surgery to relieve
unnecessary suffering (e.g. the insertion of a colonic stent). In these
circumstances, continuation or discontinuation of the DNAR order
for the duration of the perioperative period requires careful consideration by all parties, with explicit documentation of the decision
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written in the patient’s notes (Association of Anaesthetists of Great
Britain and Ireland 2009).

The diagnosis of death
Successful CPR and supportive therapy means that doctors are now
able to maintain cardiorespiratory function in the event of severe
cerebral damage, or even after cessation of cerebral function. A firm
diagnosis of death became necessary with the development of organ
transplantation, harvesting from ‘dead’ donors only being legally
acceptable once the formal diagnosis had been made. Most countries
in the Americas, Asia, Australasia, and Europe have now adopted
the ‘brainstem death’ criterion developed in the United Kingdom,
such that death is diagnosed by the ‘irreversible loss of the capacity
for consciousness, combined with irreversible loss of the capacity to
breathe’, although there is considerable variation in the legal definition of death (if at all) (Wijdicks 2002), and the necessity for confirmatory electroencephalography (Wijdicks 2010).

Organ donation
The viability of organ transplantation has been improved by developing a legal definition of death together with advances in medical
technology. Despite this, the number of patients requiring transplantation has always exceeded the number of donors.
It may be possible in the long term to reduce the demand for
human organs by, for example, improving the management of
chronic health conditions, or exploiting the potential of technological solutions (mechanical hearts, portable kidneys), genetic
technology (growing tissue matched organs), live donation,
autologous donation, or xenotransplantation (animal to human
transplantation).
However, the organ ‘gap’ is likely to remain for the foreseeable
future, and requires increased donation of organs to meet demand.
A number of strategies have been proposed to increase supply,
including:
◆

◆

◆

◆

◆

‘opt-in’ nationalized systems of procurement. The donor card is a
form of advanced directive, but has a low uptake rate and may be
overruled by remaining relatives
‘opt-out’ nationalized systems of procurement, in which a person
has to carry a ‘non-donor’ card proscribing organ removal after
death. This increases available organs, but effectively authorizes
paternalistic state control of an individual’s body and assumes
consent to an extent which is not normally accepted, using people as a means to an end
payment for organs. Supporters argue that this is an inevitable
consequence of capitalist consumerism. Opponents suggest that
this is a system that is too open to abuse and coercion
rejection of the relatives’ vetoes, where the deceased has clearly
indicated their desire for organ donation
conditional donation/receivership, in which the donor is more
likely to donate their organs provided that they are able to
choose who to donate to, or otherwise. This increases supply,
but counters the altruism of donation with the unacceptability of
discrimination.

The laws governing organ donation and transplantation and the
degree to which they are enforced vary between countries and
states. For example, the United Kingdom, which currently has an

opt-in system accedes to the Human Tissue Act 2004 (White and
Baldwin 2004c); regulation in US states accords to the National
Organ Transplant Act of 1984 (as standardized by each state’s
Uniform Anatomical Gift Act); Europe has recently introduced
legislation [European Union (EU) Organ Donation Directive
(European Union 2010)] that introduced an opt-out system to 24
EU countries.

Anaesthesia and human rights
Most mature democracies subscribe to the importance of human
rights by encoding laws that delineate the relationship between the
state (and its institutions, including healthcare provision) and individuals. Although laws vary, common themes exist, including the
right to a fair trial and the right to protection from cruel treatment.
Overarching is the UDHR adopted by the United Nations General
Assembly in 1948 in the wake of World War II.
The UDHR, a globalized and expanded development of the
American Bill of Rights, was adopted by the Council of Europe
in 1950 as the Convention for the Protection of Human Rights
and Fundamental Freedoms [more commonly known as the
European Convention on Human Rights (ECHR)], which has been
adopted into the national laws of all EU member states (e.g. in
the United Kingdom as the Human Rights Act 1998) (White and
Baldwin 2002).
Some rights are absolute, such as the right not to be subjected to
torture or to cruel, inhuman, or degrading treatment. Others rights
are limited or contingent: for example, the right to privacy does
not prevent investigative journalism, provided it is not undertaken
arbitrarily.
The relevance of human rights (at least, the ECHR) to the practice
of anaesthesia is thrown into sharp focus in discussions concerning treatment withdrawal and end-of-life decisions as a contravention of the right to life, or the prohibition of inhuman or degrading
treatment, and concerning disclosure of medical records contrary
to the right to privacy.
Relating to the right to be protected from cruel, inhuman,
or degrading treatment is the concept of analgesia as a human
right, which has gained considerable momentum on a global
scale through the work of the World Health Organization and the
International Association for the Study of Pain (Brennan and Carr
2007), the latter of which has launched the Declaration of Montreal
(International Association for the Study of Pain 2010), stating that
‘access to pain management is a fundamental human right’ and
encouraging healthcare systems and providers to take all necessary
steps to address deficiencies in the current provision of analgesia.
Also on the global scale, the potential effects of climate change
on human rights have been highlighted (including, war, famine,
heat injury, and energy supply) (International Council on Human
Rights 2008), and it is possible that in future, anaesthetists will
have to cope with the consequences of adaptation to or mitigation
of these, in addition to their ethical obligation to combat global
warming for the benefit of future generations (Sneyd et al. 2010).

Ethics in research and publication
Contemporary law and ethics relating to research involving
humans have developed alongside those concerning human rights,
and emphasize the need to protect human subjects from harm
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whilst producing accurate and verifiable data to inform the scientific record on which medical advancements are made.
Post-war revelations of the experiments carried out by Nazi
doctors led to the rapid development of the Nüremburg Code,
which detailed the precepts of ethical experimentation involving humans, and were subsequently incorporated into the World
Medical Association’s Declaration of Helsinki (Ethical Principles
for Medical Research Involving Human Subjects) in 1964 (World
Medical Association 2008). In turn, the Declaration has been
incorporated into regulations governing research of most countries. For example, all EU member states are signatories to the EU
Clinical Trials Directive (European Parliament and the Council of
the European Union 2001), which regulates research within the EU
according to the principles of Declaration.
The approval of a formally convened ethics committee is normally required before a research study can commence.
In general, regulation recognizes the autonomy of the research
participant (patients or volunteers), and demands therefore that
researchers elicit consent before trial inclusion, and to the standard normally required, that is, that the participant should be acting
voluntarily and should be competent to make a decision about participation based on the information provided.
Very strict criteria are generally imposed when the inclusion of
patients without capacity (adults or children) is being proposed.
In general, ethical approval is granted provided that the research
cannot be done on patients who are competent (e.g. dementia
research, although not always), carries minimal risk, is necessary,
and is potentially in the patients’ best interests (e.g. when testing a
drug which earlier clinical trials have indicated might be of treatment benefit); stringent safeguards are usually imposed, involving
the appointment of third parties to oversee patient participation.
Participation should always be stopped if the ‘incompetent’ patient
appears to object to the research intervention.
Superimposed regulation may apply, particularly when research
involves organ transplantation, gene therapy, or embryos.
A final protection against research or publication misconduct is
afforded by editors of academic journals. Sadly, it remains relatively
common for unethical research to be submitted to journals in the
hope (or sometimes the expectation) of publication. Furthermore,
there are numerous instances of publication misconduct, including
undisclosed conflicts of interest or funding, authorship disputes,
plagiarism, or outright fraud. To alert institutions and employers to these and help support and inform editors, the Committee
on Publication Ethics (COPE, http://publicationethics.org/) was
formed in 1997, and now has more than 7000 members from all
avenues of academic publishing.

Declaration of interest
None declared.
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CHAPTER 34

Informatics and technology
for anaesthesia
Anthony P. Madden
Introduction

Definition of informatics

It is impossible to imagine a world without information. Without
information it would be impossible to know when it was appropriate to sow seeds in the ground, which animals or plants were
dangerous and to be avoided, or what was an appropriate dose of
propofol. Informatics is not the same as information. The dose of
propofol or MAC of isoflurane is information. The study of how
that information is produced, disseminated, and used is informatics. Informatics necessarily takes account of the role of computers
but it is also concerned with the building blocks underlying the
production and use of information. These include the meaning of
the terms used by healthcare professionals and how those terms
are used; the technologies used to collect and store data and information; the legal framework that governs the storage and sharing
of data and information; and some of the more advanced ways in
which data and information is used.
Anaesthetists have always been interested in technology and the
use of information. Several specialist societies serve the anaesthetic
community’s interest in this area (Table 34.1), while the Association
of Anaesthetists of Great Britain and Ireland (AAGBI) and the Royal
College of Anaesthetists (RCoA) have jointly published advice concerning information technology (AAGBI and RCoA 2008).
There are also many organizations that concern themselves with
health informatics but without a specialty bias. The Chartered
Institute for IT, formerly known as the British Computer Society,
has a health section and the UK Council for Health Informatics
Professions acts as a professional body in the United Kingdom,
while the International Medical Informatics Association (http://
www.imia-medinfo.org/new2/) is an association of associations
and the world body for health and biomedical informatics.
A more academic focus is provided by the Journal of Clinical
Monitoring and Computing (http://www.springer.com/medicine/
anesthesiology/journal/10877) which has links with anaesthesia,
while the Journal of the American Medical Informatics Association
(http://www.jamia.bmj.com) covers much of the same ground but
without any special anaesthetic bias. The Journal of Biomedical
Informatics and the Health Informatics Journal are among the
international journals that cover a similar range of topics. The specialist and general medical journals frequently publish papers on
informatics topics, although that label is seldom applied, while the
International Medical Informatics Association publishes a yearbook that provides a useful compendium of papers published in a
variety of medical and related journals worldwide.

Health Informatics is a relatively new area of endeavour so it is
not surprising that several terms are used to describe it. Medical
informatics, biomedical informatics, and healthcare informatics tend
to be used interchangeably. Clinical informatics and nursing informatics are sometimes claimed as separate areas of interest although
clearly both are embraced by the term health informatics.
There is no single agreed definition of what constitutes health
informatics, although many of the definitions that can be found on
the Internet and elsewhere do seem to be trying to define the same
thing. Wikipedia defines health informatics as ‘a discipline at the
intersection of information science, computer science, and healthcare. It deals with the resources, devices, and methods required to
optimize the acquisition, storage, retrieval, and use of information in health and biomedicine. Health informatics tools include
not only computers but also clinical guidelines, formal medical
terminologies, and information and communication systems. It is
applied to the areas of nursing, clinical care, dentistry, pharmacy,
public health, occupational therapy, and (bio)medical research’
(https://en.wikipedia.org/wiki/Health_informatics) (Fig. 34.1).
A briefer definition widely accepted in the United Kingdom is
that health informatics is ‘The knowledge, skills and tools which
enable information to be collected, managed, used and shared to
support the delivery of healthcare and to promote health’ (http://
www.nhscareers.nhs.uk). An important feature of this definition is
that, while not excluding computers, it does not specifically mention their use.
Another definition was provided by Dr William W. Stead in a
discussion with Al Gore, then Vice President of the United States.
Stead defined ‘medical informatics’ as ‘the science that deals with
health information, its structure, acquisition, and use’ (Stead 1998).
This definition is admirably brief but whether health informatics is
truly a science is debatable.

History
The origins of health informatics have been traced by some to
Germany in the 1930s when an extensive system of Information
Centres for Genetic and Racial Hygiene were created to aid
enforcement of Nazi ideas on racial purity. However, it can be
argued that health informatics predates those times by centuries. In
the late sixteenth century in the United Kingdom, London parishes
began publishing Bills of Mortality. The primary purpose of these
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Table 34.1 Anaesthetic societies with a focus on informatics
Society

Website

Country

Society for Computing and Technology in
Anaesthesia

http://www.scata.org.uk

United Kingdom

European Society for Computing and
Technology in Anaesthesia and Intensive Care

http://www.esctaic.org

Europe

Société Francophone d’Informatique et de
Monitorage en Anesthésie Réanimation

France, Belgium and
Luxembourg

Society for Technology in Anesthesia

http://www.stahq.org

United States

Japan Society of Technology in Anesthesia

http://www.jsta.net

Japan

INFORMATICS
LEGAL FRAMEWORK
ENABLING TECHNOLOGIES
Data acquisition
Data storage
Data analysis
Information distribution
Information use

Terminology

Databases

History

Figure 34.1 Defining health informatics.

weekly and monthly lists of the causes of death in the parish was to
monitor the spread of plague. The Bills lacked standardization and,
although this was recognized and procedures adopted to improve
matters, it was another 150 years before any serious effort was made
to rectify the situation. The origins of health informatics, therefore,
can be traced to the publication of two tracts in the eighteenth century. Francois Bossier de la Croix, also known as F. B. de Sauvages,
published his Nosologia methodica in 1763, while William Cullen
of Edinburgh published his Synopsis nosologiae methodicae in 1785.
Both texts were written in Latin and attempted to provide a comprehensive classification of diseases. The aim, clearly, was to standardize the terminology and therefore improve the transmission of
information between medical practitioners.
Further developments in health informatics can be seen in the
nineteenth century when Florence Nightingale published her rose
diagram in 1858. This was a diagrammatic representation of the
causes of death in the British army in the Crimean War. The rose
diagram, or polar area diagram, is a form of pie chart in which each
segment represents 1 month. The radius of each segment is proportional to the number of deaths in that month. The main causes of
death are represented by arcs of different colours in each segment.
The intention was to emphasize the causes of preventable deaths
and thereby change behaviour. Nightingale may not have been

the inventor of the rose diagram—it was first used in a paper by
André-Michel Guerry in 1829—but she used it to great effect and
developed a reputation for presenting complex statistics in simple
graphical ways in an era when most people were not accustomed
to viewing or interpreting complex statistical data. As a result, she
was the first woman to be elected a member of the Royal Statistical
Society and was also elected an honorary member of the American
Statistical Association.
Health informatics developed rapidly in the twentieth century as
politicians and tax payers in many countries insisted on knowing
more about how healthcare organizations spent public money, and
healthcare providers became interested in comparing their results
with their rivals. The health departments of the countries that make
up the United Kingdom constantly produce large volumes of figures about every aspect of the health services. The introduction of
computers has facilitated the production of statistics to the extent
that some regard health informatics as being synonymous with
computing in healthcare. However, computers are really just one
of the tools used by those involved in health informatics. In some
ways the growth of the use and power of computers has mirrored
the growth in the demand for information, and the two complementary demands have fed each other.
Anaesthetists have been interested in informatics since the early
days of the specialty. Tovell and Dunn’s paper described the systematic collection of data about anaesthetics with the aim of identifying areas for improvement (Tovell and Dunn 1932). Of particular
interest is their use of Hollerith punch cards for data storage and
analysis. Punch cards had been invented in the eighteenth century
for controlling textile looms, while the Russian, Semen Korsakov, is
attributed with their first use for data storage. In America, Herman
Hollerith, who founded the company that was later to become IBM,
went one step further and invented a machine for the automatic
analysis of data stored on punch cards. Hollerith’s technology was
used to analyse the data for the US census of 1890.
Similar issues were the subject of a discussion held by the Section
of Anaesthetics of the Royal Society of Medicine on 10 April 1953
(Section of Anaesthetics 1953). The topic was ‘Are anaesthetic
records worth keeping?’. It is clear that those present had a keen
interest in deriving statistical information about the performance
of individual anaesthetists and anaesthetic departments. One of
the issues was the technology available for analysing the records
of the several thousand anaesthetics that might be administered
by a department in 1 year. The then President of the Section of
Anaesthetics, Dr Michael Nosworthy, had adapted the punch cards
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advocated by the American Association of Anesthetists for the storage and analysis of anaesthetic records so that it was not necessary
to use either a code book or a sorting machine (Nosworthy 1943).
However, the fragile nature of the cards was a problem.
One of the things that stands out from these early forays into
healthcare informatics by anaesthetists is that some of the same
issues continue to exercise anaesthetists interested in informatics
in the twenty-first century. These include what data to collect, how
best to collect it, how to define things such as recovery from anaesthesia, how to grade complications such as postdural puncture
headache, and how to code data.

Databases
Data are at the heart of informatics. In the past, data were collected
and collated using pencil and paper. Now, much of the collection is
computerized and it is almost impossible to imagine any analysis of
significant amounts of data being performed without a computer.
Raw data are inevitably held in a database so an understanding of
the form and function of a database is essential. If data are held in
a computerized database then the software that manages that database is the database management system (DBMS).
The fundamental building block of a computer database is a
data item. In a relational database the data items are held in tables.
Large databases will contain many tables. Every table has a unique
name and a series of rows and columns in a grid. By convention,
each row (or tuple) contains a record, and each column contains
a field. Each field will usually only accept data of a pre-defined
type—for example, text, number, currency, date, time, and so on.
So, a computerized logbook of anaesthetics administered by an
individual anaesthetist might contain the following data fields for
each patient: hospital number, age, gender, date of operation, ASA
status, operation performed, and type of anaesthetic administered.
The ASA status field will be set so that only a number between
1 and 6 can be entered, while the gender field may be set so that
only M(ale), F(emale) or I(ndeterminate) can be entered. A simple
database, such as that used for a logbook, an audit project, or the
contact details of the members of a specialist society with a few
hundred members, may only need one table. This is often referred
to as a flat file database.
It is important that each row or record in a table is identified
uniquely. This will usually be by choosing a field which identifies
each record uniquely. This is the primary key. If no single field
uniquely identifies each record then a combination of fields may
be used as the primary key. In the example of a logbook database,
the patient’s hospital number is an obvious choice for the primary
key, but this might not be appropriate because the same patient
might have more than one operation and therefore more than one
entry in the logbook. A combination of hospital number, date, and
time could be a primary key, but a simpler approach is to give each
record a computer-generated number that is incremented by one
for each new record. This is the approach used most often.
In a large relational database, the data are held in many tables
related to each other by a series of keys. The keys make it possible to query the database and pull together data that are stored in
different tables. For instance, a theatre management system might
have a field called OperatingSurgeon. The specialty and other information about that surgeon might be held in a separate table called
SurgeonDetails.

informatics and technology for anaesthesia

There is an enormous body of theory concerning databases, the
foundations of which lie in the realms of mathematics and formal
logic. The relational data model is widely applicable and has become
dominant. It is common in the database management software
provided in desktop office software suites. Other models include
hierarchical, network, and object models. The hierarchical model is
used in Microsoft’s Windows Registry and in databases built using
the Massachusetts General Hospital Utility Multi-Programming
System (MUMPS). The hierarchical database model organizes data
in an inverted tree structure where each ‘child’ has only one ‘parent’, but any ‘parent’ may have many ‘children’ in a one-to-many
relationship.
In essence, these database models are all different ways in which
data can be organized to represent the relationships between data
items in an abstract way. Each has its advantages and disadvantages.
From a user’s perspective, a large database management system
will have several different components. Underlying everything will
be the database where data are actually stored. The user interface will
have forms for manual data entry, and connections to devices and
other systems for automated data entry. There will be forms or windows for viewing data which users may or may not be able to edit,
depending on the circumstances. Users will be able to query the database to view data that match certain criteria. Queries may be set up
for routine use or created for ad hoc viewing using on-screen filters.
More complex reports can be created to summarize data selected
from the database. An example of these components is an electronic
patient record (EPR) system where clinical chemistry results are
automatically entered into individual patient records by the laboratory information management system. Resident doctors can review
all the chemistry results of all the patients on a particular ward but
not change them. In contrast, consultants may be interested in viewing only the records of their in-patients and out-patients who have
results outside the normal range. The system can be set up to produce
monthly audit reports that document the proportion of patients who
had abnormal results and any resulting morbidity.
Reports can be specified using Structured Query Language
(SQL), a programming language specifically designed for querying
databases. SQL has become an industry standard and all desktop
and other DBMS understand its syntax, although the details of SQL
will often be hidden from users behind a friendly interface.
Database management systems can apply rules to validate data. For instance, the field SystolicBloodPressure might
be specified as a number in the range 10–400, while the field
DiastolicBloodPressure must be a number that is less than the
recorded SystolicBloodPressure. Failure to validate data in this way
results in nonsense data being entered.
Where many users can access the database simultaneously, the
DBMS must be able to lock the system so that one user cannot overwrite the data being entered by another. This locking and unlocking
of part or all of the database during a transaction occupies fractions
of a second and for the most part goes unnoticed by users. In a large
database, such as an EPR system, it must be possible to cleanse the
database by identifying potential duplicate records and allowing
database administrators to join them to create a single record, or to
separate them if two potentially duplicate records have been joined
in error. It must be possible to ‘delete’ records and reinstate them,
maintain a log of all edits to all portions of all records, and backup
the database. ‘Deleted’ records are actually not deleted at all. In practice, a flag is set to hide the record from view and exclude it from
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routine enquiries. Resetting the flag restores the record. Backups
of large, professionally maintained databases will usually involve a
process of mirroring whereby a complete copy of the active database, along with all the changes that might be being made to it at
any given moment, is kept in a separate data centre. Typically that
separate data centre will be some miles away so that in the event of a
disaster at least one copy of the data survives. In addition, the whole
database will be copied and stored securely at defined intervals.
A large DBMS will often have a related data warehouse. Typically,
this is created by taking a separate copy of the database at intervals
and rearranging the data so that the structure in which it is held
is optimal for querying and creating reports. A report containing
many tables analysing the activity and outcomes of a large maternity unit over a 5-year period is an example of the sort of report that
would be created from warehoused data. One of the great advantages of warehousing data is that it removes complex queries from
the operational database. The response time of the active database
is therefore not affected by transactions in the data warehouse.
Several distinct items of computer software may be involved in
a large system such as an EPR: one for the user interface, a relational database management system for storage, a data warehousing system, and one or more systems for producing SQL queries
and reports. (Fig. 34.2)

Data vs information
The terms data and information are sometimes used interchangeably, but this is wrong. Information is a synthesis of data with other
data. Knowledge is what someone knows, it is information that has
been processed by a human being and put into context in the light
of everything else that person knows.
For example, 120 is just a number. By itself it means nothing.
A single heart rate value of 120 is almost as meaningless. To have
any meaning at all it must have units. A heart rate of 120 beats
min−1 means something very different from 120 beats in a 30 s
recording period, or a short burst of 6 consecutive beats at a rate
of 120 min−1. Even then the significance of 120 is unclear. More is
needed—is the patient a neonate, an anaesthetized adult, a trauma
victim, or a patient in the intensive care unit? It is obvious from
this that data without context are of little use. Only when data are
combined with other data to put them into context do they become
useable, and useful, information.
The above-mentioned data are still not enough. To be truly
useful even more is required. A neonate with a heart rate of 120
beats min−1 is probably normal. An anaesthetized adult with a
heart rate of 120 beats min−1, who is also hypertensive and lacrimating, is probably inadequately anaesthetized. The trauma victim
in the emergency department is probably bleeding if they are also
hypotensive. But in all these examples the true significance of the
information, and the action that should be taken on it, requires
medical knowledge.
Health informatics is involved in the processes by which raw data
are converted into useable information and then incorporated into
medical knowledge.

Legal framework
There is a well-established legal framework governing the practice
of Health Informatics and the proper use of data. In the United
Kingdom, there are three Acts of Parliament that are of particular
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Figure 34.2 Components of a large database system.

relevance: the Computer Misuse Act, the Data Protection Act, and
the Freedom of Information Act. In addition, the General Medical
Council provides advice on confidentiality and details of situations
when it may be appropriate to disclose personal information, while
the UK Health Departments provide guidance on all aspects of data
management. In the United States, the Health Insurance Portability
and Accountability Act (HIPAA) deals with similar matters, while
other countries have laws with similar aims.

Computer Misuse Act
The Computer Misuse Act was enacted in the United Kingdom
in 1990 and amended by certain clauses in the Police and Justice
Act 2006. The act makes it an offence to gain unauthorized access
to computer material; to gain unauthorized access with intent to
commit or facilitate commission of further offences; to act without
authorization to impair the operation of a computer; or to make,
supply, or obtain articles for use in any of those offences.
The Computer Misuse Act is relevant to the common hospital
situation where a doctor logs into the hospital’s record system using
their personal password, views some records or enters some data,
and then leaves the computer workstation without logging out.
Failing to log out is not an offence, but using the computer while
logged in under someone else’s username and password could be
construed as gaining unauthorized access, and therefore an offence
under the Act.

Data Protection Act
The Data Protection Act came into law in 1998, although some
details have been amended by subsequent legislation. The essence
of the Act is enshrined in eight principles:
1. Personal data shall be processed fairly and lawfully.
2. Personal data shall be obtained only for one or more specified
and lawful purposes, and shall not be further processed in any
manner incompatible with that purpose or those purposes.
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3. Personal data shall be adequate, relevant and not excessive in
relation to the purpose or purposes for which they are processed.
4. Personal data shall be accurate and, where necessary, kept up
to date.
5. Personal data processed for any purpose or purposes shall not
be kept for longer than is necessary for that purpose or those
purposes.
6. Personal data shall be processed in accordance with the rights of
data subjects under this Act.
7. Appropriate technical and organizational measures shall be
taken against unauthorized or unlawful processing of personal
data and against accidental loss or destruction of, or damage to,
personal data.
8. Personal data shall not be transferred to a country or territory
outside the European Economic Area unless that country or
territory ensures an adequate level of protection for the rights
and freedoms of data subjects in relation to the processing of
personal data.1
The Information Commissioner’s Office (ICO) is responsible for
policing the Data Protection Act. Depending on the circumstances,
the ICO can issue enforcement notices, impose financial penalties,
or instigate criminal prosecutions.
Organizations and individuals that control the use of personal
data are required to register with the ICO. All hospitals are registered. Individual anaesthetists will also need to register if they keep
personal data about patients. The definition of what constitutes personal data is complex and the ICO provides advice to individuals
and organizations about the scope of the Act. Another aspect of the
Data Protection Act is that it gives individuals the right to know
what information is held about them, and the right to correct that
information if it is wrong. Taken together the provisions of the Data
Protection Act have many implications for EPR-keeping.

Freedom of Information Act
The Freedom of Information Act came into force in 2000 and
included some minor amendments to the Data Protection Act of
1998. Its aim was to make public bodies, including hospitals, more
accountable. Public bodies are obliged to have a publication scheme
which details the information that they routinely make available,
in many cases through publication on their website. All employees
need to be aware of their employer’s publication scheme because
this may include minutes of meetings, budgets, and policies and
procedures. Other examples of information which may routinely
be made available through an organization’s publication scheme
are the performance records of surgeons, the use of private hospital
beds by the NHS, and the trials of new drugs. If someone wants
information that is not routinely made available then an application must be made under the terms of the Freedom of Information
Act. Public bodies are not obliged to make available all information that they hold. For instance, they may withhold information
if it is deemed to be in the public interest to keep it confidential
1

Reproduced from the Data Protection Act 1988, http://www.legislation.gov.
uk/ukpga/1998/29/schedule/1. Contains public sector information licensed
under the Open Government Licence v3.0. http://www.nationalarchives.gov.
uk/doc/open-government-licence/version/3/
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or if it is commercially sensitive, and they will not reveal information about an individual because that comes within the scope of the
Data Protection Act.

Health Insurance Portability and Accountability Act
The Health Insurance Portability and Accountability Act (HIPAA)
came into force in the United States in 1996. Some of its provisions were extended by the Health Information Technology for
Economic and Clinical Health Act (HITECH Act) that was part
of the American Recovery and Reinvestment Act of 2009. Sections
of the HIPAA and HITECH Act deal with the same matters as the
Computer Misuse Act and the Data Protection Act in the United
Kingdom, but with special reference to healthcare and circumstances where a patient’s medical records are held on computer.

European legislation
Europeans are culturally suspicious of the ways in which governments may use information they hold about individuals. The origins of modern European legislation governing the use of personal
data can be traced to the Universal Declaration of Human Rights by
the United Nations in 1948. The Declaration was a direct response
to the abuses of personal information by the fascist governments
of the 1930s and 1940s. The European Convention on Human
Rights followed in 1950 and reflected the content of the United
Nations Declaration. The European Convention also established
the European Court of Human Rights. Both the UN Declaration
and the European Convention include a right to privacy.
Various declarations and conventions followed with a view to harmonizing European legislation on privacy and data protection. This
culminated in the Charter of Fundamental Rights of the European
Union (European Union 2012) which was signed in 2000 and
received full legal effect as a result of the Treaty of Lisbon in 2009.
It incorporates the rights enshrined in the European Convention of
1950 and specifically states that everyone has the right to privacy
of communications and the protection of personal data concerning them; that such data must be processed fairly for specified purposes; that everyone has the right of access to data which have been
collected about them, and has the right to have them rectified.
The Data Protection Directive (European Union 1995) preceded
the Charter of Fundamental Rights. It was published in 1995 and
forms the basis of the UK’s Data Protection Act.

Controlled terminologies
‘Pray, Mr. Babbage, if you put into the machine wrong figures,
will the right answers come out?’ This question was put to Charles
Babbage (1791–1871), regarded by many as the father of computing. Computers are machines and can only follow instructions, so
the answer to the question is emphatically no. The phrase ‘garbage
in, garbage out’ was coined to make this point.
Various techniques are available to avoid nonsense data being
entered into a computer. One is to use the sorts of data validating
techniques used in DBMS. Another is to standardize the terms used.
For instance, an anaesthetist searching paper anaesthetic records to
audit the use of suxamethonium would recognize that the terms
‘suxamethonium’, ‘sux’, ‘Scoline’, and ‘Anectine’ were all the same
drug. They would probably also recognize that ‘Sx’ and the strange,
misspelt abbreviation ‘suximeth’ were also relevant if the context in
the record was appropriate. A search of a computerized anaesthetic
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information management system (AIMS) would not be so simple.
It might be possible to search for some common abbreviations of
suxamethonium but it would not be possible to search for all possible misspellings and personalized abbreviations. Computerized
medical record systems can overcome this problem in two ways.
One is to mandate the use of certain terms and forbid the use of
all alternatives. This solution is impractical beyond the confines of
a single healthcare facility. The other is to allow the use of many
different terms, and to identify those which are synonymous by
attaching the same code to each of them (Tackley et al. 1993). The
codes do not need to be visible to the user and may consist of long
strings of digits which are not easily read by humans but are easily
processed by a computer.
This explains the rationale for creating a controlled terminology,
but the task of constructing controlled clinical terminologies has
not proved to be easy (Rector 1999).

Unified Medical Language System (ULMS)
UMLS (http://www.nlm.nih.gov/research/umls/) started in 1986 as
a long-term research project at the National Library of Medicine
in the United States. It aims to bring together the medical terms
used in many different databases, group them into categories, and
describe the relationships between them. This language system or
controlled terminology is not a tool for end-users; it is designed to
be incorporated into computerized record systems. The scope of
UMLS is much wider than that of other controlled terminologies
used in medicine and it tends not to have the same level of detail.

International Statistical Classification of Diseases
and Related Health Problems—10th revision (ICD-10)
The ICD-10 is used to code the causes of death on death certificates, and to code diagnoses following an episode of hospital care.
The data collected can then be used by health planners to monitor
morbidity and mortality in the population. It uses a hierarchical
classification with codes from A00.0 to Z99.9, giving a theoretical maximum of 26 000 codes. There are related classifications for
Functional Disability and for Health, and Health Interventions.
The origins of the ICD-10 can be traced back to the Bills of
Mortality in sixteenth-century London, and the efforts of de la
Croix and Cullen in the eighteenth century to produce standardized lists of the causes of death. The Births and Deaths Registration
Act of 1836 led to the creation in 1837 of the General Register
Office of England and Wales. This mandated the registration of all
deaths—although a death certificate had been required in English
parishes since 1538 to allow the legal burial of the deceased and
the disposal of their assets—and from 1841 a doctor was required
to certify the cause of death unless the case was referred to the coroner. William Farr was appointed as the first medical statistician
to the General Register Office. At the First International Statistical
Congress held in Brussels in 1853, Farr, and Marc d’Espine of
Geneva, were invited to compile an internationally applicable
classification of the causes of death. The 5th revision of Farr’s list
was published in 1886 and this formed the basis of Bertillon’s
Classification of the Causes of Death, which was adopted at the
Chicago meeting of the International Statistical Institute in 1893.
Bertillon’s classification was similar in many ways to the modern
ICD and is its true precursor. A conference convened in Paris in
1900 to revise Bertillon’s classification agreed that it should be

revised every 10 years, resulting in the publication of the 5th revision in 1938.
Farr also produced a classification of the causes of hospital morbidity and Florence Nightingale had urged its adoption at a meeting
in London in 1860. Work on classifying morbidity continued internationally but it was not until the publication of the 6th revision of
ICD (World Health Organization 1949) that the classifications of
morbidity and of mortality were combined. Further revisions followed, resulting in the publication of ICD-10 in 1990. A revision of
ICD-10 in 2007 did not cause the numbering to be updated.
ICD-10 and the related classifications are maintained by the
World Health Organization and are freely available on its website. ICD-11 is being developed using a collaborative, web-based
approach. Completion is due in 2018.
ICD-10 is a hierarchical classification so the code for a particular
diagnosis has a direct relation to codes for related diagnoses. For
example, diseases of the respiratory system have codes in the range
J00–J99, while acute upper respiratory infections have codes from
J00 to J06. One of the problems of ICD-10 is the use of codes for
‘other’ and ‘unspecified’ diagnoses, and diagnoses ‘Not otherwise
specified (NOS)’, all of which can be used to code widely disparate conditions. A good example is J98.4—‘Other disorders of the
lung’—which includes calcification of the lung, acquired cystic lung
disease, lung disease NOS, and pulmolithiasis.

The Office of Population, Censuses
and Surveys: Classification of Surgical Operations
and Procedures—4th revision (OPCS-4)
OPCS-4 is a classification of operations and procedures used by
the National Health Services in the United Kingdom. The Office of
Population, Censuses and Surveys was the successor to the General
Register Office. It has now been subsumed into the Office for
National Statistics and responsibility for maintaining OPCS-4 has
passed to the Health and Social Care Information Centre (http://
www.hscic.gov.uk). Despite these changes, the name remains.
OPCS-4 is used to code procedures and surgical operations so that
activity and outcomes can be monitored. It is a hierarchical classification using codes from A00.0 to Z99.9, like ICD-10.
The history of OPCS-4 can be traced to the publication of a statistical classification of surgical operations in 1944 by the Medical
Research Council. This was revised over the years and significantly
updated following the publication of a report by the Steering Group
on Health Services Information chaired by Mrs Edith Körner in
1982. The National Intervention Classification project was started
in 2003 with the aim of replacing what by then was OPCS-4.2. This
project did not fulfil its original aims and OPCS-4 was revived
with a plan to keep it up to date. OPCS-4.3 was published in 2006.
Regular updates have led to the publication of OPCS-4.6 in 2011,
while OPCS-4.7 was released in 2014.
OPCS-4 has some problems. First, there is some overlap
between the diagnostic codes of ICD-10 and the procedure codes
of OPCS-4, especially in the domain of pregnancy and childbirth.
Coders are given guidelines about which coding system to use
under different circumstances. Second, as it uses the same codes
as ICD-10 it is important not to select the wrong classification.
The code H47.1 represents a diagnosis of papilloedema, unspecified, in ICD-10, but the procedure excision of sphincter of anus
in OPCS-4.
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Read Codes and Clinical Terms Version 3
Read codes were the invention of the late Dr James Read, a General
Practitioner in Loughborough, Leicestershire, United Kingdom.
They were designed to facilitate the codification of diseases seen in
primary care at a time when computers were being introduced into
healthcare but were not very powerful. The 4-byte version (1984)
used 4 alphanumeric characters in a hierarchy and had about
10 000 codes. Version 2, a 5-byte version using 5 characters, was
introduced in 1988. The use of a 5th character enabled much of the
content of OPCS-4 and ICD-9, which was the disease classification
system current at that time, to be incorporated.
The UK National Health Service bought the copyright of the coding system from Dr Read and began a project to update and extend
his classification. Read Clinical Terms Version 3, also known just
as Clinical Terms Version 3 (CTV3), involved a radical restructuring of Read codes (see ‘Theoretical Background to SNOMED CT
and CTV3’). The alphanumeric codes served solely as identifiers for
unique concepts, and the codes no longer had intrinsic meaning by
virtue of their position in a hierarchy. The number of codes grew
from around 30 000 in the 1988 revision of Read 2, to about 250 000
unique concept identifiers in the 1999 version of CTV3.
The 5-byte Read codes and CTV3 are revised regularly by the
UK Terminology Centre, a division of the Health and Social Care
Information Centre.

Systematized Nomenclature of Medicine—Clinical
Terms (SNOMED CT)
SNOMED CT is the definitive international effort to produce a
comprehensive thesaurus of medical terms. It originated as the
Systemized Nomenclature of Pathology (SNOP) published by the
College of American Pathologists (CAP) in 1965. Medical terms
were incorporated in 1974 to create SNOMED. This was amended
and expanded over time resulting in SNOMED RT (Reference
Terminology) in 2000. By then it was apparent that the NHS in
the United Kingdom, and the CAP in the United States, were trying to create similar products, in the same language, underpinned
by the same ontological theory (see ‘Theoretical background
to SNOMED CT and CTV3’). They therefore joined forces and
SNOMED RT and CTV3 were combined to produce SNOMED
CT (Clinical Terminology) in 2002. The first version was in
GB English and US English. Editions in Spanish and other languages have followed. The responsibility for further development
of SNOMED CT was passed in 2007 to the International Health
Terminology Standards Development Organisation (IHTSDO),
based in Copenhagen. Nine countries, including the United States
and United Kingdom, were IHTSDO’s original Charter Members,
but many others are now involved. Updates of SNOMED CT are
released every 6 months.
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instance, where the coding scheme runs from A00.0 to Z99.0, there
can be no more than 10 sub-hierarchy nodes at any level below the
top alphabetical node. This leads inevitably to the use of terms such
as ‘not elsewhere classified’ (NEC) and the combining of several
distinct concepts under a single vague term. CTV3 and SNOMED
CT have solved this with their use of pure numerical codes to identify individual concepts. The result is that terms can be moved from
one place in the hierarchy to another as knowledge expands without changing the code attached to that term. An example would be
infection with the human immunodeficiency virus (HIV) and the
acquired immune deficiency syndrome (AIDS). An early classification of AIDS, a syndrome which was described before the invention
of Read codes, might have put it into the category of diseases of
unknown aetiology, and attached a code appropriate to its position
in the hierarchy. After HIV was discovered the concept of AIDS
would have had to be moved to a different place in the hierarchy in
recognition of its viral cause, and given a different code to reflect its
new position in a different hierarchy.
CTV3 and SNOMED CT are more like a thesaurus, that is, a
compilation of terms arranged according to their meaning with
cross-references to other terms to help define their meaning. The
concept of a thesaurus has its origins in the investigations into
the theory of language by the seventeenth century philosophers
Leibniz and Bishop Wilkins (Roget 1982). The underlying structure of SNOMED CT is a direct development of that used in CTV3
and derives from theoretical work on how to represent knowledge specific to a particular domain, such as medicine. The resulting representation is sometimes referred to as a domain-specific
ontology (Cimino 1998). It also incorporates the ideas of Ogden
and Richards’ semiotic triangle (Ogden and Richards 1923) which
itself derives from the work of Aristotle and the nineteenth-century
German philosopher and mathematician Gottlob Frege. The three
components of the semiotic triangle are a thought or single concept; the referent, or object to which that thought or concept refers;
and the symbols, or words, or codes, used to describe that concept.
Many different words can be used to refer to the same unique concept (Fig. 34.3).
SNOMED CT is defined as a ‘partially compositional controlled
clinical vocabulary arranged in a supertype-subtype hierarchy,
held as a directed acyclic graph and using object-attribute-value
triples to allow composition and semantic definition of concepts’.
What this definition means is that the terms can be viewed as a
diagram, or graph. The meaning of each term is defined by its
THOUGHT
Abstract concept

Theoretical background to SNOMED CT and CTV3
A dictionary is an alphabetical listing with definitions.
A classification, or taxonomy, such as ICD-10, or the first versions of Read codes, is an ordering of terms in a strict supertype-
subtype hierarchy with categories (or types), sub-categories, and
sub-sub-categories. The meaning or definition of any term is to
some extent implied by its place in the hierarchy. One of the problems with attaching codes to a strict hierarchical classification such
as ICD-10 is that the scheme can run out of codes. In ICD-10, for

REFERENT
Real world object

SYMBOL
Symbols, words,
and codes

Figure 34.3 Ogden and Richards’ semiotic triangle.
Reproduced from C. K. Ogden and I. A. Richards (1923) The Meaning of Meaning.
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‘parent’ (supertype) and ‘child’ (subtype), or ‘is-a’, relationships in
the hierarchy—with the proviso that a ‘parent’ cannot be a ‘child’
of itself. Hence the graphical representation must be directed in
one direction only, and acyclic. However, a ‘child’ can have multiple ‘parents’ and a ‘parent’ can have multiple ‘children’ creating
a poly-hierarchical structure. Terms are given further meaning, or
semantic definition, by their relationship to other terms through
object-attribute-value triples, or ‘has-a’ relationships. For example,
the concept radial artery cannula insertion (procedure) ‘is-a’ upper
limb artery cannula insertion (procedure), and ‘has-a’ attribute
of procedure site which is allowed one of two values: left, or right
(Fig. 34.4).
Another reason for the poly-hierarchical structure of SNOMED
CT is that there are many examples of diseases for which there is a
single concept that needs to be positioned in more than one hierarchy. Tuberculous meningitis is an example of a single concept of
disease that is both an infectious disease and a disease of the nervous system.
One of the problems encountered by SNOMED is how much
pre-coordination to allow. A pre-coordinated term in the thesaurus
is a single term which encompasses several distinct concepts. In
an ideal world, complex ideas are post-coordinated, that is, they
are broken down into their atomic concepts and the relationship
between them is expressed by the information model of the clinical
record system. So, the type of anaesthetic administered should be
separate from the record of the surgical procedure for which it is
given, and the technical details of the anaesthetic should be separate from the fact that a patient was given an anaesthetic.
For instance, ‘Inhalation anaesthesia, machine system, semi-
closed, no rebreathing of primary agent (procedure)’ and
‘Anaesthesia for cast procedure on forearm, wrist or hand (procedure)’ are both SNOMED terms. The first combines the concepts

of inhalation anaesthesia and the technology used to administer
it. The second mixes the concept anaesthesia, without specifying
the sort of anaesthetic given, with an anatomically vague concept
concerning the surgical procedure. These concepts, and others like
them, have been inherited by SNOMED CT from classifications
designed for other purposes, such as epidemiology and finance.
Much of the maintenance work is aimed at identifying atomic concepts and retiring (but not deleting) those pre-coordinated terms
that are deemed not to be useful. SNOMED’s content editors have
agreed guidelines regarding pre-coordination.

Other terminologies
UMLS, ICD, OPCS-4, Read, and SNOMED are not the only terminologies that exist in medicine. The International Society
for Nomenclature of Paediatric and Congenital Heart Disease
(ISNPCHD) was constituted in Canada in 2005 and has produced
a list of International Pediatric and Congenital Cardiac Codes
(IPCCC). In 1994 the Regenstrief Institute in the United States
created a list of Logical Observation Identifiers Names and Codes
(LOINC®) to include laboratory and other clinical observations. The
International Classification of Primary Care, Second edition (ICPC-
2) and the International Classification of Health Interventions
(ICHI) are both maintained by the World Health Organization.
In the United States, the Current Procedural Terminology (CPT)
codes are used when seeking reimbursement for healthcare services.
CPT codes are published by the American Medical Association
and identify services provided rather than the diagnosis. Canada,
Australia, France, Holland, Germany, Belgium, and Switzerland
each have their own separate classifications of health interventions.
The French classification of procedures, Classification Commune
des Actes Médicaux (CCAM), was developed using the tools of
OpenGALEN, a not-for-profit Dutch Foundation that produces an
open source medical terminology. The Nordic Medico-Statistical
Committee (NOMESCO) has a medical classification that is used
in some Nordic and Baltic countries, and in Greece.
Some of these terminologies and classifications are being
absorbed into SNOMED CT. In contrast, OpenGALEN offers an
alternative approach to terminology to that used by SNOMED CT,
and in the case of UMLS the effort is to absorb SNOMED CT (Fung
et al. 2005).

Medical programming languages
Healthcare has spawned two computer programming languages,
the Massachusetts General Hospital Utility Multi-Programming
System (MUMPS) and Arden Syntax. The Unified Modeling
Language (UML) is of more general applicability and is not specific
to healthcare.

Massachusetts General Hospital Utility
Multi-Programming System

Figure 34.4 Radial artery cannulation defined in SNOMED CT (abbreviated).

MUMPS or M, as it is sometimes called, is a computer programming
language that was developed in the 1960s in Boston, Massachusetts,
United States. It was specifically designed for building medical
databases. The original application was a hospital information system at the Massachusetts General Hospital. The language was first
standardized under the banner of the American National Standards
Institute (ANSI) in 1977. The MUMPS language has evolved over
the decades and the revised standard has been reaffirmed by
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ANSI. It is also recognized by the International Organization for
Standardization (ISO).
MUMPS has been ported to most operating systems by a number of different companies. Predominantly these have been main-
frame operating systems such as Open VMS, although there have
been versions for Microsoft’s DOS and Mac OS X. An innovative
feature of MUMPS was its ability to multitask, hence the ‘Multi-
Programming’ in its name. Multitasking on the hardware available
in the 1960s required the code to be very efficient. More modern,
less terse, programming languages typically require 5–10 times
more space than MUMPS to do the same task. MUMPS databases therefore have a reputation for being very fast on modern
computers.
Most applications of MUMPS have been in the field of healthcare computing. These include hospital patient administration and
primary care systems in the United Kingdom; the Veterans Health
Information Systems and Technology Architecture (VistA) and the
Department of Defense medical information system in the United
States; and the Indian health service. MUMPS has also been used
extensively for databases in the financial services sector.

Arden Syntax
Arden Syntax is a medical programming language designed purely
to support advanced decision support in electronic health record
systems. Medical logic modules (MLMs), small programs written
in Arden Syntax, monitor transactions in a medical database and
perform defined actions if certain criteria are met. The heart of an
MLM is an IF … THEN … logic statement. An example would be
an MLM triggered every time penicillin is ordered for a patient;
the MLM checks the patient’s record and if the patient is allergic to
penicillin then it prints a message on the computer screen warning
the doctor that ordering penicillin is contraindicated.
Arden Syntax arose from a collaboration between Columbia
Presbyterian Medical Center in New York and other interested
parties, including commercial sponsors. It resembles the programming language Pascal, and was derived from languages used
to write MLMs at the LDS Hospital, Utah and the Regenstrief
Institute in Indiana. The Syntax was devised in 1989 following a
conference at Arden House in Harriman, New York State, and was
named after the conference venue. Arden Syntax was subsequently
adopted by the consensus standards organization, the American
Society for Testing and Materials (ASTM) in 1992. Responsibility
for maintaining Arden Syntax standard was later transferred to
Health Level 7 (HL7; http://www.hl7.org), a standards development
organization for clinical and administrative data in healthcare. HL7
is accredited by the American National Standards Institute (ANSI)
and Arden Syntax was accepted as an ANSI standard in 1999. It has
been revised several times since.
A particular feature of Arden Syntax is a structure that allows
it to be understood relatively easily by clinicians with only a rudimentary knowledge of computer programming. It also mandates
the inclusion of information about the author, date of creation, and
purpose of the MLM.
One of the problems with Arden Syntax is that every clinical
database is different. Even hospitals using the same EPR system
will have slightly different database structures, so MLMs must be
tailored to the specific database. This involves a certain amount of
rewriting of imported MLMs. Another potential problem is that it
takes time to run an MLM when a database transaction occurs, so

informatics and technology for anaesthesia

if there are a large number of MLMs they can cause a noticeable
slowing of the system. Several commercial vendors of EPR systems
support MLMs written in Arden Syntax and they have been used
hospitals in the United States, Sweden, France, Holland, and the
United Kingdom.

Unified Modeling Language
The UML, not to be confused with the UMLS previously discussed,
is not a programming language as such. It is a standardized graphical technique for describing the who, what, where, and when of
any process. Anaesthetists involved in the implementation of new
computer systems need to understand its purpose. The first step
in computerization of any process, such as an anaesthetic episode,
is to describe that process in the form of a hypothetical story, a
so-called use case. This might, for instance, describe in detail all
the steps involved in the anaesthetic care of a patient undergoing
elective repair of an aortic aneurysm. This would include preoperative assessment, insertion of intravascular cannulae for invasive monitoring and epidural catheter for postoperative analgesia,
the administration of general anaesthesia, dealing with intraoperative problems, and transfer to the intensive care unit. It would
describe the people involved, the equipment used, the location,
and the sequence of events. In practice, several use cases would be
written to illustrate a range of cases. These use cases would then be
translated into the graphical format of UML. The UML descriptions
can then be given to a computer programmer who might otherwise
not understand the complexities of anaesthetic processes, so that all
the required steps can be enabled in the EPR.

Informatics in practice
Electronic patient records
Computers have been used in healthcare for several decades.
Until recently they were most likely to be found running a hospital’s finances, or departments such as Theatres, Laboratories, or
Diagnostic Imaging. These old, department-centric, systems originally used dumb terminals connected to a mainframe computer
and were accessed through a keyboard-based user interface, largely
because the graphical user interface had not been invented when
they were designed. Extracting useful clinical information from
these systems to assist clinical care was rarely easy because that is
not what they were designed to do. Information about individual
patients was held in separate systems, so a clinician would have to
log in to each system to find what they wanted. Each system would
require its own username and password, sometimes in its own specific format.
Recent years have seen a significant effort to introduce EPRs
in all countries with well-developed health services, although
the terminology can sometimes be confusing (Table 34.2). There
are many reasons for this movement. A strong clinical reason for
implementing EPRs is the inadequacy of paper records. Different
users have their own ideas about how a paper record should be
structured and uniformity can be difficult to enforce. An anaesthetic record chart may therefore be filed chronologically in the
patient’s record, or in a separate section, or misfiled in any of a
multitude of ways—assuming that it is not lost, or filed in the
wrong patient’s folder. Added to this there is no means of enforcing the standard recording of anaesthetic events on paper, apart
from providing some sort of structure through the layout of the
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Table 34.2 Some terms used for electronic records in healthcare
Abbreviation

Name

Description

EPR

Electronic patient record

Electronic record of periodic health care,
usually confined to one institution

CPR

Computerized patient record

Scanned paper records

EMR

Electronic medical record

For use by doctors only

EHR

Electronic health record

Longitudinal cradle-to-grave record

EHCR

Electronic health care record

Longitudinal cradle-to-grave record

ECR

Electronic client record

Used by allied health professionals

DMR

Digital medical record

Can refer to any computerized record

PHR

Personal health record

Used by patients

anaesthetic chart. Then there are the problems of illegible handwriting, and failure to date or sign entries, while every anaesthetist
has their own favourite abbreviations which may not be readily
comprehensible to others. Over time, any patient’s file will become
bulkier and more untidy, and most anaesthetists will have experience of patients whose records are spread over two or more poorly
organized folders. Finding important information then becomes a
matter of chance.
Paper medical records have other problems. They can be viewed
by only one person at a time, and they are not easily transported
between different sites for patients who need treatment in more
than one location, even within the same organization. Gathering
data from paper records for secondary uses not concerned with
direct patient care (Box 34.1) is time-consuming and prone to error.
Clinicians, managers, and politicians recognize that the information gathered from paper records is imperfect. It is hoped that computerization will improve the quality of information for secondary
uses because clinicians have a vested interest in ensuring that data
recorded in an EPR are accurate. Furthermore, paper records do
not provide any significant sort of clinical decision support, nor do
they facilitate the use of care pathways. They also take up storage
space, which is increasingly expensive, and a large hospital requires
a small army of clerks and porters to file the records and move them
between storage, clinic, ward and office.
In contrast to old, department-centric, information systems,
modern EPRs are patient-centric. That is, the user logs in to the

Box 34.1 Secondary uses of electronic patient records
◆

Medico-legal

◆

Quality management

◆

Education and training

◆

Research

◆

Public and population health

◆

Policy development

◆

Health service management

◆

Billing, finance, reimbursement.

system with a single username and password, selects the patient
whose record they wish to view, and then can see everything that
they need about that patient. A fully developed EPR can be viewed
simultaneously by users in different locations, for instance, while
they discuss the patient on the telephone. An EPR does not get
lost in transport between different sites; care pathways can be supported; information gathering and analysis for clinical governance,
and coding, can be automated; information cannot be misfiled;
every entry is time and date stamped, legible, and signed; some data
fields can be made mandatory; there is a log of all changes to the
record; and decision-support systems can be deployed.
EPRs can help make many clinical processes more efficient. The
production of discharge summaries and out-patient letters can be
at least semi-automated. Drugs and investigations can be ordered,
and results viewed. The use of resources can be controlled in various ways. One is through the implementation of order sets. A consultant surgeon might decide that certain investigations should be
performed and drugs ordered for every patient scheduled for a particular operation. Those investigations and drug orders can be combined in an order set that can be ordered with a single mouse click.
This would not prevent other investigations or drugs being ordered
but, in accord with nudge theory, the investigations required by the
surgeon are more likely than not to be ordered in a timely manner.
A major concern of everyone involved in providing healthcare
is to do no harm. The ordering of drugs for nurses to administer to
hospital in-patients, or their prescription for self-administration
by out-patients, is an area where mistakes occur frequently. There
is some evidence that computerizing the process reduces errors
(Suldanha 2004). General practitioners in the United Kingdom
have been prescribing electronically for many years and the process has been extended by transferring prescriptions electronically to local pharmacies for dispensing. Electronic drug ordering
in hospital practice has some obvious benefits. The orders are
always legible, signed, and dated, with specified start dates, clarity
of dose, route, and frequency of administration. Any changes are
logged and easily reviewed (Mitchell et al. 2004). Hospital prescribing policies can be enforced in various ways. For instance,
by making it impossible to order drugs which the pharmacy does
not stock, or by forcing the review of antibiotic orders after a predetermined number of days. Decision support and bar code technology can add to these benefits (see ‘Anaesthetic information
management systems’).
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Table 34.3 Organizations facilitating interoperability of EPRs
Organization

Website

OpenEHR

http://www.openehr.org

Health Level Seven (HL7)

http://www.hl7.org

European Patients Smart Open Services (epSOS)

http://www.epsos.eu

Integrating the Healthcare Enterprise (IHE)

http://www.ihe.net

EPRs produced by commercial suppliers will each have their own
data model describing the way in which data are organized in the
underlying database. In many cases the data models will be incompatible between companies, so combining the data from each system would not be possible, for example, for a national audit project.
Several organizations are involved in solving this problem by defining the standards needed to make computerized health records
interoperable (Table 34.3).

Security and confidentiality in EPRs
There are two aspects to the security of EPRs. One is the preservation of data so that it is not destroyed unintentionally. This is a
function of the DBMS (see ‘Databases’). The other is the prevention
of unauthorized access to all or part of the system. Paper medical
records may not always be kept in an entirely secure environment
but there is generally only one copy. Anyone who wishes to gain
access, legitimately or otherwise, must first locate that single copy.
This fact provides a certain amount of security and confidentiality.
The EPR in a hospital must be available from many computer terminals so it is important to control access by means other than purely
physical ones based on location. The traditional access controls of
username and password are susceptible to misuse, for instance, by
failure to log off and password sharing. Increasingly the techniques
used in Internet banking are being adapted to the control of access
to EPRs. These are commonly based on the principle of something
that is in the possession of the user and something that they know.
The combination of a smartcard and a personal identification number (PIN) is a common manifestation of this principle. If the user
is physically attached to the smartcard then it cannot be left in the
smartcard reader when the user leaves the terminal, and its removal
automatically logs that user out of the system. Techniques such as
fingerprint or iris recognition, or the use of near field communication technology, might also be used. Researchers continue to seek
the ideal access control technology (Stajano 2011).
The EPR must be protected with appropriate firewalls and anti-
virus software, and technologies implemented to prevent the unauthorized copying of records.
Hospital EPR systems also control access to different aspects
of the system through the use of security groups. Each group is
defined by what it can do and what it can see. So a midwife might be
in a security group that has access only to the records of pregnant
women, but has considerable freedom to order drugs and tests for
that group of patients. Anaesthetists will usually need widespread
access to view patients in all areas of the hospital, and to be able to
order drugs and tests, if they are to do their job unimpeded.
There will always be aspects of their medical history that some
patients wish to keep private, for example, termination of a pregnancy. This aspect of security can be dealt with by having an area
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analogous to a sealed envelope in the EPR. An anaesthetist can see
that the patient has a sealed envelope but cannot see the contents
of that envelope without breaking the seal. If they do break the seal,
with or without the patient’s explicit consent depending on the circumstances, then the viewing of the private contents will be logged
and the anaesthetist may need to account for their action to those
responsible for system security.
Encryption of patient data and a secure network are essential to
maintain security of data during transmission from database server
to workstation. These aspects of security are well understood from
the use of computers in the financial and government sectors and
should always be applied to EPRs.

Decision support
Clinical decision support has two forms. Passive decision support
and active decision support. Passive decision support is when a clinician has a question about some aspect of patient care that they
want answered. Previously this would have involved consulting a
reference book and in many instances it would have needed a trip
to the hospital library. The electronic equivalent involves logging
on to the Internet and using a search engine to find the answer. This
modern method is much faster and produces more up-to-date and
relevant information, although it tends to produce much irrelevant
information as well. Also, it can be done close to the patient’s bedside or even in the operating theatre. Many anaesthetists now use
smartphones with specialized applications (apps) to find information and help decision-making.
It is common to have some sort of pre-printed booklet for managing the treatment of some categories of patient. For example, a
booklet with pre-determined sections and headings may be used
for recording all clinical aspects of a day-case surgical episode
including a pre-printed prescription for postoperative analgesics.
The anaesthetist has only to sign against each drug that they want
the patient to take home. There will usually be blank space for the
prescription of alternative medications but experience shows that
this is rarely used. In this way the anaesthetist is nudged into doing
what the designers of the day case pathway want them to do. This
is as close to active decision support as it is possible to get without using a computer, and is easily reproduced in an EPR as an
order set.
More active decision support in EPRs is possible by programming
some ‘intelligence’ into the system. One technique uses MLMs programmed in Arden Syntax (see ‘Arden Syntax’). They can be used
for something as relatively straightforward as providing an on-
screen warning if digoxin is being ordered and the patient is seriously hypokalaemic, to more complex interventions such as paging
a particular doctor if the results of some combination of laboratory
results fall outside a defined range.

Anaesthetic information management systems
The implementation of an AIMS is a natural corollary to the implementation of an EPR. A primary reason for installing an AIMS is to
improve patient safety through the provision of accurate information about performance. This same reason was given by the pioneers of paper anaesthetic records (Tovell and Dunn 1932).
In the United States, the Anesthesia Patient Safety Foundation
(APSF) devoted a whole issue of its newsletter to consideration of
AIMS (APSF 2001) and subsequently stated that it ‘endorses and
advocates the use of automated record-keeping in the perioperative
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period and the subsequent retrieval and analysis of the data to
improve patient safety’ (APSF 2001–2002).
The AAGBI and the RCoA have supported the use of computerized anaesthetic records that are fully integrated with other clinical systems (AAGBI and RCoA 2008). In the same document they
listed suggestions for an anaesthetic record data set and criteria for
an anaesthetic record system (Boxes 34.2 and 34.3). The suggested
data set had been developed from one that was originally designed
for use in logbooks (Adams 1996).
Record-keeping is the last thing an anaesthetist is concerned
with when dealing with a crisis during an anaesthetic. It is difficult to produce an accurate retrospective account of events, especially where several things have happened very quickly. Automatic
download of data from physiological monitors could help in
reconstructing the sequence of events accurately for professional
review and medico-legal purposes. The ISO (http://www.iso.org/),
the European Committee for Standardization (CEN; http://www.
cen.eu) and the Institute of Electrical and Electronics Engineers
(IEEE; http://www.ieee.org/) have devised a family of international
standards governing communication between medical devices.
These standards are referred to as ISO/IEEE 11073 Medical/Health
Device Communication Standards. Compliance with these standards should mean that the output of any physiological monitor
can be incorporated into an EPR with rigour. Modern anaesthetic
workstations increasingly have integrated patient monitoring
which complies with the required standards, so a hospital with an
EPR system should be able to incorporate the output of anaesthetic
monitors into the patient’s electronic record. Electronic monitors
of physiological functions used in intensive care and other high
dependency areas should also be ISO/IEEE 11073 compliant.
As with EPRs, transferring information between AIMS produced
by different vendors is not always easy. One solution is to have a
standardized format for anaesthetic records. A format, or schema,
has been suggested using extensible markup language (XML), an
international standard for producing documents that can be interpreted by different computer systems. The XML schema (Gardner
and Peachey 2002) has been called SnowSchema in honour of John
Snow, who was arguably the first professional anaesthetist and kept
hand-written records using a recognizable system (Ellis 1994).
The clinical document architecture (CDA) produced by HL7 is a
more generalized XML schema for clinical documents which is
commonly specified for use in new computer systems. The original SnowSchema is not fully compliant with CDA release 2 (Dolin
et al. 2006).
An AIMS can add to patient safety in other ways. It may be possible to reduce the incidence of drug administration errors by using
bar code technology. Before giving a drug a labelled syringe is presented to a bar code reader that provides a visual and audible check
of the drug. This requires integration of the AIMS with the EPR and
with the pharmacy database to be fully functional. In an intensive
care unit an additional check could be provided by linking a bar
code on the patient’s identity band to the prescription in the EPR
and to the bar code attached to the drug.

Computational modelling
The immense number-crunching ability of computers means that if
a process can be reduced to equations and numbers then a computer
can be used to reproduce that process and calculate the results of
chosen inputs. This is computational, or computer, modelling of a

Box 34.2 Anaesthetic record set suggestions

Preoperative information
Name/ID No/Sex
Date of Birth

Patient identity

Preop assessment & risk factors
Date and time of assessment
Assessor, Where assessed
Weight (kg)
Basic Vital Signs (BP, HR)
Height (m)—optional
Medication including Contraception
Allergies
Addiction (Alcohol, tobacco, drugs)
Previous GAs/Family history
Potential airway problems
Venous access problems
Prostheses, teeth, crowns
Investigations
Other problems
Cardiorespiratory fitness
ASA physical status +/− comment
Urgency (as determined by NCEPOD)
Scheduled—listed on a routine list
Urgent—resuscitated, not on a routine list
Emergency—not fully resuscitated

Peroperative information
Checks
Nil by mouth
Consent
Premedication, type & effect
Place
Date, start & end time

Place & time

Personnel
All Anaesthetists named
Qualified assistance present
Supervising consultant
Operating Surgeon
Operation planned/performed
Checks performed
Anaesthetic room
Theatre

Apparatus

Vital signs recording/charting
Monitors used & vital signs (specify)
Drugs & fluids
Dose, concentration & volume
Cannulation
Injection site(s), time & route
(continued)
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Box 34.3 Criteria for an anaesthetic record system

Box 34.2 (continued)
Warmer used
Blood loss, urine output

informatics and technology for anaesthesia

Should link to:
Airway

Route, system used
Ventilation: type & mode
Airway type, size, cuff, shape
Special procedures, humidifier, filter
Throat pack
Difficulty
Regional anaesthesia
Block performed
Entry site
Needle used, aid to location
Catheter
Drug, concentration and dose
Patient position & attachments
Thrombosis prophylaxis
Temperature control
Limb positions

Postoperative instructions

◆

Pre-assessment information

◆

Electronic clinical record

◆

Electronic prescribing system

◆

Pathology

◆

Radiology and PACS

◆

Theatre system for operating list information, personnel.
Perioperative record should have:

◆

Appropriate user interface

◆

Anaesthetic pre-operative assessment record

◆

Identification of staff

◆

Capture of all data output from monitors

◆

Capture of all machine data

◆

Configurable display of all trend data

◆

Comprehensive data dictionary

◆

Drugs, fluids & doses

◆

Analgesic techniques

Rapid entry of narrative from menus

◆

◆

Special airway instructions including oxygen therapy

Automatic coding

◆

Monitoring.

◆

Free text entry

◆

◆

Drugs/fluids/infusions (including calculations)

◆

Critical incidents

◆

Postoperative instructions

◆

Recovery progress

◆

Key outcomes (death, pain, PONV, etc.)

◆

Audit trail of user activity.

Untoward events
◆

Abnormalities

◆

Critical incidents

◆

Pre-op, per-op, post-op

◆

Context–cause–effect.

Hazard flags
◆

Reporting should include:

Warnings for future care.

Reproduced here with permission from The Royal College of
Anaesthetists and The Association of Anaesthetists of Great Britain and
Ireland. Originally published in Information Management: Guidance
for Anaesthetists (2008). Data from A. P. Adams, A revised anaesthetic
record set. Newsletter 27, p 8-9. The Royal College of Anaesthetists,
March 1996.

whole process. Computer models of the weather result in the forecasts broadcast in the media. Computer models of the molecular
structure of receptors on cell membranes are used by the pharmaceutical industry to predict the ways in which a variety of molecules
will interact with the receptors. Chemists can therefore design drug
molecules with agonist or antagonist activity at that receptor before
they actually synthesize such molecules. This reduces the time
needed to develop new drugs. Computer models of physiological
processes have been used by scientists since at least the 1960s (Hays
and Wegner 1965), and are incorporated into the algorithms found
in the syringe pumps used for total intra-venous anaesthesia.
There have also been attempts to combine the measurement of
anaesthetic depth with the syringe pump’s algorithm so that a computer controls the anaesthetic (Absalom and Kenny 2003).

◆

Staff logbooks

◆

Activity analysis

◆

Performance indicators

◆

Data for audit

◆

Financial analysis.

Reproduced here with permission from The Royal College of
Anaesthetists and The Association of Anaesthetists of Great Britain and
Ireland. Originally published in Information Management: Guidance for
Anaesthetists (2008).

Informatics in education
Computer simulation is related to modelling but does not reproduce
the whole process in the computer. It has a major role in education
and training generally. All airline pilots undergo regular training in
aircraft simulators, which are essentially computer-driven models
that behave like real aircraft. The reason for using simulation in the
aviation industry is that rare and potentially fatal incidents can be
reproduced without any risk. Total engine failure is a good example.
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An early use of computer simulation relevant to anaesthesia
was MacPuf, a computerized model of respiratory physiology
(Dickinson 1977). Users could interact with the computer to study
the effects of hypoxia and other interventions. Many anaesthetists
are familiar with simulators of varying degrees of technical sophistication and their use has been advocated by the Chief Medical
Officer for England (Donaldson 2009). Simulators are being used
all over the world to train anaesthetists. They do not yet have the
realism that exists in flight simulators. Despite that, they are particularly useful for task training (e.g. fibreoptic tracheal intubation),
training teams to work together in a crisis (e.g. cardiac arrest), and
for simulating more complex situations using virtual worlds technology to reproduce events such as a major incident where professionals from different disciplines need to work together.
The World Wide Web is an important force in medical education. Web-based learning tools are widespread throughout medicine and anaesthesia. In England, the Department of Health set
up an e-learning project, e-Learning for Healthcare, in response
to a particular need. It has an anaesthetic component supported
by the RCoA. Specialist journals increasingly provide web-based
e-learning modules.
Many anaesthetists, particularly trainees, keep a logbook. The
precise specification of the logbook database, and the format of
reports derived from it, may be defined by educational needs. An
early attempt to define a data set for anaesthetic logbooks was agreed
by the RCoA in the United Kingdom and the German Anaesthetic
Society (Lack et al. 1994). Logbooks also provide information to support appraisal and revalidation for senior staff. Logbook software for
anaesthetists is available for most computer operating systems and
mobile devices. There are also web applications. In the future these
logbooks, which are subject to the same legal requirements as other
medical records, may link to e-portfolios used for revalidation.

The future
The dominant purpose of healthcare informatics is to improve
patient safety through the use of technology and information.
AIMS will in the future be fully integrated with hospital EPRs and
associated systems. All systems will comply with the standards
necessary for data interchange. Intravascular and transcutaneous
sensors will provide continuous measurements of plasma levels of
many molecules. These, and the increasing use of ever more capable handheld digital devices that are fully connected to hospital
networks, will provide clinicians with better diagnostic and therapeutic information at the patient’s bedside. Anaesthetists will be
better trained and familiar with the management of rare but life-
threatening situations from the use of simulation. The result of
this continuing revolution in informatics will be safer anaesthesia.
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CHAPTER 35

Human factors
and simulation
in anaesthetic practice
Ronnie Glavin, Sven Staender,
and Andrew Smith
Human factors
Human factors describes how interactions between organizations,
tasks, and the individual worker impact on human behaviour and
affect systems performance (Bion et al. 2010). The importance of
human factors in anaesthesia and critical care has been increasingly recognized, leading to its inclusion in the European-wide
standards for patient safety in anaesthesiology within the Helsinki
Declaration for Patient Safety in Anaesthesiology (Mellin-Olsen
et al. 2010). The approach is largely based on what has been
found to work successfully in other high-risk industries, notably aviation (Toff 2010). The three main elements—person, task,
and organization—form a useful framework for exploring this
subject (Box 35.1). Some of the more important factors are dealt
with individually in the following sections; the reader is referred
elsewhere for more detail on the limitations imposed by human
memory and communication (Glavin 2011) and ageing (Katz
2001; Saunders 2006).

Person
Competence and performance
Competence can be thought of as a point on the spectrum of
performance which runs from novice up to expert (Khan and
Ramachandran 2012). However, no matter at what point the individual practitioner’s performance lies, his or her performance can
vary depending on many factors, outlined in a later section. In addition to the technical aspects of the anaesthetist’s work (knowledge
about and use of drugs, equipment, and monitoring, for instance),
there are some key cognitive aspects too. These include remaining
vigilant to the patient’s condition throughout the procedure, checking drugs (Evley et al. 2010) and equipment (Langford et al. 2007),
communicating with colleagues [either informally or as part of
checklist-driven activities (Shillito et al. 2010)], and managing his/
her own emotional and cognitive state. As many of these aspects
can only be assessed in a naturalistic setting (or, as a close second,
in simulation, subject to the caveats in the simulation section to
follow), it follows that studies must be conducted in the workplace
to give us an accurate and realistic understanding. Such approaches

are usually based on observation; interviews may be used in combination, or interventions applied to the situation under scrutiny,
with the effects on the anaesthetist observed.
Again, various underlying theoretical frameworks are used. One
is based on the notion that performance as an expert in any practical field, rests on the successful relationship between different
forms of knowledge. There is ‘explicit’ knowledge, which can be
readily written down, codified and communicated in textbooks and
journals, and set out in examination syllabuses. There is also ‘tacit’
knowledge, defined as ‘knowledge that has not been (and perhaps
cannot be) formulated explicitly and therefore cannot be stored or
transferred entirely by impersonal means (Eraut 2002)’. It is typically acquired by demonstration followed by practice. Such elements typically require a qualitative methodology, which might be
unfamiliar to those brought up in the biomedical tradition, but they
lend themselves perfectly to a richer understanding of how anaesthetists act and think. Typically they combine a range of methods,
usually observation and interviews, though documentary analysis
and video may also be used. Analysis proceeds by induction, that is,
the themes and findings arise not from some prespecified hypothesis, but are suggested by the data themselves (Pope and Mays 1995;
Merry et al. 2000). More quantitative approaches based on measurement have also been used. For instance, Howard et al. (2002b)
performed a study to compare the performance of 12 trainee
anaesthesiologists during a 4 h simulated laparoscopic procedure.
In this instance, the hypothesis was that well-rested trainees would
perform better than fatigued trainees, but the methodology is typical. Equipment checks and clinical management of perioperative
conditions were assessed. Psychomotor tests revealed progressive
impairment of alertness, mood, and performance in the sleep-
deprived condition, with subjects showing longer response latency
to vigilance probes. Although sleep-deprived subjects had significantly lower alertness scores, there was no significant difference in
the cases’ clinical management between the two sleep conditions.

Personality
Many of the factors in Box 35.1 will be influenced by the anaesthetist’s personality. Is there, then, a typical ‘anaesthetic personality’? In 1977, Howat suggested the typical anaesthetist ‘wishes to
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◆

Work pressures (e.g. production vs safety)

◆

Level and nature of supervision/leadership

◆

Communication

that anaesthesia and intensive care attract a particular type of person who seeks out excitement in the dynamic and fast-paced work
required of us: ‘In all likelihood, the emphasis on direct action and
the aura of ‘danger’ lurking just below the surface are key factors
that attracted many anaesthetists to this line of medical work rather
than others’.
Reeve’s work in the late 1970s was geared towards improving
selection by identifying the personality traits which enabled success
in anaesthesia training. He postulated that if people are dissatisfied
with their career then they are not happy, do ‘not derive much joy
from professional work in the specialty and constitute a potential
for accidents and errors of judgement’ (Reeve 1984). The empirical
work which followed aimed to inform the selection procedure for
trainee anaesthetists, to try to avoid this sort of mismatch. Reeve
administered the ‘Cattell 16 PFQ Form C’ personality questionnaire to 231 trainee anaesthetists. This questionnaire is based on 16
pairs of ‘opposites’—for instance, trusting–suspicious, confident–
unsure, and tolerant–critical—each linked by an axis similar to a
visual analogue scale. Individuals can be assigned a position along
that axis for each dimension. Using the same questionnaire, Clarke
et al. (1994) aimed to see if differences within the profile affected an
anaesthetist’s job satisfaction and administered the questionnaire
to 330 staff anaesthetists. Kluger (1999) aimed to find out the personality profile of 167 specialist Australian anaesthetists and related
the findings to similar research undertaken in other countries.
Comparing such studies can be difficult, but all three found that
anaesthetists were more likely to be bright than dim, serious than
happy, independent than dependent, shy than bold, trusting than
suspicious and careful than casual. All appear to contradict the two
descriptions at the start of this section.
Reeve developed his work by distinguishing two types of trainee,
judged successful and unsuccessful on the basis of seniors’ assessments of their clinical prowess, and compared their personality
findings. The successful trainees demonstrated greater detachment,
mental quickness, drive and determination, stability, high standards, self-sufficiency, openness, and self-control (Reeve 1984).

◆

Staffing levels

Attitudes to risk and safety

◆

Peer pressure

◆

Clarity of roles and responsibilities

Attitudes to risk and safety vary; some individuals are more risk-
averse than others (Adams and Smith 2001). One illustration of this
is attitudes to fatigue and safety. In medicine, the traditional ‘physician culture’ assumed that doctors are immune to the effects of
tiredness (Parker 1987). However, more recent thinking holds that
fatigue should be considered an inevitable physiological process
and must be acknowledged and managed. Comments from senior
staff such as ‘In my day we just carried on regardless’ cannot be
used as justification for them (and more commonly their younger
colleagues) working in conditions which are potentially unsafe to
the patient and damaging to themselves. However, it is not just in
the area of working hours that attitudes vary; Beatty and Beatty
have explored how anaesthetists regard ‘violations’ to accepted
practice. Their scenario-based study investigated the likelihood
that anaesthetists would routinely perform three violations of safety
guidelines (failing to visit patients before surgery, failure to perform
pre-anaesthetic equipment checks, and the silencing of alarms during anaesthesia). In forming the intention not to perform these
violations, anaesthetists were most influenced by the opinions they
believe a group of peers and other significant other people would
hold about them performing the violation. After this, the greatest

Box 35.1 Human factors

Person
◆

Competence

◆

Personality

◆

Motivation, competing priorities

◆

Physical capability and condition

◆

Fatigue (acute or chronic)

◆

Stress/morale

◆

Work overload/underload

Task
◆

Clarity of signs, signals, instructions, and other information

◆

Difficulty/complexity of task

◆

Divided attention

◆

Procedures inadequate or inappropriate

◆

Preparation for task (e.g. permits, risk assessments, checking)

◆

Time available/required

◆

Tools appropriate for task

◆

Communication, with colleagues, supervision

◆

◆

System/equipment interface (labelling, alarms, error avoidance/tolerance)
Working environment (noise, heat, space, lighting, ventilation)

Organization

◆

◆

Effectiveness of organizational learning (learning from
experiences)
Organizational or safety culture (e.g. everyone breaks the
rules).

Reproduced from www.hse.gov.uk/humanfactors. Contains public sector
information licensed under the Open Government Licence v2.0. http://
www.nationalarchives.gov.uk/doc/open-government-licence/version/2/

be a member of a team … is by nature gregarious, likes being with
others and usually has good relations with his colleagues. He (by
which I mean he or she) often has a keen sense of humour … is of
a meticulous, even obsessional turn of mind and yet is prepared to
adapt himself to changing circumstances’ (Howat 1977). Further,
he notes: ‘we have heard it said that anaesthetists must be a little
paranoid’. Another view was offered by David Gaba (1994), an
expert in human factors issues relating to anaesthesia. He suggested
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influence was their personal norms, that is, beliefs that they held
about whether the violation is really right or wrong, followed by
beliefs about the consequences of performing the violation, and
beliefs about how much control they have over performing the violation (Beatty and Beatty 2004).

Cognitive errors
Cognitive errors are described as ‘a subset of medical errors involving faulty thought processes and subconscious biases’ (Stiegler et al.
2012). These authors conducted a two-stage study aimed at establishing which cognitive errors are most prevalent in anaesthesiology. They used a literature review of cognitive errors in medicine
to produce a list of 14 possible candidates, which were narrowed
down to 10 by a panel of expert anaesthetists. Residents going
through simulated emergencies as part of their usual educational
programme were observed to see how commonly these 10 cognitive biases were detected. Seven of these were judged to be affecting
residents’ judgement in more than half of the procedures observed.
The paper contains a full list, with explanations, of the various
biases, but the commonest included ‘premature closure’ (where a
diagnosis is accepted prematurely and alternatives discounted),
‘confirmation bias’ (seeking or acknowledging only information
that confirms the desired or suspected diagnosis), and ‘commission
bias’ (where unnecessary actions or procedures may be performed,
whether because of overconfidence, desperation or pressure from
others). Cognitive errors are important because they are not as easily visible as procedural errors and hence less obvious. Practitioners
are often not aware of them and, importantly, their presence does
not necessarily imply a lack of knowledge, as they can affect skilled
practitioners too, and hence can hinder the application of knowledge upon which expert practice depends (Stiegler et al. 2012).

Stress
Stress arises when an individual feels obliged to respond to a situation but feels unable to cope with the situation’s demands. Some
stress (in the sense of motivation to undertake a task) appears to
be necessary and beneficial, but if an individual is exposed to levels which he or she finds uncomfortably high, psychological difficulties can result. This relation of arousal and performance is
bell-shaped: some arousal is needed to perform in an optimal manner. After a maximum is reached, performance deteriorates with
increasing arousal which can lead to psychological impairment and
burn-out (Yerkes–Dodson continuum). Stress is caused by an individual’s perception and handling of that stressor (Nyssen 2003), so
what may be stressful to one individual may not be to another. Also,
the ability to cope with stress is not a trait in itself, but appears to
be related to an individual’s set of traits or personality. The sources
of stress in anaesthesia have recently been reviewed (Larsson and
Sanner 2010). These include lack of control over work (Kinzl et al.
2007) and difficulties in communication with surgeons (Nyssen
2003); time constraints, especially combining being on call with
family life (Lindfors et al. 2006). Amongst trainees, Larsson et al.
(2006) found five themes: high demands, a difficult role to play,
a feeling of insufficiency, lack of support, and feeling lonely and
helpless. However, in a similar study with specialist anaesthetists,
the tone in the interviews was less emotional and the interviewees
were, in general, content with work (Larsson et al. 2007).
Stress is important not only because it makes individuals
unhappy; it also contributes ‘to the establishment of conditions
which, in combination with other factors, make failures more

probable’ (Stokes and Kite 1994). Thus, in anaesthesia, when well-
practised skills apparently fail, it may be because of concurrent
stress or personality deficiencies (Kluger 1999). Stress can also
make cognitive errors more likely (see ‘Cognitive errors’). Defensive
personality traits may become manifest, rendering people unable to
work as part of the team. This failing has not been fully explored in
anaesthesia but certainly been the cause of many aviation accidents
(Stokes and Kite 1994).

Fatigue
It is important to make the distinction between ‘sleep deprivation’
and ‘fatigue’. These are two separate, though related entities. Fatigue
can be thought of as the inability or unwillingness to continue effective performance of a task (Weinger and Englund 1990). Sleep deprivation may be one possible cause of fatigue; workload, boredom,
motivation, hunger and stress are others (Howard et al. 2002a).
There is extensive literature describing the effects of sleep deprivation in other settings, for example, the military and transport
industries. Incident reports (Morris and Morris 2000) and other
studies (Olson et al. 2009) have suggested an increased rate of
errors in sleep-deprived doctors. The working hours of doctors,
especially trainee doctors, have given rise to some concern. Howard
et al. (2002a) studied daytime sleepiness in 11 volunteer trainee
anaesthesiologists in three conditions: during normal work schedules, after 24 h on call, and after a 4-day period of extended sleep.
Sleepiness was measured as the time taken to fall asleep when left
in a quiet darkened room. This was repeated throughout the test
day (‘multiple sleep latency test’). Whilst their finding that those
who had had extra sleep were less sleepy is predictable, there was no
significant difference in sleepiness between the baseline and post-
call conditions. This suggests that the ‘normal’ work schedule for
these individuals was associated with latent, chronic sleep deprivation. More recently a study of anaesthesiologists and paediatricians
working 16 h night shifts found that doctors typically recovered
to feeling well rested after 2 further nights’ sleep (Malmberg et al.
2010). However, the authors found a limited sleep duration in general, which raises the suggestion of longer-term health problems.
Another study found little effect on the performance of trainee
anaesthetists on selected tasks in simulation after 15 h day shifts
(Garden et al. 2012). It must be remembered, though, that the subjects in these studies were all relatively young (usually between 30
and 35 years old) and that the effects of fatigue are probably worse
for the older anaesthetist. In this respect, the attention focused on
protecting the working hours of trainee doctors may not be sufficient (MacDonald et al. 2011).
Whilst the studies quoted are illuminating, the study of vigilance
tasks has dominated work to date. However, as Weinger (1999)
suggests, ‘anaesthesia practice also requires other higher-order
cognitive processes such as pattern recognition, divided attention,
task prioritization, “situation awareness” and dynamic decision-
making’. These would be welcome subjects for study.

Task factors
Divided attention: distractions
Distracting events are common in anaesthesia (Savoldelli et al.
2010; Broom et al. 2011). One recent study examined the frequency
of distractions during the three phases of anaesthesia. Distracting
events were observed at a rate of 0.29 min−1 during induction,
0.33 min−1 between the end of induction and surgical incision,
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0.15 min−1 during maintenance, and 0.5 min−1 during emergence
(Campbell et al. 2012). Of these, 22% were judged to have had a
negative effect on the anaesthetist’s attention, and 3.3% a positive
effect. Previous studies had focused on distractions and interruptions from the point of view of the surgical team in theatre, and
it is important to remember that the activities of one individual
or group can distract others. Mutual attention and consideration
are necessary to reduce distraction overall. An opposite problem
is maintaining vigilance during less cognitively demanding phases
of anaesthesia. Anaesthetists take part in a number of activities to
keep themselves alert during routine maintenance, when patients
are stable, for instance. One of these, reading, has been little studied
but one recent investigation found that anaesthetists who read during periods of low workload seemed not to be less vigilant during
this time than those who did not read (Slagle and Weinger 2009).

Organizational factors
Organizational culture
Organizational culture (Schaef and Fassel 1990) is a term referring to a set of common values, principles, ideals, and aims an
organization sets for itself and its workforce. These can either be
spelled out in detail in official communication, training, or both,
or shared amongst members in a tacit way that often resembles
the workings of an exclusive club. There is often a formal definition of culture—as one might find in a ‘mission statement’, for
instance, but, more powerfully, workers learn ‘how things are
done around here’ by observing colleagues or partaking in conversations during work or breaks (Arfanis et al. 2011). Culture is a
dynamic entity that is subject to constant revision. In a healthcare
organization, there is additional exposure to such strains because
such organizations are steered by political pressures (including
directives to meet productivity targets), press scrutiny, and public opinion. This process in an organization is known as ‘culture
change’ (Arnold and Silvester 2005) and is a form of organizational change that mainly affects the circumstances, activities, and
policies of the organization.
Culture can operate at many levels. Small groups of people
develop ‘microcultures’ alongside the one established by the organization (Arfanis et al. 2011). These microcultures often translate to
a whole new set of unwritten rules, behaviours, likes and dislikes,
and codes of practice in addition to, or sometimes in spite of, the
organization’s own. The existence of these ‘cultures within a culture’ is vitally important as they often are followed more closely by
individuals, compared with the ‘official’ culture the organization is
trying to get employees to share.

Systematic approaches to the promotion
of non-technical skills

(ACRM) course (Toff 2010), based on the behavioural marking systems that had been derived from the aviation industry. Despite the
similarities between aviation and anaesthesia, there was a need to
derive a behavioural marking system that was based solely on the
specific skills required for safe anaesthetic practice. The anaesthetists’ non-technical skills (ANTS) system (Fletcher et al. 2002) was
developed to identify the key non-technical skills required in the
high risk medical domain of general anaesthesia, and to devise a
marking system for their measurement. Results from an extensive
literature review, observations, interviews and incident analysis led
to a non-technical skills taxonomy, consisting of categories and elements (Table 35.1).
Behavioural markers indicating good and poor performance
were concurrently developed. Four options were devised that rated
anaesthetists’ performance as good (4), acceptable (3), marginal
(2), poor (1), and not observed (N). A performance would be rated
as good if it was of a consistently high standard, enhancing patient
safety, and thus it could be used as a positive example for others;
acceptable if it was of satisfactory standard but could be improved;
marginal if it indicated cause for concern thus needing considerable improvement; and poor if it endangered or potentially endangered patient safety, thus requiring serious remediation.
The ANTS system was subsequently evaluated (Fletcher et al.
2003) and received high levels of acceptability yet only reasonable levels of reliability and accuracy when anaesthetists tried to
implement it. We return to these difficulties later in the chapter.
The ANTS tool was designed to be used by experienced anaesthetists to rate the non-technical skills of other, at least basically technically competent, anaesthetists. The overall aim was to
improve anaesthetic practice and training. Although the ANTS
system has become well known, two criticisms can be made. First,

Table 35.1 The categories and elements of the ANTS system
Category

Elements

Task management

Planning and preparing
Prioritising
Providing and maintaining standards
Identifying and utilising resources

Team working

Co-ordinating activities with team members
Exchanging information
Using authority and assertiveness
Assessing capabilities
Supporting others

Situation awareness

Gathering information
Recognising and understanding
Anticipating

Decision making

Identifying options
Balancing risks and selecting options
Re-evaluating

Anaesthetists’ non-technical skills
The essential attributes needed for successful management of
human factors in anaesthesia are non-technical in nature. After
the success of the aviation industry in implementing a training
programme with pilots on non-technical skills that resulted in
improved safety records, the NOTECHS systems was developed,
a taxonomy of non-technical skills to facilitate individual pilots’
assessment of these skills (Flin et al. 2003). Crew (later crisis)
resource management type courses were devised for anaesthetists
in simulators, such as the Anaesthesia Crisis Resource Management

Reproduced with permission from Fletcher, G., McGeorge, P., Flin, R., Glavin, R. &
Maran N. Anaesthetists’ non-technical skills (ANTS). Evaluation of a behavioural
marker system. British Journal of Anaesthesia, 2003, Volume 90, Issue 5, pp. 580–8,
by permission of the Board of Management and Trustees of the British Journal
of Anaesthesia.
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it treats anaesthetic management as a disparate set of processes.
The emphasis is placed on the segregation of these processes and
their differential impact on performance. This could lead to a fragmented approach to the total work of the anaesthetist. Second, the
system treats anaesthetists’ cognitive skills (i.e. situation awareness
and decision-making) as separate from their social skills (i.e. team
work and task management), thus laying the dynamic nature of
anaesthetic work open to misrepresentation. ‘Distributed cognition’ (Fioratou et al. 2010) proposes to redress this balance, as its
main focus is on the organization of socio-technical systems, such
as the operating theatre, and the notion that cognition is propagated and transformed between people and the external resources
they use at a system level, rather than at an individual level. Seen in
this light, non-technical skills are a product of social and material
interactions.
Perhaps the greatest strength of the ANTS system described is
that it makes explicit these and other aspects of practice that had
previously lain in the tacit domain. By not only making them visible, but also setting out a systematic way of embedding them in
anaesthesia education, these researchers have done the profession
a great service. The materials are useful not only to trainees, but
also established specialists as they strive to maintain and improve
their professional practice (Glavin 2009), for keeping up to date
with such developments is as much a part of remaining an expert
anaesthesiologist as learning about new drugs and techniques. In
terms of how the ANTS system might be used, we believe its key
role is in supporting workplace-based learning, where relevant
non-technical skills can be woven into a clinical teaching session
in the operating theatre, and the ensuing debrief to optimize the
learning experience.

Improving performance
A number of researchers have tried to define the qualities necessary for anaesthetic practice. Published work includes Greaves and
Grant’s (2000) account of how expert anaesthetists assess competence in trainees and Kearney’s (2005) Delphi-type study of professionalism in anaesthesia. Kearney drew up lists of desirable qualities
in three groups of attributes: ‘humanistic’ (general professional
qualities), personal development and ‘meta-competencies’, or those
specific to anaesthesia. Expert anaesthetists were asked to rate the
qualities in each. In the last category, the most highly rated items
were vigilance, responsiveness, teamwork, advocacy, flexibility,
decisiveness, manner, confidence, communicativeness, and expert
pattern recognition (Kearney 2005). More recent work defining
excellence—as opposed to mere competence—in anaesthesiology
has identified that, whilst factual knowledge and technical fluency
are of course necessary for expert practice, they are not in themselves sufficient (Smith and Greaves 2010). Anaesthesiologists have
identified a number of personal qualities and skills as being necessary for excellence in anaesthesiology (Smith et al. 2011). These
included conscientiousness, seeking out new personal and professional challenges, an interest in teaching, and good interpersonal
relationships (with co-workers and patients). More specifically, an
awareness of oneself and those around one, good communication
skills, the ability to work in teams flexibly as the need demands
(leader or other member), calmness, and organization. All of these
are distinctly non-technical in nature.
How, then, can the transfer of tacit knowledge be promoted? The
second, more difficult but practically important question is, can we

help trainees ‘short-circuit’ some of the more laborious, inefficient,
and possibly damaging experiences as they learn anaesthesia? How
do we make that tacit knowledge more readily available for learning? In the context of stress management, Larsson et al. (2003) have
documented anaesthetists’ strategy of mental readjustment in the
face of difficult situations to allow threats to be converted into challenges and of realizing that, although there may be a serious risk
for the patient, the anaesthetist’s professional identity can remain
intact. This is but one example of what have been termed ‘meta-
competences’, that is, the overarching qualities that act like a glue to
bind all the individual facts, practical skills, and attitudes together
into the polished all-round performance that is expert anaesthetic
practice. Can enriching and intensifying the time teachers and
learners spend together provide a ‘short-cut’, or perhaps accelerate
in some way, the progression towards expertise? This is not straightforward in theory, as it suggests we must make visible and audible
things which are often neither seen nor heard. We have highlighted a
number of ways of doing this (Smith et al. 2003), but have not so far
tested the effect of these suggestions. Experienced practitioners can
help simply by talking about what they do; verbalizing how they are
thinking as they balance different sources of knowledge about the
patient ‘unlocks’ their experience and makes it available for learning. Talking through practical techniques and exploring the wider
scope of practice in discussion can also help, and both are uniquely
suited to workplace teaching. Anecdotes from practice (‘cautionary tales’) can also provide vivid and memorable learning points.
The morbidity and mortality sections of departmental meetings are
also worthwhile starting points for anaesthetists to share the knowledge born of experience. Larsson et al. have previously described
how anaesthetists have different ‘ways of understanding’ their work
(Larsson et al. 2003), and such themes help specialists explain, and
trainees appreciate, the essence of expert anaesthetic practice.
However, the ANTS system can be useful both in training and for
established specialists. It has been incorporated into the UK Royal
College of Anaesthetists’ workplace assessment component (Flin
et al. 2010) and courses based on simulation have been developed
to introduce the concepts and value of non-technical skills in anaesthetic practice as a means to prevent or manage potential errors,
in both emergency and routine cases (Yee et al. 2005; Savoldelli
et al. 2006; Graham et al. 2010). However, in order to ensure the
implementation for trainees, the ANTS system needs to be fully
implemented amongst established specialist anaesthetists. It has
been suggested (Glavin and Patey 2010) that ANTS could be used
as a framework for one’s own practice, thus allowing reflection-in-
action and reflection-on-action (Schön 1983). Reflection-in-action
refers to thinking ‘on the spot’ as a situation unfolds: this could help
anaesthetists reassess the situation they are in and alter their behaviour or course of action they have taken. Reflection-on-action
refers to thinking after a situation has unfolded: this could help
anaesthetists explore what happened and why one acted as one did,
whether alone (e.g. when having to write up a report on the case),
or with others (e.g. when discussing the case with colleagues). This
is a vital step in ensuring wider spread of ANTS: engaging with
consultant anaesthetists in understanding their safety standards
as they pertain to non-technical skills used. Non-technical skills
need to be contextualized for better understanding of their value
in safety matters. Additionally, this requires the integration of these
non-technical skills at the organizational level, resulting in change
of the safety culture of the organization.
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Self-management and cognitive reorientation
Both in routine practice, but more especially when the anaesthetist is under stress, cultivating an awareness of one’s emotional and
cognitive state is useful. As one source of advice on stress management notes, ‘distorted thinking’ can be damaging: ‘Medicine has the
ability to foster the development of ideas and beliefs which are not
always rational. One is that doctors should be capable of anything
and everything which is demanded of them … such beliefs may
stem from a feeling of general inadequacy, are usually misplaced
and require to be challenged and rationalised.’1 The document
points out that failing to achieve perfection in everything does not
necessarily denote utter failure. To combat the cognitive errors outlined, Croskerry (2003) outlines a number of strategies for dealing with cognitive errors, including encouraging awareness of the
existence of cognitive errors and training for a reflective approach
to problem-solving in general and communicating self-awareness
amongst individual anaesthetists in particular.
A simple mnemonic, ‘IMSAFE’ (i.e. ‘I’m safe’), reminds us to
consider six factors as we decide we are fit to work: illness, medications, stress, alcohol, fatigue, and emotion. Checklists can be useful in ensuring that the necessary steps of a task are all performed
irrespective of possible performance limiting factors in individuals
or the teams they form (Shillito et al. 2010; Mahajan 2011; Walker
et al. 2012).

approaches to work scheduling. Strategies may include strict policies for going home after call, refraining from booking procedures
or clinics the day after call, reorganizing call schedules to allow for
more physician coverage or moving to shift work’ (Macdonald et al.
2011). Other factors which can help manage fatigue are noted in
Box 35.2.

Simulation
Simulation-based education has enjoyed a long association with
anaesthesia and as its role within anaesthetic education and assessment continues to expand this section will focus on the ways in
which anaesthetists may be involved with simulation-based education as either participants on courses or as faculty members (current or potential) on such courses.
Simulation-based education is an educational intervention and
so invites comparison with clinical interventions. Any review of a
clinical intervention, such as a new drug, would review some underlying concepts of physiology and pathophysiology to set the context
for the pharmacodynamic actions of that drug, the indications and
contra-indications, a review of the evidence of its effectiveness, and
how to use that drug to best effect. A similar approach will be used
to cover some of the more important aspects of simulation-based
education, with a focus on immersive simulation.

Stress management

What is simulation?

Stress can be reduced by paying more attention to improving working conditions, including control over decision-making, and allowing anaesthetists to have more influence on their own work pace
and work schedule. General advice on healthy living, sports, and
finding time for social life and hobbies, applies to anaesthetists as
much as to anyone else. Training in time management, communication, and assertiveness can help restore the feeling of control
over work. Larsson and Sanner (2010) also offer an insight into the
ways which anaesthetists themselves have evolved to manage it.
These include ‘reframing’ a potentially stressful situation so that it
is defined as a challenge rather than a threat. They note:

Simulation has been described as ‘a person, device or set of conditions that tries to present problems authentically. The student or
trainee is required to respond to the problems as he or she would
under natural circumstances’ (Issenberg et al. 2005).

Seeing the situation as a threat means that there is a risk of an unfavourable outcome that may harm the anaesthetist. Negative emotions
such as fear and anxiety may arise and even a flight reaction can be
provoked. On the other hand, if the anaesthetist sees the situation as a
challenge, mobilization of coping efforts will follow and positive emotions such as eagerness and curiosity are more likely to arise.2

Managing fatigue
Whilst there are unquestionably some financial, logistical, and
educational reasons why doctors work long hours (Payette et al.
2009; Jamal et al. 2012), there is scope for compromise between
excessive hours of work and the effects on safety, quality and continuity of patient care. As a recent editorial notes: ‘Some hospitals,
departments and group practices have implemented innovative
1

Reproduced with the kind permission of the Association of Anaesthetists of
Great Britain and Ireland. Stress and Anaesthetists. London: AAGBI, 1999.
2

Reproduced with permission from Larsson, J. & Sanner, M. Doing a
good job and getting something good out of it: on stress and well-being in
anaesthesia. British Journal of Anaesthesia, 2010, Volume 105, Issue 1, pp. 34–7,
by permission of the Board of Management and Trustees of the British Journal
of Anaesthesia.

Box 35.2 Managing fatigue
◆
◆

◆

◆

Doctors should be educated in sleep medicine.
There should be a cultural change towards recognizing that
fatigue is universal and physiological.
Departments must have a plan to manage staff at all grades
who have undertaken an onerous duty period and consider
themselves to be unfit to continue work.
Job plans should be constructed such that they are not likely to
lead to predictable fatigue.

◆

Routine rest breaks should be implemented.

◆

Handover protocols should be used before every rest break.

◆

Rest facilities and on call rooms should be available for staff to
nap during shifts or sleep post call.

◆

Resident on-call staff should have suitable accommodation.

◆

Refreshments should be available at all times.

◆

On-call responsibilities should be reviewed regularly in the
older anaesthetist taking into consideration subjective assessment of fatigue.

Adapted with the kind permission of the Association of Anaesthetists
of Great Britain and Ireland. Fatigue and the anaesthetist.
London: AAGBI, 2013.
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Box 35.3 The seven roles of a doctor in the CanMEDS system
1. Medical Expert
2. Communicator
3. Collaborator
4. Manager
5. Health Advocate
6. Scholar
7. Professional.
Copyright © 2005 The Royal College of Physicians and Surgeons of
Canada. http://rcpsc.medical.org/canmeds. Reproduced with permission.

Simulation is rooted in education and training rather than technology. The technology should be subservient to the educational
needs. Changes in medical education in the last 30 years have
helped to give simulation a more prominent role.

Medical education: principles and trends
Curricular changes
In the 1980s, the predominant model of anaesthetic education
was input driven. Trainee anaesthetists spent specified periods of time attached to various subspecialties such as obstetric
anaesthesia or paediatric anaesthesia. This model was based on
an assumption that if trainees spent sufficient time in these subspecialties then they would acquire the necessary abilities and
behaviours; whatever those may have been. The input model is
being replaced with an output model. The key to an output model
is to specify what the learner should be able to do at the end of
a period of training. What sort of abilities or behaviours might
these be? A top-down approach has been the preferred option
beginning with a description of the different roles and responsibilities of a doctor. The first such national model to apply to
the whole spectrum of medical education was that introduced by
Canada; the CanMEDS model (Frank 2005). The seven roles of a
doctor are listed in Box 35.3.
The significance of some of the roles, such as communicator
and collaborator, is the emphasis on aspects of human factors (see
related material in this chapter) that had not featured formally in
previous curricula. This is bringing a greater understanding of
theory from the psychosocial world alongside the more traditional
biomedical model (Glavin and Flin 2012).
Assessment of the learning outcomes is also changing. There is
an increasing emphasis on the part of the learner to provide evidence that the desired learning outcomes have been met. These
national frameworks are influencing specialist training by providing a template onto which the curriculum must be mapped; such
as the curriculum for anaesthesia in the United Kingdom (Royal
College of Anaesthetists 2009), which has to be mapped onto the
framework developed by the regulatory body, the General Medical
Council (General Medical Council 2006).

‘Novice to expert’ continuum
One of the potential dangers of misapplying the outcomes-based
curriculum or competency-based curriculum is that the curriculum

is broken down into its component parts and the assumption is
made that a novice becomes an expert by acquiring these individual
competencies; a bit like a boy scout or girl guide acquiring badges
that can be ‘sewn’ onto the learner’s portfolio. If this were the case
then an expert should differ from a novice by having a lot more
competencies. Dreyfus and Dreyfus (1986) described a continuum
from novice to expert in which transformation of how knowledge
was used was a key component. Their work was applied to healthcare by Benner (2001) and shown to be a valid model in that setting.
This difference in thinking patterns has been better explained by
work on cognitive processes, which describes two modes of cognitive processing (Croskerry 2009; Kahneman 2011): one is largely
automatic while the other requires conscious intervention. Novices
cannot use automatic thinking because they have not acquired the
experience necessary for this mode of cognition.
Cognitive load theory (van Merriënboer and Sweller,
2010) describes how we create scripts or schemas to help us navigate our social, physical, and professional world. These scripts are
not algorithms but an automated response to finding conditions
we have met before. The greater the number of encounters, the
stronger the schema and the greater the variations, the more adaptable the schema. Byrne (2012) has described this in greater detail in
the context of anaesthesia and simulation-based education.

Mastery learning
Separate but related work on the development of expertise in a
variety of fields, ranging from athletics to chess, has highlighted
the role of mastery learning and deliberate practice (Chatham
2009). This consists of three phases—providing challenging conditions, review of that performance to identify strengths and limitations, and then being submitted to conditions that challenge the
identified limitations. Experience with US Navy pilots during the
Vietnam War demonstrated a significant improvement in performance after a programme designed on mastery learning principles.
This work is consistent with neuroscience studies demonstrating
the importance of making mistakes when learning and acquiring
expertise (Lehrer et al. 2009).

Reflection and professional development
The world of professional practice is complex because of the large
number of variations in the ways in which patients can present.
Variations as a result of coexisting disease, concurrent drug therapy, and anatomical variations mean that no training programme
can allow presentation of all possible presentations of such problems. In addition, new advances and changes in practice offer their
own challenges.
How do professionals learn to deal with this complex practice?
Schön (1987) has highlighted the importance of reflection; that is,
review of one’s practice. Reflection is made easier if one has frameworks that help make sense of the professional world (Moon 1999).
Simulation-based education can help develop the process of reflection by providing clinical scenarios on which to reflect.

Changing patterns of work and education
The impact of the European Working Time Directive has been to
reduce the number of hours available for training in the United
Kingdom, although it has not been applied consistently in all
European countries (Waurick et al. 2007), but other factors have
also had an impact on the pattern of work. The expansion of the
consultant grade and changes in the structure of postgraduate
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medical education have combined to increase the number of consultants per trainee. The informal systems that operated 30 years
ago, in which there were more interactions between an individual trainee and an individual trainer, allowed judgements to
be made about that trainee’s level of performance, which in turn
allowed the trainer to make decisions about delegating responsibility. Changes in all of these factors have reduced the number of
interactions between individual trainee and individual consultant. This change in the anaesthetic apprenticeship and training
model means that trainees have to make the most of their clinical
experiences. Effective reflection, as described, is one component
that can help trainees make the most of those experiences and so
help propel themselves along the route from novice to experts.
Simulation can contribute by helping learners gain the abilities
and behaviours necessary to make contributions to the clinical
service and so improve the quality of such experiences as are
available to them.

Box 35.4 Classification of simulators and simulations
Simulator type
◆

Part-task trainers

◆

Computer-based systems
(Screen-based systems)

◆

Precision placement
Simple manipulation, such as central venous cannulation
trainers
Complex manipulation, such as minimal access surgical
trainers
◆

Classification of simulators
This section will review the different types of simulation devices
and explore their educational roles.
The history of simulation is described in greater detail elsewhere
(Bradley 2005; Owen 2012). One system of classification is listed in
Box 35.4 (Ker and Bradley 2007).

Part-task trainers
Most anaesthetists will be familiar with these devices from resuscitation courses. They allow practice and rehearsal of either psychomotor skills or algorithms; for example, endotracheal intubation or
failed intubation drill. These physical models have restricted anatomical variations and while they have a role to play in teaching
practical skills to novices they do not have the flexibility to replicate
some of the more challenging airway problems seen in patients,
whether as a result of anatomical abnormality or pathological
change.

Integrated simulators
Instructor-driven

Patient safety
One important influence on the medical curriculum has been the
recognition that as healthcare systems in the developed world have
become more complex and as more sophisticated treatments have
become available, the capacity of those systems to bring about
unintended harm to patients has become greater. The publication
of the Institute of Medicine report To Err is Human (Kohn et al.
2000) drew widescale attention to an area that was causing increasing concern as the scale of mortality and fiscal damage resulting
from inadvertent error was becoming better understood. It was also
becoming less acceptable to both members of healthcare professions and to patients for students to practise new techniques, with
potential adverse consequences, on patients (Santen et al. 2005).
The increasingly complex world of medicine also puts a strain on
students and junior trainees who may experience stress from lack
of preparation for the challenges of the real clinical world (Williams
et al. 1997). Some of the consequences from this movement have
been a change in incident reporting with greater emphasis on the
human factor contributions to adverse events. This will be explored
later, especially in the context of in situ teamwork. Another change
has been the rise of clinical skills labs, especially at undergraduate
level, as the importance of preparing student practitioners for clinical work has gained more recognition.

Virtual reality and haptic systems

Model-driven
◆
◆

Simulated patients
Simulated environments, such as ward or intensive
therapy unit.

Reproduced with permission from T Swanwick, Understanding Medical
Education: Evidence, Theory and Practice, Second Edition, Chapter 13,
Box 13/5, Wiley and Association for the Study of Medical Education.

Computer-based systems
These can be considered as screen-based systems because the
learner interacts with a computer display. There are programmes
designed to help learners understand pharmacokinetics of intravenous anaesthetic agents or inhalational agents. Programmes
were also developed to replicate components of perioperative care,
including induction and maintenance of anaesthesia (Rosen 2008).
Such systems are low-tech and easy for small groups or individuals
to work with at their own pace. Familiarization of algorithms using
such devices has been shown to improve performance on scenario-
based resuscitation (Schwid et al. 2001).

Virtual reality and haptic systems
The essence of these systems is the creation of a visual field accompanied by kinaesthetic or tactile sensation. Motors operating in
three planes, giving a sense of resistance, can replicate the feeling of
resistance as one places a device such as an epidural needle. Haptic
systems feature in endoscopy and bronchoscopy trainers and minimal access surgical trainers.
The ability to recreate different conditions gives them the potential to address some of the failings of the physical part-task trainers
and future developments may include sophisticated systems that
provide more realistic conditions for practising difficult airway
management or neuraxial blockade. Some of the challenges in creating a virtual reality simulator for training in regional anaesthesia
are addressed by Grottke et al. (2009).

Integrated simulators
The biggest difference between screen-based and integrated simulators is that the participant interacts directly with a manikin and
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performs a range of physical tasks—airway maintenance, drug
administration, talking to the patient, and so on. This allows learners to operate at a level much closer to that of their real clinical
world. Screen-based models can help learners check their knowledge but they do not allow this level of interaction.
Although they are described in Box 35.4 as instructor driven or
model driven, in practice, instructors are required for both. The difference with model-driven systems is that aspects of physiology or
pharmacodynamics are programmed into the software and changes
in one body system will bring about changes in another body system without the instructor having to intervene. For example, in a
model-driven system, the administration of a large dose of fentanyl would slow down or stop spontaneous respiration; the model
would in turn bring about changes in the respiratory system with a
decrease in oxygen concentrations and an increase in carbon dioxide concentrations, which would in turn bring about the relevant
cardiovascular changes.
However, although the software will bring about changes, an
instructor may have to override these to promote the educational
outcome of the activity.
These simulators provide stimuli for the learners by either having
some physical features—pulses, breath sounds, pupils, blinking—
and also being able to provide information to monitors so that the
normal variables, blood pressure, pulse oximetry, ECG, and so on
are available. Most of these manikins will allow some interventional
procedures such as needle aspiration or chest drain insertion but,
in practice, these have a very limited number of uses and so such
features tend not to be heavily utilized. A strategically placed loudspeaker can give the manikin the pretence of speaking (usually the
voice of a faculty member), which also acts as a way of interacting
with the manikin.
A wide age range of simulators from pre-term infants, normal
term neonates, young children, adults, and parturients at term are
available commercially.

Simulated patients
Barrows (1993) defined a simulated patient as a well person trained
to simulate a patient’s illness in a standardized way. Such patients
now play an increasingly important role in teaching medical undergraduates and in assessment of doctors of all grades, especially in
the Objective Structured Clinical Examination format.
The increase in formal instruction and assessment of communication skills has extended the role beyond patient to include
carer or relative. The Association for Medical Education in Europe
published a guide on the use of simulated patients (Cleland et al.
2009), with some further material on this provided by Nestel et al.
(2011).

Simulated environment
Simulation centres consist of integrated simulators in the relevant
clinical setting, whether that be an operating theatre, intensive
therapy unit, labour ward and so on. The educational imperatives
are to allow the participants to behave in as realistic a manner as
they would when presented with similar clinical challenges in the
real world.

Scenario-based simulation
The essence of this approach is to recreate aspects of a clinical challenge in which the patient’s condition will change because of one

or more underlying conditions. The participant(s) have to respond
to the challenge by gathering relevant information, making a diagnosis, instigating therapeutic actions, and reviewing the impact
of those actions. These scenarios are usually in an acute care setting, with time pressures and great risk to the patient of mortality
or significant morbidity. After the scenario, the performance of the
participant(s) is reviewed with the intention of the participant(s)
generating some learning outcomes that they will subsequently
address. Successful resolution of the clinical situation will require
a combination of medical knowledge (doctor as medical expert)
combined with non-technical skills (doctor as communicator and
doctor as collaborator) on the part of the participant(s).
Although many anaesthetists had been exposed to clinical scenarios in the context of life support courses, there were significant
differences; the instructor was required to provide a lot of information, the scenarios concentrated on the various life support algorithms (ventricular fibrillation, for example), and there was much
less emphasis on non-technical skills. The development of ACRM
courses (Gaba et al. 2001) played a large part in raising awareness
of this aspect of practice and stimulating further work, such as the
development of the ANTS system (Fletcher et al. 2003). The other
difference from the resuscitation course scenarios was the after
scenario review or debriefing. The use of audiovisual equipment
to record the scenario and allow participants to see themselves in
action was not in itself new but in the context of the management
of acute care scenarios was novel. The 1990s saw the growth of
simulation centres in which model-driven simulators in simulated
clinical environments, equipped with audiovisual systems, were
used to promote scenario-based learning, including crisis resource
management. It is to the credit of the specialty that anaesthesia has
embraced this new style of teaching.

Educational rationale for scenario-based simulation
There are several educational and psychological theoretical frameworks that underpin why this form of education should be successful. Education is all about helping learners change their behaviour
(Peters 1966). The learner has to acknowledge the need to change
behaviour—if the motivation is internal then it is more likely to
happen; this is consistent with the principles of adult learning
(Knowles 1990). Secondly, the learner has to know which components of current behaviour need to be modified and which components are already effective and require no significant modification.
The actual management of the clinical challenge in the simulated
environment can provide the participants with the opportunity of
comparing how they think they will perform with how they actually perform. If there is a disparity between the imagined performance and the actual performance then a state known as cognitive
dissonance arises (Aronson et al. 2010); this is described as trying
to hold incompatible beliefs at the same time. Resolution of this
state is a powerful driver and as most professionals aspire to high
standards of practice, then one can see that generation of cognitive
dissonance can provide a very strong motivating factor to change
one’s behaviour.
Reader (2011) has discussed the role of episodic learning in relation to scenario-based simulation. Episodic memory relates to the
storage, encoding, and retrieval of information learnt during personally experienced events. Recalling an event can bring to mind a
vast amount of associated information. This is especially so if the
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scenario has been novel, challenging, or successful. The emotional
component of cognitive dissonance may help the behaviours associated with the scenario become more memorable.
The second part is concerned with what to change. Kolb’s experiential learning theory provides a useful template (Kolb 1984). In
this theory, an episode of concrete activity (something that actually
happens) provides a stimulus for reflection. The learner reflects on
what was done and how it could have been done; what frameworks
or theoretical consideration can help the learner make sense of the
concrete experience. In the case of anaesthetic participants then the
biomedical model and crisis resource management skills or non-
technical skills will provide the theoretical frameworks that will
help them make sense of what was going on. The reflection component is usually facilitated by a faculty member to focus on key learning points and to ensure that the insights and observations from
other participants contribute to the process. Having decided which
aspects of behaviour to change the next phase is one of experiment
in which the learner carries out those changes. Trying out the new
changes is the next concrete activity and so the cycle repeats itself.
In practice, time constraints usually prevent participants being able
to work through the experimental phases by undergoing a similar
scenario. However, other participants may choose to change their
behaviour when it is time for their own scenarios. Box 35.5 provides an illustrative scenario.

Scenario-based simulation and fidelity
The core of scenario-based design is that the participants will perform in a realistic manner. If they do not behave realistically then
the review and reflection is less likely to help the learner identify
strengths and limitations. Dieckmann et al. (2007) applied a psychological model that described three modes of thinking—physical,
semantic, and phenomenal. Physical mode concerns aspects of
simulation that can be measured in physical dimensions or in terms
of the composition of the manikin.
The semantic mode of thinking concerns concepts and their relationships. It deals with how the participant makes sense of what is
going on.
The phenomenal mode deals with the ‘experience’ including
emotions and beliefs triggered by the situation. If it ‘feels’ right to
the participants then they are more likely to act as they would in
the real environment. The semantic and physical modes are ways of
getting them to the phenomenal mode. Effort made on increasing
physical fidelity or semantical fidelity is to little effect if the phenomenal fidelity is not increased.
Rudolph et al. (2007) renamed the modes as physical, emotional,
and experiential.

Principles of scenario design
The key issue is the intended educational outcomes. In the previous section, education was described in terms of helping learners
change their behaviours. What sort of behavioural change might a
scenario promote? A specific example was provided in Box 35.5—
the effective management of a patient experiencing unexpected,
high peak airway pressure during positive pressure ventilation.
Where do the scenario designers obtain the learning outcomes?
In 2005, the Best Evidence Medical Education review of those
features of high-fidelity simulation that make it effective (Issenberg
et al. 2005) was published. Integration with a curriculum was one
of the important features. The published curriculum for anaesthesia
in the United Kingdom is a lengthy document (Royal College of

Box 35.5 Illustrative scenario
In this scenario, the participant, a trainee anaesthetist with
6 months’ experience, is presented with a scenario in which an
otherwise fit and healthy 19-year-old male undergoes a laparoscopic appendicectomy by an experienced trainee surgeon.
During the surgical procedure there is an unexpected rise in
peak airway pressure during the ventilator cycle. This is due to a
change in the position of the endotracheal tube, which is irritating the carina and causing some bronchospasm.
The participant would be expected to recognize the problem,
decide on how serious the problem is, and instigate the ‘unexpected high airway pressure drill’. One would expect the trainee
to inform the surgeon and ask the surgeon to deflate the abdomen as soon as is safe to do so. While performing the high airway
pressure drill, the trainee should be observing how the patient is
responding to interventions: a member of faculty playing the role
of anaesthetic assistant may be required to ask the participant
‘What do you think is happening?’ to clarify the participant’s
thought processes.
The above will constitute the concrete experience.
Following resolution of the problem, which may require help
from a more senior anaesthetist, the scenario is concluded and
the debriefing phase takes place. This is the reflective component
of the experiential cycle. The faculty member facilitating the
debrief will attempt to find out what the participant thought was
happening and relate that to underlying causes of high airway
pressure. If the trainee did not implement the ‘unexpected high
airway pressure drill’ then the facilitator will explore why that
was the case. It may be ignorance (although trainees attending
this course should be familiar with such drills), it may be other
considerations related to poor non-technical skills, or cognition, such as becoming fixated on the pneumoperitoneum. The
debriefing would involve other participants on the course but at
the end of the reflection component the participant would be
asked what he/she might do differently. The suggested actions
move into the experimental phase. It may be possible to rerun the
scenario and try out the suggestions, thus providing the concrete
experience of the next cycle.

Anaesthetists 2009). Which components are most appropriate for
scenario-based simulation? This will be explored more fully in a
later section but the guiding principles are that it should be important but difficult to teach effectively in the real clinical environment.
Once the intended learning outcomes have been identified, the
next stage is to provide a storyboard for the scenario. The storyboard is a way of scripting the scenario to stimulate the participant
into a set of actions that will help the learner meet the learning
outcomes. The storyboard provides the overall narrative of the scenario and then has to be broken into a number of scenes. The transition from one scene to the next will depend upon a trigger event,
such as a specific intervention made by the learner.
The physiological variables for each scene then have to programmed and documented in the scenario record. This will often
require several iterations before it runs smoothly.
Although the scripting of the scenario and the programming of
the simulator manikin is in the control of the simulation faculty,
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the course and progress of the scenario will be considerably influenced by the actions of the participant. The participant may not
act in a predictable manner; for example, the participant may misconstrue information and decide that the clinical problem is not
that intended by the scenario faculty. If the scenario is not challenging enough then the learning outcomes may not be achieved. If
the scenario is too challenging then the learning outcomes may not
be achieved and the experience may have an adverse effect on the
learner (this will be explored in a further section).
Scenarios therefore require some flexibility built into them so
that adjustments can be made to promote the learning outcomes.
Dieckmann et al. (2010) provide advice on how to manage scenarios that are not going to plan.
A well-designed scenario will help promote the learning outcomes by providing an appropriate concrete experience that will
in turn stimulate reflection on the learning outcomes and leave
the participants with a clear sense of which aspects of their practice require alteration and adjustment. More specific guidance on
the development of scenarios is available (Cannon-Bowers 2008;
Dieckmann and Rall 2008; Holland et al. 2008; Hwang and Bencken
2008; Stillsmoking 2008). Kneebone (2006) discussed how effective
management of simulation-based education calls upon expertise
from many different disciplines; including some, such as film and
theatre, that have not traditionally been associated with medicine.

Setting up a simulation centre
The early model-driven integrated simulators were not very portable
and so it was easier to bring the participants to the simulation centre
than to bring the simulator to the participants. Scenario-based simulation in the late 1990s and early twenty-first century was predominantly carried out at simulation centres. This section will review
some of basic requirements. More detailed information is provided
by Horley (2008), Huang and Dongilli (2008), and Seropian (2008).

Hardware and accommodation
The following are necessary to provide smoothly running courses
concentrating on scenario-based simulation: a clinical area which
houses the manikin and has the sufficient clinical equipment to
allow participant intervention. Anaesthetic scenarios will require
an anaesthetic machine, monitors, intravenous fluids, drugs, disposable equipment such as endotracheal tubes, syringes, needles,
and so on. Storage facilities are necessary for disposables and possibly other manikins (e.g. a paediatric manikin). A control room
from which to run the scenario is also very useful as it facilitates
faculty development, discussion on points for debriefing, and so
on. The alternative is to locate the control computer in a screened-
off part of the clinical area, but this is decidedly inferior.
A separate room for briefing and debriefing will avoid possible
distractions from conducting debriefing in the clinical area while
simulation centre staff tidy up from the previous scenario and
prepare for the subsequent one. Changing facilities with toilets are
also necessary to maximize time. If participants have to leave the
centre then the turnaround between scenarios is reduced and so
the dead time increases. Simple kitchen facilities are useful for the
same reason. Administrative space with adequate filing space is also
necessary. The move to accredit simulation centres requires documentation and records.
Hardware will also include the audiovisual equipment. The quality of this will be influenced by whether the purpose is solely to help

with review or whether information is being collected for research
purposes.

Personnel
The scenario requires someone to fulfil the director role. If experienced, that individual may also be able to ‘drive’ the computer and
move from scene to scene, while adjusting the manikin’s physiological variables as required. The interactive nature of scenarios also
requires someone on the clinical floor with knowledge of where
equipment is maintained and to ensure that no harm befalls the
participants or the manikin. Technical support is required to set up
the manikin and necessary equipment for scenarios, tidy up afterwards, and ensure that routine maintenance tasks are undertaken.
Running or directing a scenario can be very demanding and some
of the participants’ behaviours may not be observed. It is therefore
useful to have the person who will facilitate debriefing observe the
scenario without having to take on too large a role.
Supporting roles in the clinical area can often be performed by
other participants; however, briefing is required to ensure that they
remain within role to avoid interfering with the intended running
of the scenario.
The common model is to have a core staff with technical and
administrative support supplemented with a volunteer faculty.
Training people for this role and ensuring that they have enough
exposure to be able to fulfil those roles presents a considerable
challenge.
If the centre is also to house facilities for part-task training, resuscitation courses, and simulated patients then a different order of
organization is required.

In situ simulation
As technology advanced, the portability of integrated simulators
improved and conducting the sort of scenarios described became
easier to achieve.

Educational advantages of in situ simulation
The principles are the same as for scenario-based simulation in centres. However, what the participants have that is different is their
local knowledge of equipment and resources. If the intended learning outcomes include knowing how to activate local resources then
in situ simulation carries an advantage.
At a practical level, it may only be possible to assemble the participants for a short period in their local setting: this is often the
case with operating theatre staff from different professions and specialties. The potential long-term benefits from such training may be
overridden by the short-term gains of throughput and productivity.

Educational disadvantages of in situ simulation
The opportunities for review and debriefing may be reduced, especially if audiovisual input is desired. This can reduce some of the
potential educational benefits, especially if the learning outcomes
are focused on improving interaction between different team
members.
At a practical level, the scenario needs realistic clinical space,
such as an operating theatre, and this cannot always be guaranteed.
Although one or more scenarios may not take up much running
time, the preparation time can be quite lengthy and the provision
of technical support is not always possible. Similarly, assembling a
collection of equipment, especially disposables, is not always easy
to achieve.
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Team training

Box 35.6 Twelve dimensions of simulation

Scenario-based training has been used not only to promote learning in individuals but also in healthcare teams. Training in a simulation centre has advantages when the participants are still in the
training grades and are preparing for practice. The ability to review
and reflect and reapply general principles is of value in this setting.
Training in situ is of greater benefit for established teams because
the established ways of practice are as much under review as the
strengths and weaknesses of the individuals. Team training has
been reviewed (Eppich et al. 2011; Østergaard et al. 2011). On the
whole, participants respond favourably to the concept and better
adherence to standards in management of cardiac arrest has been
demonstrated (Wayne et al. 2008). In the obstetric setting, Draycott
et al. (2005) have shown improvement in Apgar scores at 5 min, and
a reduction in hypoxia-induced encephalopathy.

1. Purpose of simulation
2. Unit of participation in simulation
3. Experience level of simulation participants
4. Healthcare domains in which to apply simulation
5. Healthcare disciplines and personnel who participate in the
simulation
6. Knowledge, skill, behaviour being addressed
7. Age of patients being simulated
8. Technology applicable or required for simulations
9. Site of simulation
10. Extent of direct participation in simulation

Indications for simulation

11. Feedback method accompanying simulation

Gaba (2004) has described 12 dimensions that can be considered
when applying simulation-based education. These are listed in
Box 35.6.
Indications for simulation fall into three main categories:
1. Instruction of practical skills. As previously described, in this
context simulation is used to practice basic practical skills and so
help make psychomotor skills more routine. Included in this set
are procedural skills, such as airway skills, and algorithms, such
as the difficult airway algorithms. These uses are well established
and are useful for novices. Simulated patients can also be used to
prepare for situations where sensitivity is required.
2. Formative assessment. This is the realm of scenario-based simulation, where one or more participants are presented with a clinical challenge that they may be required to manage. Facilitated
reflection on the performance is used to help learners find out
more about their strengths and limitations or to find out more
about the suitability of local protocols and practices.
3. Summative assessment. In these cases simulation is also
used to assess the strengths and limitations of candidates,
but the information is available to third parties and is used
for selection into a training programme (Gale et al. 2010),
as a component of high-stakes examinations used for licensing, or to determine progress. Anaesthetic trainees in the
United Kingdom and in Israel (Berkenstadt et al. 2006) have
a simulation-based assessment component in their summative
anaesthetic examinations.

Does it work? The case for simulation-based education
One can do no better than quote directly from McGaghie et al.
(2011). ‘At least 40 years of empirical research shows that simulation-
based medical education (SMBE) promotes learner acquisition and
maintenance of clinical knowledge, attitudes and skills. Thousands
of individual research reports synthesised in five comprehensive
reviews reveal that SMBE is a powerful educational intervention to
increase medical learner competence.’3
3

Reproduced with permission from McGaghie, W.C., Draycott, T.J., Dunn,
W.F., Lopez, C.M., and Stefanidis, D. Evaluating the Impact of simulation on
translational patient outcomes. Simulation in Healthcare, Volume 6, Issue 7,
pp. S42–S47, Copyright © Society for Simulation in Healthcare 2011.

12. Organizational, professional, and societal embedding of
simulation.
Adapted with permission from Quality and Safety, Gaba, D.M. The future
vision of simulation in health care. Volume 13, Supplement 1, pp. i2–i10,
Copyright © 2003, with permission from BMJ Publishing Group Ltd.

McGaghie et al. also describe four conditions identified in those
reviews that help achieve educational goals: mastery learning and
deliberate practice; skilful faculty; curriculum integration; and
receiving healthcare system acceptance.
McGaghie et al. (2011) have also described a system, taken from
translational research, of looking at the impact of simulation-based
education. Translational research is a way of describing how to take
developments in healthcare from the laboratory bench to the bedside and so impact on the health of patients and society. Their adaptation to medical education has the following levels:
T1—results achieved in the classroom—what can the learners do at
the end of the session?
T2—what can learners do in the clinical environment?
T3—what impact does this have on patient and public health?
Also described in this model (Gaba 2011) are:
T3—cost-effectiveness
T4—dissemination—can it be done by others?
T5—adoption—will others use it?
T6—what impact on the health of the population as a whole?4
The paper by McGaghie et al. and by Gaba came from a research
summit that took place in January 2011, the outcome of which
was published as a supplement of the journal of the Society for
Simulation in Healthcare (Dieckmann et al. 2011). Gaba (2011) also
pointed out that although simulation has been with us for more than
4

Reproduced with permission from McGaghie, W.C., Draycott, T.J.,
Dunn, W.F., Lopez, C.M., and Stefanidis, D. Evaluating the Impact of simulation
on translational patient outcomes. Simulation in Healthcare, Volume 6, Issue 7,
pp. S42–S47, Copyright © Society for Simulation in Healthcare 2011.
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25 years it is only in the last 5–10 years that there has been a rapid
growth in its use and an explosion in published research. A lot has
been achieved and better understanding of some of the challenges
in conducting good research may help the simulation community
produce even stronger evidence (Gaba 2012).

The longest established international society is the Society in
Europe for Simulation Applied to Medicine (SESAM; http://www.
sesam-web.org).
Each society holds annual scientific meetings and further information on simulation is available on their websites.

Adverse effects of simulation

Declaration of interest

If education is about helping learners change behaviour then
one undesired outcome is to promote inappropriate behaviours.
Bleakely et al. (2011) expressed concern about learners engaging
with superficial behavioural change; that is, they perform in a certain way for assessment purposes but have not adopted the underlying values that are being promoted. This concern is directed more
at undergraduate level than postgraduate level. Another potential
area in scenario-based training is placing too much emphasis on
certain cues; for example, an anaphylactic reaction in the patient/
manikin may be portrayed with full-blown cardiovascular collapse
and severe airway changes. This may be necessary to provoke ‘a
management of anaphylaxis’ response from the participant, but if
one of the intended outcomes is the early detection of anaphylaxis
then such a portrayal is less likely to succeed.
Another adverse outcome is to inhibit learning. Scenario-based
education carries the risk of exposing limitations of performance
or gaps in abilities in participants. As discussed, a relatively small
gap can help produce the cognitive dissonance that helps learning.
If the self-esteem of the participant is seriously threatened then the
response of the participant is likely to be withdrawal or to blame the
scenario or equipment (Aronson et al. 2010). This is not a conscious
response but is the result of our hard-wiring. This is why finding
out something about participants and being sensitive to their performance is important. There may be gaps in a participant’s abilities
and behaviour but making the participant feel small or inadequate
is not likely to bring about the desired learning outcomes. Briefing
the participants and creating an appropriate educational environment are as important, if not more important, than in any other
educational setting. The time and resources invested in scenario-
based education will not be recouped if the participants do not
engage with the process.

The future of medical simulation
The educational justifications for simulation have been described.
The evidence, as it currently stands, has also been reviewed and
shown simulation-based education to be of potential benefit.
However, this form of education is resource heavy and investment
requires external drivers. Medical training in the United Kingdom
waits to see what impact the Chief Medical Officer’s report on simulation (Department of Health 2008) will have on the regulatory
body, the General Medical Council, as the training curricula continue to be refined and as revalidation impacts on the career grade
doctors.

Simulation societies
Various societies operate at national and international level.
The UK body is the Association for Simulation Practice in
Healthcare (ASPiH; http://www.aspih.org.uk).
The largest international body is the Society for Simulation in
Healthcare (SSH), which publishes the journal Simulation in
Healthcare (http://www.SSiH.org).

None declared.
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CHAPTER 36

Safety and quality
assurance in anaesthesia
Sven Staender and Andrew Smith
Introduction: definitions and approach
The International Standard ISO 9000 of the International
Organization for Standardization (ISO) defines quality as ‘The
totality of characteristics of an entity that bear on its ability to satisfy stated and implied needs’ (British Standards Institute 2000).
Such standards apply to products and services from all industries,
and neither this definition nor the descriptions in the ISO vocabulary are especially user-friendly for healthcare professionals.
Other, simpler, definitions of quality which may be more useful
on a day-to-day basis for individuals and teams in healthcare are the
notion that quality is about meeting requirements (McIntosh and
Macario 2009). Thus, the anaesthetist can be thought of as meeting the requirements of the surgeon, the recovery staff, the hospital
management, and ultimately the patient. Often these requirements
are different; they may even conflict. For the manager it may mean
efficiency and reduced costs. For the surgeon, it means good operating conditions and minimal ‘anaesthetic time’ in between cases.
For the recovery or ward nurse, it may mean a patient who is comfortable and free from nausea and vomiting. For the patient, more
important than any of these things may simply be that he or she is
treated with quality, respect, and courtesy. However, for the anaesthetist, ‘quality’ may simply mean physiological stability during
anaesthesia. This example underlines the fact that the word ‘quality’ means different things to different people. A final and almost
minimalist definition of what we are aiming to achieve is the idea
of ‘doing the right things right’ (Muir Gray 1997).
Perhaps more useful than attempts to encapsulate quality in a
definition are descriptions of the different elements that quality
includes. Within healthcare, the United States Institute of Medicine
(IOM) has defined six dimensions of quality (IOM 2008): safety,
effectiveness, patient-centred care, timeliness, efficiency, and equity.
Safety is developed later as a separate section in this chapter and the
other dimensions are explored in detail below. See Table 36.1.
Quality can be defined informally, but quality improvement
usually denotes a formal, structured process (Bothner et al. 2000),
for instance, making use of the ISO 9001, a document which sets
out the necessary requirements for any organization wishing to
improve quality.
However, experienced professionals can recognize excellent—
that is, high quality—expert practice in their own field (Smith
2009) and this offers another perspective on quality. Whilst this
may be somewhat inward-looking and may need to be complemented by an awareness of the other dimensions of quality

mentioned previously, it is nonetheless essential that anaesthetists strive for their best both individually but also within their
workplaces, by influencing colleagues and encouraging trainees.
Qualitative researchers in the United Kingdom (Smith et al. 2005,
2006) and Sweden (Larsson et al. 2003; Larsson and Holmström
2013) have begun to explore what ‘expert practice’ means in anaesthesiology through observation and interview. More recently, the
Royal College of Anaesthetists’ ‘excellence project’ in the United
Kingdom invited anaesthetists to list and rank the qualities they felt
characterized excellent anaesthetists. Although specialist knowledge and technical skill were of course important, many attributes
of excellence were personal qualities or non-technical skills (Smith
et al. 2011). Those who excelled (‘high-quality’ anaesthetists) were
thought to be those who seek out and learn from new challenges.
Innovation, conscientiousness, flexibility, and good communication were all highly rated.

Effectiveness: evidence and guidelines
Effectiveness refers to the provision of services which are based
on scientific knowledge—evidence-based practice—and implies
that both overuse (i.e. providing treatments which are ineffective
and unnecessary) and underuse (not providing treatments that are
effective but not used) will be corrected (Kranke 2010). Clinical
guidelines have an important role to play within the promotion of effectiveness. Guidelines are defined by the World Health
Organization as ‘systematically developed evidence-based statements which assist providers, recipients and other stakeholders to
make informed decisions about appropriate health interventions’
(Smith and Alderson 2012). However, within the anaesthesiology
literature there are not only clinical guidelines as described, but also
standards, protocols, recommendations, and practice advisories,
plus review articles and textbooks, all of which appear to associate research with recommendations. These types of publication
could be said to form a ‘hierarchy of rigidity’, with standards at the
top and the other types of guidance further down. Thus, although
few anaesthetists would readily depart from accepted standards of
practice, guidelines generally offer greater flexibility in application
(Eddy 1990).
The stated advantages of guidelines include the facilitation of
the practice of evidence-based medicine in that they can provide
a practically orientated summary of the relevant research literature. They are suggested to reduce variations in practice, discourage outdated and inefficient practice, and improve the efficiency or
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Table 36.1 Domains of quality assurance and patient safety
Quality domain

Issue

Tools and techniques

Safety

Prevention of unintended harm

Incident reporting
Structured review of mortality
Root cause analysis
Closed claims analysis
Global trigger tool

Effectiveness

Scientific basis
Competence of staff

Audit
Compliance with standards
Performance indicators

Patient-centredness

Satisfaction
Experience

Surveys and interviews with patients, parents, and
relatives

Timeliness

Waiting times

Monitoring over time

Efficiency

Operating list utilization
Cancellations of operations

Monitoring over time

Equity

Ensuring same standard of care for all
regardless of social status or circumstance

Safety and effectiveness indicators compared with
patient age, gender, ethnicity, etc.

healthcare delivery (Woolf et al. 1999). They can raise awareness
of a subject and also be a source of practical advice—well-written
guidelines can be practically useful on a day-to-day basis.
Disadvantages include the potential difficulty of applying a document designed for a ‘typical’ patient to others—for instance, those
with co-morbidities. Ease of implementation may vary because of a
lack of expertise in using a particular intervention, disagreement with
a recommendation, or problems identifying necessary resources. If
guidelines are too prescriptive, they may be perceived as limiting
professional judgement (Haycox et al. 1999). Conflicts of interest
brought about by commercial pressures may also affect guideline
production (Sniderman and Furberg 2009), either by affecting how
members of development groups are chosen, or through the influence possibly exerted on individuals who may have received funding
or other benefits biasing their interpretation of the evidence.
Given the large number of guidelines and the substantial effort
devoted to producing them, it is relevant to ask if they are effective
in improving healthcare. Perhaps the most comprehensive attempt
to answer this question is a systematic review of printed educational materials (PEMs), including but not restricted to clinical
guidelines, aimed at healthcare professionals (Farmer et al. 2008).
The authors concluded that ‘when compared with no intervention,
PEMs when used alone may have a beneficial effect on process outcomes but not on patient outcomes’ and went on to suggest ‘Despite
this wide range of effects reported for PEMs, clinical significance of
the observed effect sizes is not known’. Efforts to make guidelines
more effective have focused on trying to understand why some
work better than others. Guidelines are more likely to succeed if
they have a sound and explicit evidence base, compatibility of recommendations with existing values, and no requirement for extra
resources, skills, or knowledge (Grol et al. 1998). The wording of
recommendations also seems to influence people’s intention to use
guidelines (Michie and Lester 2005). Of course, too, guidelines must
be implemented to be effective, but this aspect is often ignored or
poorly resourced. Other reasons, as a recent investigation showed,
include the sheer volume of guidance, difficulty locating relevant

guidelines, and the length and complexity of documents (Carthy
et al. 2011). The authors noted: ‘[the] extraordinary and unco-
ordinated proliferation of guidelines in the NHS confuses staff,
causes inefficiencies and delay, and is becoming a threat to patient
safety’. They suggested greater rationalization and standardization
at both national and local levels.
The legal status of clinical guidelines often causes concern (Hurwitz
1999). This does not seem to offer a threat to careful and conscientious practitioners, as it seems that a good quality clinical guideline
might be presented as one summary of current professional opinion
of good practice, and used as such in a legal case in support of a clinician’s action in following a guideline. If a clinician does not follow a
guideline, ignorance of the guideline would not be a good defence for
not using it, but a well-justified defence of why a guideline recommendation did not apply in particular circumstances, backed up by
evidence and professional opinion, would be convincing (National
Institute for Health and Clinical Excellence 2004).
Some suggestions for producing useful and well-conducted
guidelines were recently made. These included tackling practical
questions and problems, and ensuring that final documents are as
short and concise as possible (longer versions or supplementary
material can be made available on websites). It is also vital that
high standards of production are adhered to, and here the standard template is suggested by the AGREE instrument (AGREE
2010), a 23-point checklist covering scope and purpose, stakeholder involvement, rigour of development, clarity and presentation, applicability, and editorial independence. We also believe that
new guidelines should state why they have been produced and what
they add to existing ones (Kahn and Gale 2010), and organizations
should justify why a new guideline has been produced, instead of a
simple endorsement of an existing one.

Patient-centredness
Patient-centredness is a key characteristic of modern healthcare
(begging the question of quite how practice might have been
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centred in the past if it was not around the patient). Patient-centred
care can be achieved by measuring patient satisfaction (Heidegger
et al. 2002) or simply by asking patients about their experiences of
care; the patient’s perspective may be surprisingly different from
our expectations (Williamson 2002). Satisfaction surveys can be
useful but are frequently meaningless because of lack of clarity of
purpose and deficiencies in design. A fundamental problem is that
the majority of patients are usually satisfied with their care, or at
least not dissatisfied enough to express it. More revealing can be
a closer analysis of the few who are openly dissatisfied, or a systematic examination of patient complaints as part of routine audit
activity.
Results from the evaluation of a questionnaire in the
Netherlands showed that satisfaction did not depend solely
on the outcomes of anaesthesia, but also on how patients were
approached and on the quantity of information they had been
given (Caljouw et al. 2008).
Actively involving patients in their own care is common in the
management of many chronic diseases including diabetes mellitus and musculoskeletal conditions. Also, in terms of quality, the
patient’s view of the service provided is one key element in defining what is useful and what is not. However, going one step further and inviting patients to participate in improving the quality
and safety of their care is still unusual although there are some
examples of this. For instance, in some hospitals in the United
Kingdom, staff have worn badges inviting patients to ask them if
they have cleaned their hands before each patient contact. Whilst
such an approach is conceptually appealing, and is undoubtedly
worth trying, there are some cultural factors which need to be
addressed. Many patients are uneasy about challenging the staff
who are looking after them, as they may feel that, paradoxically,
their care may suffer if they appear to criticize the staff; further,
they may believe that staff will do a good job anyway. One could
also argue that patients are in an intrinsically vulnerable position
and it is unfair and possibly inhumane to expect them to be vigilant for possible mistakes when they should only have to concentrate on themselves. As such strategies are rare, it is not surprising
that a systematic review of patients’ involvement in the safety of
their own care found only 14 studies, all focusing on medication
safety, which seemed to suggest improved patient safety incident
outcomes (Hall et al. 2010).

Timeliness, efficiency, and equity
Timeliness and efficiency are vital organizational dimensions which
are important in themselves, for both staff and patients.
Within anaesthesia, although the anaesthetist can influence the
running of an individual operating session, there is little scope for
overall management of operating theatre utilization in the longer
term, which requires a separate approach (McIntosh and Macario
2009). This may vary according to context—North American hospitals, for instance (Dexter and Epstein 2005), may differ from
those in Europe (Baumgart et al. 2010; Arakelian et al. 2011) or the
United Kingdom (Pandit et al. 2007).
Equity refers to providing care that does not vary in quality
because of personal characteristics such as gender, ethnicity, geographic location, or socioeconomic status. Again, in most cases,
treatment decisions in patients undergoing anaesthesia have been
made by others. However, there are many judgements to be made
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about the choices between different types of anaesthetic and the
place and nature of postoperative care. Also, in complex cases
where patients are in poor health, anaesthetists are often consulted
about whether surgery is desirable or the risk:benefit ratio is acceptable. In all these instances, subconscious prejudices and ignorance
of the importance of equity can influence clinical decision-making
(Jakab 2012).

Improving quality
There are many means for improving quality. These include analysis
of patient complaints and critical incidents, the use of checklists
and guidelines, and formal tools originating from industry such
as process mapping and ‘lean’ methodology. Three basic principles
must underlie any attempt to improve quality. First, everyone must
be involved right from the beginning. This allows a range of perspectives and new contributions to be incorporated. Second, the
perspective of the ‘service user’ should be sought. Ultimately this
is the patient, but we all make use of others’ services. Third, it is
important to use a structured approach, incorporating repeated
measurements, during the improvement process. If no measurements are made, it is impossible to say whether improvement has
taken place. Various approaches previously used in manufacturing
and service industries have been tried in healthcare and for these
the reader is referred elsewhere (Leedal and Smith 2006; Nicolay
et al. 2012).

Process and process mapping
Healthcare activities can be classified into those relating to structure, process, and outcome. Outcomes measurement has rightly
been emphasized. However, anaesthesia is usually not directly
therapeutic in itself, but rather enables and facilitates other
interventions. Some outcomes may be attributable to anaesthesia (e.g. postdural puncture headache) but serious adverse
outcomes are rare and very large comparative studies would be
required to establish differences in mortality and major morbidity between different anaesthetic techniques. A focus on processes, rather than outcomes, is usual in quality improvement.
Process measures can be sensitive indicators of quality of care,
are easily measured, and easily interpreted. Perhaps most importantly, adjustment for case-mix is less crucial than for outcome
assessment (Crombie and Davies 1998). The authors caution that
there must first be good evidence to link the processes of care
to desirable outcomes if this approach is to be valid. Although
we assume this in anaesthetic practice, the ultimate fate of the
patient depends on the combined effect of a ‘package’ of processes
(surgical, medical, nursing, etc.) and it is not straightforward to
disentangle the individual strands. Nevertheless, relating process
to outcomes makes intuitive sense and, within industry, led to
the development of ‘business process re-engineering’ (BPR) as a
means of improving quality. A key tool in BPR is process mapping (Leedal and Smith 2006). Using flow charts, process mapping tracks the movement of people, activities, and information
through an organization, maintaining focus on delivering service
to customers. The mapping process can be useful in itself as it
brings together the range of groups involved in the patient’s care,
which should help staff understand how things work, offering an
overview of the whole course of care and helping identify opportunities for improvement.
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Tools for quality improvement
Perhaps the simplest makes use of the ‘plan–do–study–act’ (PDSA)
cycle (see Fig. 36.1). This cycle uses small, rapid cycle changes
designed to test, measure impact, and test again (Peden and
Rooney 2012). The method uses small frequent samples to drive
change faster than the traditional audit cycle. The three questions
underlying the cycle are (1) what are we trying to accomplish?—
ideally answered in numerical terms, within a given timescale;
(2) how will we know that a change is an improvement?—where
measurement is necessary; and (3) what change can we make that
will result in an improvement?—where ideas for change can be
developed and tested. The PDSA cycle is then used to guide the
process; ‘driver diagrams’ can be useful in helping break down
larger complex aims or concepts into smaller, manageable elements and ‘bundles’ of interventions that make sense when delivered together can be designed to help make meaningful changes
(Peden 2011). Varughese et al. (2010) reported the successful use
of quality tools within the IOM framework in the context of paediatric anaesthesia.
Measurement of performance is becoming more and more important both at an institutional level—to allow quality improvement
initiatives to proceed on a quantitative footing—and for individual
practitioners, where it is becoming a larger part of annual appraisal
and revalidation of a doctor’s right to practise (Moonesinghe and

ACT

Plan the next cycle
Decide whether
the change can be
implemented

STUDY

Complete the analysis of
the data
Compare data to
predictions
Summarise what was
learned

Tomlinson 2011). Measurement is vital and the choice of indicators
must reflect the objective chosen. Such simple approaches may not
sit easily with doctors brought up to believe that the randomized
controlled trial is the ‘correct’ method for evaluation of interventions. As Daniel notes:
[A]real challenge is to get doctors to believe in the value of these
small tests of change. Culturally in medicine, we have been taught
and believe that what we really need are studies with large sample
sizes, so how can we benefit from a small test of one? The answer to
this question can be distilled down to the function of randomized
controlled trials being to decide whether treatment A is better than
treatment B, this is a deductive process. In improvement work, we are
not comparing A against B but learning how to make C work, this is
an inductive process. In improvement work, the testing and measurement are for learning not for the judgment method that is inherent in
randomized trials. (Daniel 2010)

A systematic review of possible indicators of outcome in anaesthesia practice found few patient-centred outcomes (Haller et al.
2009), and there are few validated patient-reported outcome measures for anaesthesia (Moonesinghe and Tomlinson 2011). Possible
measures related to anaesthesia, might include unintentional
intraoperative awareness, postoperative fatigue, pain, nausea, and
vomiting. Effective quality indicators for clinical care should be
reliable, transparent, evidence-based, measurable, and improvable
(Benn et al. 2012). Anaesthesia presents particular challenges as

PLAN

Define the objective,
questions and
predictions. Plan to
answer the questions
(who? what? where?
when?)
Plan data collection
to answer the questions

DO

Carry out the plan
Collect the data
Begin analysis of the data

Figure 36.1 ‘The Plan-Do-Study-Act’ cycle.
Reproduced here with permission from the Royal College of Anaesthetists. Originally published in Raising the Standard: A Compendium of Audit Recipes for Continuous Quality Improvement in
Anaesthesia (2012).
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postoperative outcomes depend on a number of factors apart from
the quality of anaesthesia care, including surgery, preoperative
preparation, and, not least, the patient’s condition. Thus, identifying routine metrics which will sensitively pick up variations in care
is difficult.
Haller et al. (2009) reviewed 108 quality indicators used within
the anaesthetic research literature. Around half were related solely
to anaesthetic care, the others measuring surgical or postoperative
ward care in addition. They concluded that conventional perioperative morbidity and mortality data lacked the necessary sensitivity and specificity for analysing the variation in anaesthesia
care. More recently, the use of ‘performance polygons’ has been
described. This is a simple graphical way of representing an individual’s performance on a range of indicators simultaneously
(Cook et al. 2012).
A final question here is whether the collection and reporting of
such data will actually lead to an improvement in standards of care.
This is still debatable; for instance, a systematic review examining
the effect of workplace-based assessments found that the effect of
such feedback varied with specialty and experience of the doctors
studied, surgeons being apparently less open to change in response
to feedback information than some other specialties (Miller and
Archer 2012).

Audit
In the United Kingdom, the professional regulatory body for doctors, the General Medical Council, now demands that doctors seek
the views of their patients and colleagues on their performance as
part of their periodic review of practice. This is likely to be a useful
way of assessing professional behaviour and attitudes. The practical difficulties of gathering feedback from patients were dealt with
earlier in this chapter. Feedback from colleagues can be a strong
improvement tool as long as the feedback is given peer-to-peer
where roughly the same expertise exists between reviewer and the
recipient of that feedback. Clinical audit has become established
as an integral part of clinical practice. It is defined as ‘a systematic
approach to the peer review of medical care in order to identify
opportunities for improvement and provide a mechanism for realising them’ (Shaw and Costain 1989). Audit, with feedback into
practice, has been shown in a Cochrane systematic review to lead
to small but potentially important improvements in professional
practice (Ivers et al. 2012). Feedback may be more effective when
baseline performance is low, the source is a supervisor or colleague,
it is provided more than once, it is delivered in both verbal and
written formats, and when it includes both explicit targets and an
action plan. However, further work is needed to confirm these
impressions.
There are a number of techniques which can be applied to audit
practice. These are listed in Box 36.1.
When clinicians talk about ‘audit’ it is usually criterion-based
audit they are referring to. However, the other approaches listed
should not be forgotten. Peer review is described in more detail in
the ‘Continuing professional development, training, appraisal and
peer review’ section, and sentinel events (critical incident reporting) later in the chapter, in the section on safety. Audit should also
be distinguished from activity analysis and outcome analysis (simple counting or even collecting outcomes will not improve care
unless some action is taken in response to what is found) and also
from research.
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Box 36.1 Audit techniques

Case review
One case—
for instance, an anaesthetic record selected at
random—is scrutinized in detail and discussed.

Peer review
Anaesthetists from another Trust could be invited to observe
particular aspects of practice, or take part in other audit activities. Useful in that it may provide fresh perspectives on practice.
Well established scheme amongst chest physicians in the United
Kingdom.

Sentinel events
Analysis of occurrences which are ‘out of the ordinary’,
whether when things go wrong, as critical incidents, or when
things go unusually well, when others can learn from success.
Regular review of morbidity, mortality, and patients’ complaints
also come under this heading. National Confidential Enquiries
are also based on this principle.

Surveys
Main use is to identify topics for audit and to shape the design
and data collection.

Criterion-based audit
What doctors most commonly mean by ‘audit’. Sets a standard, then collects data to assess performance against that
standard.
Reproduced here with permission from the Royal College of
Anaesthetists. Originally published in RCoA Bulletin 2002; 13:635–638.

Audit is apparently a simple activity but this simplicity may be
deceptive. It is often undertaken by trainees with little or no supervision by seniors who may themselves not have a full understanding of quality improvement methodology. We would not accept this
situation of inexperienced and unsupervised working within the
context of clinical practice. Further, even straightforward clinical
topics may be politically sensitive within the hospital and, unless
this aspect is properly managed right from the start of the audit
process, any changes which might be necessary are unlikely to
take place.
Locally based audit is tremendously helpful in assessing and
improving practice on a small scale, but audit activities can also
usefully take place at a national or indeed international level.
In the United Kingdom, the Royal College of Anaesthetists
has commissioned a substantial amount of relevant work. Its
resource ‘Raising the Standard’, revised in 2012, still has guides
to auditing 143 specific topics, but has a new emphasis on moving forward from the results of audit activity to create sustained
improvements in quality (Colvin and Peden 2012). The College
has also commissioned five national audit projects. The most
recently published (Cook et al. 2009, 2011a, 2011b) are referred
to in greater detail within the later ‘safety’ section. The first two
dealt with consultant supervision of trainees (McHugh and
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Thoms 2005) and morbidity and mortality meetings (Thoms and
McHugh 2005) respectively. Two other national audit projects
are of relevance to anaesthesia:
1. The National Confidential Enquiry into Perioperative Death
was set up in 1989 after pilot investigations in a small number of
English health regions and involved scrutiny by assessors from
anaesthesia, surgery, and pathology of the care of patients who
had died after surgery. Initially, enquiries focused on deaths
within 30 days of surgery, using review of index cases identified by ‘reporters’ in local hospitals. Reports from the Enquiry
repeatedly highlighted lack of preoperative assessment and preparation, documentation, supervision (of locums and trainees),
and decisions whether to operate or not in very sick patients.
The Enquiry has repeatedly recommended provision of adequate
high dependency unit (HDU)/intensive care unit (ICU) facilities,
dedicated daytime emergency theatres, correct matching of staff
skills to the complexity of surgical and anaesthetic demands, and
individuals avoiding practising outside the limits of their experience. In 2004, the organization altered its name and broadened
its remit to include not only perioperative care but other aspects
of the work of the acute hospital.
2. The Confidential Enquiry into Maternal and Child Health is an
independent body formed to ‘improve the health of mothers,
babies and children by carrying out confidential enquiries on a
nationwide basis and then widely disseminating their findings
and recommendations’. Again, all deaths of pregnant women are
reviewed. Risk factors for maternal death in general illustrate the
inequities in care referred to in point 1, and include social disadvantage, poor socioeconomic status, ethnic minority groups,
black African women, late booking and poor attendance, obesity, domestic violence, and substance abuse. The rate of death
attributable to anaesthesia is generally low (four in the years
1988–1990, eight in 1991–1993, one in 1994–1996). In the years
2003–2005 there were six direct deaths as a result of anaesthesia.
There were 31 additional deaths to which anaesthesia was deemed
to have contributed in that period of time. The enquiry has now
been renamed MBRRACE-UK (Mothers and Babies: Reducing
Risk through Audits and Confidential Enquiries across the UK).
Both of these enquiries have become highly respected in the United
Kingdom and although based on the assumption that the care received
by people who died was similar to that delivered to those who did
not (Lunn 1998), have been highly influential in focusing clinicians’
attention on improving care (Derrington and Gallimore 1997).

Record-keeping
Keeping good records is essential in healthcare. In the United
Kingdom, one body responsible for accrediting hospitals has set
the following record-keeping standard:
There is an accurate health record which enables the patient to receive
effective continuing care, enables the healthcare team to communicate
effectively, allows another doctor or professional members of staff to
assume care of the patient at any time, enables the patient to be identified without risk or error, facilitates the collection of data for research,
education and audit and can be used in legal proceedings.1 (Royal
College of Anaesthetists 2006)
1

Reproduced with permission from Standard of Records. The King’s Fund
Organisation Audit. www.kingsfund.org.uk

Anaesthesia records have three main functions (Gravenstein
1989). These are to (1) facilitate the provision of clinical care during and after anaesthesia, (2) act as an archival source of information for use before future anaesthetics and for statistical and
administrative purposes, and (3) provide material for reviewing
clinical care, whether as part of an audit exercise or during legal
proceedings.
There is no standard anaesthetic record in the United Kingdom,
though a minimum data set has been specified by the national
anaesthetic organizations (see Box 36.2) (Royal College of
Anaesthetists 2006).
Any discussions the anaesthetist has with the patient or a responsible adult acting for the patient about anaesthetic techniques, risks,

Box 36.2 Suggested minimum dataset for anaesthetic charts
◆

◆

◆

◆

◆

◆

◆

◆

◆

◆

◆
◆

◆

Basic data entry: names of surgeon(s) and anaesthetist(s),
date, operation (where the anaesthetist is a trainee or SAS
grade doctor, the name of the supervising consultant should
be recorded)
Patient identification: name, date of birth, gender,
hospital number
Preoperative assessment: relevant history, physical examination, drugs, allergies, ASA grade
Anaesthetic technique: induction and maintenance technique,
including anaesthetic agents used, recorded in detail
Intravenous drugs administered: clear record of preoperative and intraoperative drugs given, doses and time of
administration
Equipment monitoring: record of anaesthetic machine and
circuit check, relevant equipment monitoring such as FIO2
(always) and pressure alarms
Patient monitoring used: this should be in accordance with the
recommendations of the Association of Anaesthetists
Physiological variables recorded: time-based chart recordings
of relevant parameters including pre-induction values
Frequency of record of physiological variables: frequent
recording from induction depending on patient stability, but
not less frequently than every ten minutes for pulse, blood
pressure, oxygen saturation and end-tidal carbon dioxide
Fluid balance: evidence of venous cannulation; record of fluids
administered
Blood loss where relevant
Postoperative pain relief: clear and appropriate postoperative
analgesic orders
Other postoperative instructions: oxygen therapy, immediate
postoperative fluids and monitoring to accepted standards.

Reproduced here with permission from The Royal College of
Anaesthetists and originally published in Good Practice: A Guide
for departments of anaesthesia, critical care and pain management
(3rd Edition) 2006 (http://www.rcoa.ac.uk/document-store/
the-good-practice-guide).
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special procedures, and so on should be documented either on the
anaesthetic records or in the body of the clinical notes.
In addition, it is particularly important that critical incidents
and complications are accurately documented, and where it is
necessary for a case to be handed over from one anaesthetist to
another, this should be noted, as should decisions shared with
other clinicians and staff. Further, if a patient is unexpectedly
admitted to the ICU or HDU the reasons for doing so should also
be recorded.
The format of the anaesthetic record is a matter for local preference. Many, though by no means all, departments of anaesthesia
have automated clinical record-keeping systems. Far more operating theatres have information management systems, used to measure procedure times and so on. The benefits and disadvantages of
manual and automated systems have been discussed (Muravchick
2009; van Schalkwyk et al. 2011).

Continuing professional development, training,
appraisal, and peer review
High-quality training is an integral part of maintaining quality. Teaching is dealt with in Chapter 37 in this book although a
recent review offers a useful qualitative perspective (Larsson and
Holmström 2012). We would also add that an appreciation of
quality improvement and an understanding of remediable factors
threatening patient safety should be core features of medical education at every level. Once specialists are fully trained, it is essential that they keep up to date with new knowledge and procedures
as they develop. Conscientious practitioners have always tried to
keep themselves abreast of changes and innovations in their specialty. However, formalized approaches to personal development
and the maintenance of clinical standards are now in place in many
countries. In the United Kingdom, all doctors are now required
to take part in an annual appraisal process whereby all aspects
of their work are reviewed. The results of these annual appraisals
feed into the 5-year revalidation cycle. Continuing professional
development (in contrast to continuing medical education, where
the focus is on clinical aspects) embraces a large range of useful
activities including visiting other hospitals or centres of excellence,
learning or improving management skills, improving teaching ability, use of anaesthetic simulators, and interactive learning. Working
alongside consultant colleagues, even in the same hospital, can be
highly worthwhile and also good value for money (Royal College of
Anaesthetists 2013).
Finally, learning from peers in a broader context is also beneficial; a pilot project of peer review visits within paediatric anaesthesia has been reported (Crean et al. 2003).

Patient safety
Evolution of patient safety in anaesthesiology
The Oxford English Dictionary records the first use of the term
‘risk’ in the year 1621. The initial definition was: ‘(Exposure to)
the possibility of loss, injury, or other adverse or unwelcome circumstance; a chance or situation involving such a possibility’
(‘Risk’ 2012).
Although being a historical definition, this interpretation can
still be used in today’s context of various endeavours. ‘Risk’ in that
definition stands for an assessment of a situation or circumstances
that should or should not be dealt with. ‘Risk management’ is the
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appropriate term for many actions or measures to deal with that
situation. ‘Safety’ on the other hand stands for the control of recognized hazards that could lead to any type of loss, damage, or harm.
The art of anaesthesia deals with all types of perioperative risk
and it teaches risk management in order to practise safely. This
focus on risk and safety has a long-standing tradition in our speciality, because of the fact that anaesthetists have always been well
aware that anaesthesia is dangerous but has no therapeutic benefit
of its own. Since the early 1970s, innovations in technology, pharmacology, and overall patient and error management in anaesthesiology have led to tremendous success related to safety outcomes.
Jeff Cooper (Cooper et al. 1978) was the first to report on critical
incidents in anaesthesiology and Bill Runciman (Runciman et al.
1993) launched the first national audit programme for critical incidents in anaesthesiology (Australian Incident Monitoring Study,
AIMS) which influenced the development of the ‘Critical incident
reporting system’ (CIRS), launched back in 1995 (Staender et al.
1997). David Gaba was among the first to systematically introduce
safety management technologies from the aviation domain into
anaesthesiology and set up full-scale simulators for skill training
but more importantly for team training and training to improve
individual performance (Gaba and DeAnda 1989). Even anaesthesia societies such as the American Society of Anesthesiologists
(ASA) have launched a foundation for patient safety as early as 1985
(Anesthesia Patient Safety Foundation, APSF) as an independent,
non-profit organization, dedicated to all aspects of patient safety in
anaesthesiology.
Anaesthesia-related mortality in ASA grade I or II patients is
as low as never before. Therefore, anaesthesia has been cited as a
model for patient safety with a leading role amongst medical specialities in terms of patient safety in healthcare (Gaba 2000).
In general medicine the publication of the report of the IOM
marked a cornerstone in patient safety in healthcare (Kohn et al.
1999). This landmark publication which has been corroborated by
many other studies has been influential in different medical specialities and among patient safety researchers: national programmes
and foundations for patient safety have been launched, research
agendas were influenced, and the numbers of scientific publications related to patient safety have multiplied (Stevens 2009). See
Table 36.2.
Today even non-technical approaches to patient safety are important aspects of risk management. The concept of ‘Non-Technical
Skills’ (NOTECHS), and the ‘Anaesthetists’ Non-Technical Skills’
(ANTS) have been influenced by similar models developed in other
high-risk domains such as oil drilling platforms or aviation.

Harm in anaesthesia
Mortality
Outcome data such as mortality rates in anaesthesiology to some
extent reflect safety. Before 1980, anaesthesia-related mortality
rates were estimated to range between about 1:2500 and 1:5000
(Schapira et al. 1960; Clifton and Hotten 1963; Harrison 1978).
In the late 1970s, pulse oximetry and capnography were added as
real-time monitoring to the ECG to daily practice in the operating theatres of the countries of the Western world. Although it
has never been formally proven that use of these new monitoring
devices has reduced morbidity or mortality, the decrease in the rate
of anaesthesia-related cardiac arrests, mainly related to respiratory
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Table 36.2 Overview of large-scale publications on adverse events
Study/origin

Reference

Date of admissions

Number of hospital admissions

Adverse event rate
(% admissions)

Harvard Medical Practice
Study

(Brennan et al. 2004)

1984

30 195

3.7

Utah–Colorado Study

(Thomas et al. 2000)

1992

14 052

2.9

Quality in Australian
Healthcare Study

(Wilson et al. 1999)

1992

14 179

16.6

New Zealand

(Davis et al. 2002)

1998

6579

11.2

UK

(Vincent et al. 2001)

1999

1014

10.8

Canada

(Baker et al. 2004)

2002

3745

7.5

France

(Michel et al. 2007)

2004

8754

6.6

UK

(Sari et al. 2007)

2004

1006

8.7

Spain

(Aranaz-Andres et al. 2008)

2005

5624

8.4

The Netherlands

(Zegers et al. 2009)

2006

7926

5.7

Sweden

(Soop et al. 2009)

2006

1967

12.3

North Carolina (USA)

(Landrigan et al, 2010)

2002–2007

2341

25.1

Data from various sources, see References. Data also from: T. Brennan, L. Leape, N. Laird, L. Hebert, A. Localio, A. Lawthers, J. Newhouse, P. Weiler, and H. Hiatt. Incidence of adverse
events and negligence in hospitalized patients: results of the Harvard Medical Practice Study I. Qual Saf Health Care 2004 Apr; 13(2): 145–152. doi: 10.1136/qshc.2002.003822

causes, from 2.1 to 1.0 per 10 000 anaesthetics over a 20-year period
from 1969 to 1988, strongly supports this assumption.
During the last decade, mortality rates in anaesthesia have been
reported from a variety of countries such as France, the Netherlands,
and Germany (Arbous et al. 2001; Lienhart et al. 2006; Schiff et al.
2014). All these studies estimated that the mortality risk of anaesthesia (solely or partially related to anaesthesia) for surgical inpatients was between 0.2 and 0.82 in 100 000 cases. These data have
been corroborated by data coming from a prospective study of non-
cardiac surgical patients aged 70 years or more from Australia and
New Zealand (Gibbs and Borton 2006). They found in that study a
mortality rate consistent with the European and American studies
published over the last decades. Although comparisons between different studies are difficult because of differences in study intervals,
sampling techniques, grading systems, and so on, the risk of death
definitely and entirely attributable to anaesthesia today is close to 1
in 200 000 patients who are more or less healthy (ASA grade I or II)
and who have to undergo minor or moderate risk surgery.
Challenging to these publications is the fact that most of the
studies report on anaesthesia-related mortality either 24 or 48 h
after anaesthesia. There are very few data on the much more interesting aspect of a reasonable period after surgery, such as leaving
the hospital alive. Data from the Netherlands suggest that the risk
of death may be much higher than generally appreciated (Arbous
et al. 2005).
When it comes to anaesthesia-related mortality in older and
higher-grade ASA patients, the situation presents as follows in a
study of older surgical patients in Australia and New Zealand—the
risk of mortality increased significantly by the following preoperative conditions: increasing age, higher ASA grade, and bad nutritional status (see Table 36.3) (Story et al. 2009).
Higher ASA grades as a subset of high-risk populations concerning perioperative mortality has been corroborated (Lienhart et al.

Table 36.3 Preoperative risk factors that increase
perioperative mortality
Condition

OR

95% CI

Patient age 80–89 years

2.1

1.6–2.8

Patient age 90+ years

4.0

2.6–6.2

ASA grade III

3.1

1.8–5.5

ASA grade IV

12.4

6.9–22.2

2.5

1.8–3.5

Bad nutritional status*

OR, odds ratio; CI, confidence interval.
* preoperative plasma albumin < 30 g litre−1.
Reproduced with permission from the Australian Society
of Anaesthetists: Story, D.A. et al., Perioperative mortality risk
score using pre-and postoperative risk factors in older patients.
Anaesthesia and Intensive Care, Volume 37, Issue 3, pp. 392–398,
Copyright © Australian Society of Anaesthetists 2009.

2006). They have reported an increase in anaesthesia-related mortality rates in sicker patients in France from 0.4 to 55 in 100’000
patients (ASA grade I to ASA grade IV).
All these data refer to studies from industrialized developed
countries. Anaesthesia-related mortality in developing countries
is considerably worse (Heywood et al. 1989; Hansen et al. 2000;
Ouro-Bang'Na Maman et al. 2005).
So the notion of no further challenges in quality improvement
related to anaesthesia mortality probably must be questioned.

Morbidity
Morbidity data can provide another surrogate for patient safety.
Studies of anaesthesia-related morbidity show that complications
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still remain frequent. Some well-conducted studies report on an
overall incidence of anaesthesia-related minor perioperative events
of 18–22%. More severe perioperative complications were reported
at a rate of 0.45–1.4% and complications with permanent damage were found at a rate of 0.2–0.6% (Fasting and Gisvold 1996;
Bothner et al. 2000). Cardiac adverse events have been shown to
have an incidence of 1–2% in a non-cardiac surgery population.
We will now consider three specific areas of morbidity in
anaesthesia: regional anaesthesia, airway management, and
medication error.

Regional anaesthesia-related morbidity
Complications of regional anaesthesia in general have been reported
with a prevalence of about 3.5 cases per 10 000 of which most were
transient. Minor complications such as pain on injection, or brief
neuropraxia occur in about 5% of cases (Auroy et al. 2002).
The data on severe complications are rare. Some evidence comes
from closed claims studies. In Switzerland, the national closed
claims project reported that the majority of claims were related to
regional anaesthesia (54% of 1171 records) (Staender et al. 2010).
Barrington et al. (2009) reported a rate of late complications in
peripheral nerve blocks of about 4 in 10 000 cases [95% confidence
interval (CI): 0.8–10] and long-term neurological deficits of about
2 in 10 000 cases (95% CI: 0.3–9). These findings are in accordance with data from Auroy et al. (2002): they reported an incidence
of long-term neurological deficits of 5 in 10 000 peripheral nerve
blocks and about 7 in 10 000 central neuraxial blocks (CNBs)
(excluding obstetric regional anaesthesia cases).
Probably the most robust data on complications after central
nerve blockade comes from the Third National Audit Project of the
Royal College of Anaesthetists (NAP3). In that study, 707 000 cases
have been followed in a prospective manner. As some judgements
about causality are subjective, the data were presented ‘pessimistically’ and on this basis the incidence of permanent injury as a
result of CNB (per 100 000 cases) was ‘pessimistically’ 4.2 (95% CI
2.9–6.1), expressed ‘optimistically’ as 2.0 (1.1–3.3). This is equivalent to 1 in 24 000 and 1 in 54 000, respectively. Epidurals inserted
for perioperative analgesia had a higher rate of complications than
those administered in obstetrics and combined spinal/epidural
anaesthetics seemed to have a disproportionate incidence of problems considering they were less commonly performed. There were
a number of cases where failure to appreciate the significance of
weak legs during or after neuraxial blockade led to a worse outcome
for the patient, and the enquiry also unearthed organizational failings which led to poorer outcomes than might have been expected
from the initial complication (Cook et al. 2009).

Morbidity as a result of airway management
Mismanagement of the airway can result in major morbidity and
mortality. Complications range from aspiration, airway obstruction from, for example, laryngospasm, to damage of the vocal
cords (granuloma) or subluxation of the arytenoid cartilage. Minor
complications such as sore throat occur in about 5.8–34% of cases
where a supraglottic airway has been used compared to 14–50% of
patients that have had a tracheal intubation.
Again, a National Audit Project of the Royal College of
Anaesthetists (NAP4) has collected data on airway management
problems in a prospective way over a 1-year period. The reported
incidence of major complications was about 5 per 100 000 patients
under general anaesthesia (about three cases a week in the United
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Kingdom). Of much more interest were the findings of a substantially higher rate in non-operating theatre environments with at
least one in four major airway events reported to NAP4 being from
the ICU or the emergency department. Additionally of concern
were the findings of generally poor airway assessment, poor planning for airway difficulties, and failure to use awake fibreoptic intubation when indicated (Cook et al. 2011a, 2011b).

Medication error in anaesthesia
Medication error in general is a topic of major concern. In the
Harvard Medical Practice Study, drug error was cited as the most
common adverse event (Leape et al. 1991). The 1999 IOM report,
To Err is Human, also demonstrated medication error as one of the
major problems in the safety of healthcare (Kohn et al. 1999).
The exact prevalence of medication errors is difficult to obtain as
most of the data result from voluntary incident reporting schemes.
As a result of their voluntary nature, all these incident reporting
databases lack a properly defined denominator and the reporting bias often is unknown. Furthermore, most often drug errors
go completely unnoticed and therefore will not be reported even if
the reporting compliance is strong. Nevertheless, there is some data
that suggests that drug error in anaesthesia occurs at a rate of 1 in
130 anaesthetics or 1 error in 1300 drug administrations, respectively (Webster et al. 2001). The spectrum of error goes from labelling, storing to prescribing, dosing, administering, omission, and
so on (Merry et al. 2011). The traps of ‘look-alike’ or ‘sound-alike’
drugs is especially important for the anaesthesia workplace with its
sometimes high turnover rates and pressures. So medication error
is often cited to be a typical human error. But proper systems analysis shows the involvement of systems errors in introducing the conditions and precursors of human error (Vincent et al. 2000).
All the above-mentioned data on regional anaesthesia, airway
management, and medication error demonstrate that we still have
room for improvement. Where is the most promising target concerning safety? The study of Barrington et al. (2009) on neurological complications after regional blockade stated that other causes
than regional anaesthesia-related causes were nine times more frequent in their study. As a result of published evidence, we know
that error is strongly affected by adverse conditions of work such as
production pressure and drifts of accepted behaviours into failure
because of pressure of scarcity and competition (Gaba et al. 1994;
Vincent et al. 2000). Proper execution of checklists, sufficient time
to check and prepare the anaesthesia workplace, and presence of
sufficient and trained personnel have been demonstrated to significantly reduce the risk of a bad outcome in anaesthesia (Arbous
et al. 2005). To better understand failure related to our work we
must evaluate our normal practice and the conditions we work in
daily. This will lead us to safer workplaces where we can fight the
drift secondary to routinization and adaptation to pressure.

Organizational aspects of safety
The anaesthesia workplace is a complex working environment
with modern technology in an interface to human performance.
This often highly sophisticated workplace again is embedded into
an organization with a certain structure, with rules, regulations,
and standard operating procedures, with technology in place (or
not), with various teams interacting with each other, and finally
with highly specialized experts at the ‘front-end’. This model of an
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organization has led to the early development of the so-called Swiss
cheese model or later the ‘threat and error model’ by James Reason
(Reason 2000). Both models have in common the notion that in all
of these systems, certain barriers and error-forcing conditions exist.
Depending on the ‘arrangement’ of these error-forcing conditions,
a certain event eventually can travel through the whole organization and if it is then not prevented by human performance but in
contrast is enforced by slips, lapses or violations, that event can lead
to damage or harm.
This knowledge has led to intense understanding of errors and
their precursors, of the importance of the ‘system’ we work in and
the value of creating safe workplaces.
One such model of a safe workplace is the so-called high-
reliability organization (HRO) (Weick and Sutcliffe 2001). The
concept of HROs has primarily been developed on military aircraft carriers, in nuclear power plants, and firefighting organizations. All of these organizations have in common the fact that an
error does have the potential to lead to a catastrophe. Weick and
Sutcliffe have extracted five basic principles that define a HRO.
These principles are:
1. Sensitivity to operations. Preserving constant awareness by
leaders and staff of the state of the systems and processes that
affect patient care. This awareness is the key to noting risks and
preventing them.
2. Reluctance to simplify. Simple processes are good, but simplistic explanations for why things work or fail are risky. Avoiding
overly simple explanations of failure (unqualified staff, inadequate training, communication failure, etc.) is essential in order
to understand the true reasons patients are placed at risk.
3. Preoccupation with failure. When near-misses occur, these are
viewed as evidence of systems that should be improved to reduce
potential harm to patients. Rather than viewing near-misses as
proof that the system has effective safeguards, they are viewed as
symptomatic of areas in need of more attention.
4. Deference to expertise. If leaders and supervisors are not willing
to listen and respond to the insights of staff who know how processes really work and the risks patients really face, you will not
have a culture in which high reliability is possible.

management characteristics of an anaesthesia department that contributed (either positively or negatively) to severe morbidity and
mortality (Table 36.4).
An aspect of structural quality of an anaesthesia workplace is
the question of availability of appropriate monitoring and equipment. The necessary equipment for monitoring is one of the core
requirements of the Helsinki Declaration on Patient Safety in
Anaesthesiology (Mellin-Olsen et al. 2010) and has been defined by
the European Board of Anaesthesiology (EBA) and various national
anaesthesia societies [e.g. from the Association of Anaesthetists
of Great Britain and Ireland (AAGBI): Recommendations for
Standards of Monitoring During Anaesthesia and Recovery 2015
(AAGBI 2015)].

Human and team aspects
According to James Reason’s systems model, humans are almost
always the operators at ‘the sharp end’. So despite management,
organizational, and technical aspects, human performance and
human performance limitations are important factors for safety in
anaesthesiology. Factors such as fatigue, stress, situational awareness, decision-making, communication, and prospective memory are proven aspects for proper performance. An acronym is a
reminder of the most challenging human limitations—‘HALT: hungry, angry, late, and tired’.
There is ample evidence that fatigue plays a major role in
error causation. Studies in the simulator, observational studies,
and experimental work simply prove the fact that human performance has its limitations when it comes to hours of wakefulness (Dawson and Reid 1997; Grantcharov et al. 2001; Gaba
and Howard 2002; Landrigan et al. 2004). The same is true for
stress. In accordance to the Yerkes–Dodson continuum, human
performance needs at least some degree of arousal for performance. This performance can be improved by raising levels of

Table 36.4 Adjusted odds ratios (ORs) for anaesthesia management
risk factors for 24 h postoperative mortality and coma
Condition

OR

95% CI

5. Resilience. Leaders and staff need to be trained and prepared to
know how to respond when system failures do occur.

Preoperative
Equipment check

0.640

0.432–0.948

In general, HROs look at incidents as a window to their systems
where failure might occur, they think proactively about how to
make a system robust and keep on functioning despite the inevitable errors that will happen, and value the knowledge of each individual member of that organization.
Hospitals already have started to organize themselves according to these HRO principles but it is too early to measure this
implementation with sound outcome improvements (Agency for
Healthcare Research & Quality 2012). One paediatric intensive care
unit in the United States adopted these principles of HROs very
early on, with care derived from problem-solving methodology
rather than protocol or hierarchy. Important outcome variables
such as infant mortality, patient return to the paediatric intensive
care unit (PICU) after discharge, days on the PICU, air transports,
all improved (Roberts et al. 2005).
Looking a bit deeper into the workplace organization of an
anaesthesia department, Arbous et al. (2005) have identified

Documentation of equipment check

0.607

0.399–0.923

Availability and reachability of an
anaesthesiologist

0.455

0.313–0.662

No intraoperative change of an
anaesthesiologist by another

0.444

0.199–0.990

Presence of anaesthetic nurse

0.408

0.236–0.704

Two persons present at emergence and
termination of anaesthesia

0.687

0.474–0.996

Reversal of opiates and muscle relaxants

0.290

0.175–0.482

Intraoperative

CI, confidence interval.
Reproduced with permission from Arbous, M.S., Meursing, A.E., van Kleef, J.W., de Lange, J.J.,
Spoormans, H.H., Touw, P., Werner, F.M., & Grobbee, D.E. Impact of anesthesia management
characteristics on severe morbidity and mortality. Anesthesiology, Volume 102, Issue 2,
pp. 257–268, Copyright © American Society of Anesthesiologists 2005.
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arousal/stress up to a maximum where performance deteriorates
with further increasing stress (bell-shaped curve). This optimum
performance sometimes is referred to as a ‘state of flow’. As single aspects of stress are additive (individual stress, family stress,
company stress, situational stress), it is necessary to take care of
the controllable aspects of stress in order to perform properly in
critical situations.
Furthermore, there are several team aspects that apply to safe
performance: for example, ‘handover’, ‘speaking-up’, briefings, and
debriefings.
Effective patient handover is critical to patient safety by ensuring
appropriate coordination among medical professionals in a variety
of fields: between ward and operating theatre, between operating
theatre and ICU or recovery room, between the emergency department and the ICU, and so on. It has repeatedly been pointed out that
a lack of formal training and formal systems for patient handover
impede the good practice necessary to maintain high standards of
clinical care. A structured approach and a formal training in proper
handover communication seem to be mandatory, but research in
that field is ongoing (Manser and Foster 2011).

Tools for safety learning
There exist several tools for learning from cases that did or could
have led to harm. Use of morbidity and mortality conferences is
a well-established tool for analysis and learning from single cases.
Another tool is incident reporting. Incident reporting can be
a powerful tool to detect weaknesses in a complex system such
as anaesthesiology. The strength of incident reporting lies in the
potential for learning from rare and potentially dangerous cases.
To run an incident reporting system requires certain conditions
to support and motivate reporters, such as anonymity/confidentiality, ease of use, and feedback to the reporters (Staender et al.
1997). It, furthermore, needs a sound definition or a model of a
critical incident and a strategy to analyse the reported events properly without sticking at the individual level and blaming people.
In Europe, a number of countries already run a national reporting
system in anaesthesiology with large collections of critical events
[e.g. the UK National Reporting and Learning System (NRLS), the
‘CIRS-AINS’ of the German Society of Anaesthesiology, and the
Critical Incident Reporting and Reacting Network (CIRRNET)
in Switzerland] (Cassidy et al. 2011; Schleppers et al. 2011; Frank
et al. 2012). These national systems, furthermore, distribute hazard
warnings to spread information on critical incidents among all specialists in their country.
Learning from closed malpractice claims has a long-standing
tradition in the United States, starting in 1985 to analyse closed
malpractice claims in anaesthesiology. The ASA has collected
thousands of closed malpractice claims, analysed them, and published many reports on their findings (8954 claims until the year
2011). The most common complications were death (26%), nerve
injury (22%), and permanent brain damage (9%). The most common damaging events as a result of anaesthesia in closed claims
were regional block-related (20%), respiratory (17%), cardiovascular (13%), and equipment-related events (10%) (Metzner et al.
2011). In a similar project in Switzerland, the majority of claims
(54%) were related to regional anaesthesia, with general anaesthesia
accounting for 28% and other anaesthesia-related procedures for
18% (Staender et al. 2010).
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Malpractice claims have the disadvantage that very often years
pass by from the case happening until the legal close of that case
(and then the start of analysis of that case). So closed claims more
or less reflect the practice in that field years ago, but they are a valuable tool for learning and improvement.

Managing the aftermath: open disclosure
and the second victim
Patients who have experienced an adverse event usually want full
disclosure of all harmful errors and information about what happened and why the event happened. They wish to know how the
error’s consequences will be dealt with, if and how there is something to be learned from the error, and how a repetition of the
error can be prevented (Gallagher et al. 2003). This has been corroborated by a study in the United Kingdom where the question,
‘Why do people sue doctors?’ was addressed (Vincent et al. 1994).
Financial compensation was not the main reason for litigation, but
seeking proper information was. Therefore, the principle of ‘open
disclosure’ is an important aspect of risk management in healthcare and every department of anaesthesiology is well advised to
have the corresponding policies concerning open disclosure available (Manser and Staender 2005). See Table 36.5.
However, not ‘only’ the patients and relatives as so-called first
victims must be dealt with properly (Staender and Manser 2012).
The team involved as the so-called second victim must also be seen
as a potential victim. Recommendations to deal with these members of healthcare have been published by the Swiss Patient Safety
Foundation (von Laue et al. 2012):
1. Recommendations for senior staff members:
a. A severe medical error is an emergency and must be treated
as such (by being given absolute priority). It can have a severe
emotional impact for the team involved.
b. Confidence between the senior staff and the involved professional, and empathic leadership is an important prerequisite
for the work-up of that situation.
c. Involved professionals need a professional and objective discussion with, and emotional support from, peers in their
department.
d. Seniors should offer support for the disclosing conversation
with the patient and/or the relatives and for further clinical
work in cases wherein involved professionals might feel insecure in their daily work.
e. A professional work-up of that case based on facts is important
for analysis and learning from medical error.
2. Recommendations for colleagues:
a. Be aware that such an adverse event could happen to you.
b. Offer time to discuss the case with your colleague. Listen to
what your colleague wants to tell and support him/her with
your professional expertise.
c. Address any culture of blame either directly from within the
team or by any other colleagues.
d. Take care of your colleague and be mindful of any feelings of
isolation or withdrawal he or she may be experiencing.
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in everyday work, people very often make sensible adjustments
to the way they work in order to match the conditions of that
complexity.

Table 36.5 Why patients sue doctors (data from the
United Kingdom)
Reasons for litigation

Agree (%)

‘I wanted an explanation’

90.7

‘I wanted the doctors to realise what they had done’

90.4

‘To get an admission of negligence’

86.7

‘I wanted financial compensation’

65.6

Reprinted from The Lancet, Volume 343, Issue 8913, Vincent, C., Young, M., & Phillips, A.
Why do people sue doctors? A study of patients and relatives taking legal action, pp. 1609–
1613, Copyright © 1994, with permission from Elsevier.

Tools for prevention: the Helsinki
Declaration on Safety in Anaesthesiology
In June 2010, the EBA of the European Union of Medical
Specialists (UEMS) and the European Society of Anaesthesiology
(ESA) signed the Helsinki Declaration for Patient Safety in
Anaesthesiology (Mellin-Olsen et al. 2010). The document had
been jointly prepared by these anaesthesiology organizations in
Europe who pledged to improve the safety of patients being cared
for by anaesthetists. The declaration lists a number of principal
requirements as thought necessary for anaesthetists, anaesthesiology departments, and institutions to introduce to improve
patient safety, such as minimum requirements for monitoring,
adherence to published standards of care, availability of certain
protocols to treat perioperative complications, participation
in incident reporting systems, emphasizing the importance of
human performance, of teamwork with our partners in operating
theatres, cooperation with industry, and proper communication
with patients and their relatives. This declaration has been signed
by all ESA member societies and adopted by various national
societies in the Far Eastern countries, Canada, Australia, and
South America.
So how safe is anaesthesia and is it safe enough? We probably
have reached a high level of safety, at least in the countries of the
Western world. But even in these countries there is much room for
improvement in the quality of care for higher-risk patients and we
must face the fact that there is still a long way to go to achieve the
goal that ‘no patient shall be harmed by anaesthesia’.

The way ahead in safety management
The traditional way in safety management has been to look at failures, identify the contributing or root-cause factors, and try to
avoid them in the future. This rather backward-focused approach
has a lot of disadvantages:
1. Many more things in daily activity go right instead of wrong so
learning opportunities from the things that go right are much
more common.
2. Looking only at (the mostly rare) failures uses only a fraction of
data available on critical processes.
3. Today’s work in a hospital or an anaesthesia department is a
complex task and we must refrain from the idea that we are able
to control all the influential factors in our daily tasks. That is why

Future safety management therefore should concentrate not only on
things that went wrong but much more on why things go right. Or,
to put it in other words: we should change the definition of safety
away from ‘avoiding that something goes wrong’ to ‘ensuring that
everything goes right’ (Hollnagel 2014). The latter is called ‘Safety-II’
thinking compared with the traditional ‘Safety-I’ approach where
we only looked at what went wrong instead of learning from why
things go right most of the time.
Safety-II looks at the people at work as assets rather than a threat
and their daily performance variability is, most of the time, a successful adjustment to the extreme complexity they face, and efforts
are needed to acknowledge the presence and inevitability of performance variability (Staender 2015). Safety management with a
Safety-II approach tries to learn from this performance variability
and an organization should give time to reflect on this experience,
to share it, and to learn from it.
That does not mean ignoring the analysis of failure. A modern
safety management needs both: ‘Safety-I’ and ‘Safety-II’ approaches
according to the saying ‘prevention is better than cure’ (Hollnagel
et al. 2013).
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CHAPTER 37

Teaching in anaesthesia
W. Hiu Lam and J. Robert Sneyd
Introduction
Anaesthesia offers unique learning opportunities for students and
clinicians. It encompasses basic and applied sciences in anatomy,
physiology, pharmacology, pathophysiology, and the understanding
of important principles and concepts in physics, clinical measurement, and data interpretation, together with practical skills,
decision-making, and teamwork.
An understanding of self-directed learning (SDL) theory underpins effective clinical teaching. Pedagogic developments have supported progression from large group lectures to smaller group
problem-based learning (PBL). Unlike other specialties, clinicians in anaesthesia have the advantage of a close learner–teacher
relationship—typically one-to-one. This allows the trainee to be
involved in the practical patient management, especially during in-
theatre teaching. A structured teaching and training environment
remains essential to facilitate teaching programmes for both trainees’ education and trainers’ accreditation. As anaesthetic specialty
training evolves, technology-enhanced learning is introduced to
deliver and (in part) assess the progress of training.
Underperformance of healthcare workers is recognized more
commonly than in the past and this may reflect improved supervision and educational governance. Deliberate reliance on trainee-
led engagement in training, teaching, and assessment also exposes
weaker trainees who lack the management and leadership skills and
motivation. Appropriate support, coaching, mentorship, and signposting ensure effective teaching and address stress-related underperformance. Importantly, symptoms of underperformance must
be recognized and acknowledged in order to tackle these problems
at an early stage, and perhaps to improve the outcome for the doctor concerned. It is estimated in 2003 that 13.4 million working
days were lost from stress at the workplace in the United Kingdom
(Palmer 2003).

Competency
In the recent past, apprenticeship training was the norm for trainees in the United Kingdom. This type of training developed trainee
confidence and competence with time in post. Exposure to large
numbers of patient encounters encouraged a ‘pattern recognition’
type of patient diagnosis and management planning; however, the
‘training’ acquired could be passive, haphazard, and often opportunistic and unplanned.
In the United Kingdom, the Modernising Medical Careers
programme (Hunter and McLaren 1993), and subsequently
competency-based training and assessments were designed to support a more structured outcome and performance-based training

system. The General Medical Council (GMC) defines generic competency as: ‘The knowledge, skill, attitude or combination of these,
that enables one to effectively perform the activities of a particular
occupation or role to the standards expected’. The GMC-approved
anaesthesia training curriculum defines standards and requirements for UK Specialty Training in anaesthesia (Modernising
Medical Careers 2016). It emphasizes acquisition of competencies
in a quantifiable manner, the type and frequency of skills exposures and the duration of training required for a Certificate for
Completion of Training, and entry onto the Specialist Register as
an accredited specialist.
Immediate senior supervision is crucial for anaesthesia trainees
(and their patients) until basic competency is attained. When is
an anaesthetic trainee competent to perform the first ‘solo’ rapid
sequence induction or even be solely in charge of a patient under
anaesthesia? Is it simply the ability to perform a set of practical
skills safely? Knowledge acquisition is relatively easy to assess;
however, assessment of the overall performance of the trainee, as
an end product of satisfactory interpretation of this knowledge
and its application, is a complex process. Classically four stages of
competence are described in reference to skill acquisition; these
are unconscious incompetence, conscious incompetence, conscious competence, and unconscious competence. An important
task for the teacher is to reveal the initial stage to the trainee who
then becomes insightful of this unconscious incompetence, which
is akin to the ‘blind spot’ described in the Johari Window where the
deficit is ‘not known to self but known to others’ (Fig. 37.1).
In addition to the knowledge, skill, and attitudes required to be
a doctor, several core non-technical skills are critical to become a
good anaesthetist. These include managing rapidly evolving clinical situations and addressing managerial and leadership issues.
These ‘professionalism’ attributes were recognized in anaesthesia
(Fletcher et al. 2003), and in the setting of primary care (Patterson
et al. 2000). There is now increasing evidence that task prioritization, team working, situational awareness, critical thinking, and
decision-making skills are essential to anaesthetists.
In conjunction with competency-based learning, the experiential
learning described by Kolb (Kolb and Fry 1975) over 40 years ago
is still valuable in explaining adult learning. Kolb’s adult learning
cycle can be summarized into:
◆

learner actively involving in the experience

◆

learner reviewing and reflecting on the experience

◆

learner conceptualizing and concluding from the experience

◆

learner processing new ideas and contextualizing into next stage
of learning.
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Figure 37.1 The Johari Window.
Reproduced from Luft, J. Of Human Interaction. Los Angeles: Mayfield, 1969.

Here the learner builds a portfolio of experiences, derived meanings and conclusions as a foundation of future learning.
All contemporary trainees should have a paper or electronic
portfolio. The content of the portfolio includes annual appraisal,
procedural logs, courses attended, training and competency documents, which support both formative and summative assessment
on an annual basis, or more often if necessary. The portfolio records
personal development and career progression.

Education governance
Training departments should be able to provide evidence of the
quality of their training. Examples of programme characteristics
associated with high quality provision are:
◆

◆

◆

training outcomes that are reliable and valid

Effective SDL by clinicians has been linked to high-quality healthcare delivery (Lowenthal 1981; Westberg and Jason 1994). It is
therefore important that clinicians engage in SDL. Miller’s pyramid
(Miller 1990) demonstrates the stages of learning and assessment
required to transform a novice learner into an expert (Fig. 37.2). In
anaesthesia and other specialties, much of this learning is undertaken as SDL by gathering information, interpretation, reflection,
and finally demonstration of the learned skills.
Anaesthetic teachers must be clear in their role and teaching goals.
Traditionally, clinical teaching is teacher centred, content oriented,
and focused on imparting information to learners. This has been
superseded by a student-centred, learner-oriented, approach where
knowledge acquisition and application by the student becomes the
primary focus of learning (Kember 1997). PBL works effectively
within this scheme. In the operating theatre, student-centred learning requires preparation by both teacher and learner.
How do postgraduate anaesthetists learn? The popular constructivist theory (Appleton and King 2002) suggests that learners
actively construct information around a personal framework of
existing knowledge and experience. It acknowledges the importance of the learner’s real-world authentic contextual experience
as an important building block for future learning (e.g. discussion
of rapid sequence induction in a patient with bowel obstruction
by a trainee who had prior experience of tracheal intubation).
This encourages the learner to analyse and predict possible outcome based on deduction from the learner’s knowledge base and
experience.
Adult learning theory was introduced in 1984 (Knowles 1987) as
‘andragogy’ (as opposed to pedagogy—child instruction) by
Knowles. The principles can be summarized as follows:

safe and effectively graded clinical and educational supervision
with emphasis on induction, senior clinician availability, handover of patient care, explicit framework for consent of patients by
trainees, and regular structured teaching including technology
enhanced training

◆

Establishment of effective safe learning environment

◆

Identify learning needs

◆

Formulate learning outcome

◆

Learner identification of resources and strategy available

learning and training culture—optimizing every available training and teaching opportunity

◆

Support mechanism to carry out learning plans

◆

Learner’s evaluation of own learning (critical reflection).

trainer accreditation.

SDL is central to adult learning in order for the learner to be
empowered to have personal responsibility for their own learning.
This mode of learning is enriched by Schon’s theory of reflective
practice (Schon 1987). Unexpected events (e.g. critical incidents)
trigger two types of reflection; firstly ‘reflection in action’ which is
the learner’s ability to learn in real time as the event unfolds, and
the learner uses current and past experience (constructivism) to
apply reasoning as the event is occurring. Secondly, ‘reflection on
action’ which is consciously used in, for example, morbidity and,
mortality meetings. This reflection happens later after the incident
and with the learner critically appraising the sequence of events,
actions, decisions made, and how these change future practice.
Immediately after the event, debriefing and feedback with peers
and the trainer are a golden opportunity of this type of learning.

Suitable quality metrics could include:
◆

trainee and trainer survey

◆

trainee end of placement questionnaire

◆

benchmarked competency acquisition progress

◆

postgraduate examination pass rate

◆

patient satisfaction survey

◆

external review reports

◆

training posts are mapped to the curriculum.

Learning

Known
to
others

◆

each trainee has an agreed and defined learning outcome at each
placement

quality of training in ‘supervised learning events’ (SLEs) between
trainer and trainee, for example, ward round, out-patient clinic,
and operating theatre sessions
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MILLER’S PRISM OF CLINICAL COMPETENCE (aka Miller’s Pyramid)
it is only in the “does” triangle that the
doctor truly performs
Expert

Behaviour

SHOWS

eg via simulations, OSCEs

Interpretation/application
Cognition

DOES

Demonstration of learning
eg through case presentations, essays,
extended matching type MCQs

KNOWS HOW

Fact gathering

eg traditional true/false MCQs

ty
tici
hen
aut
nal
sio
fes
Pro

eg through direct observation, workplace
based assessment

GE
LED
OW S
KN
ILL
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ES
UD
TIT
AT

Performance integrated into practice

Novice
KNOWS

Figure 37.2 Miller’s Pyramid of Assessment.
Adapted with permission from Miller, G. The assessment of clinical skills/competence/performance. Academic Medicine, Volume 65, Issue 9, pp. s63–s67, Copyright © Association of American
Medical Colleges 1990.

Documentation of this reflection offers a further opportunity for
self-evaluation, a crucial component of andragogy. An understanding of adult learning and reflective practice are central to the Kolb
cycle of experiential learning.
In all the different teaching methods, it is important to establish
outcome-based learning which can be characterized by:
◆

◆

clearly defined outcomes which must be completed by the end of
the session (flexibility needed in operating room sessions)
design of curriculum, strategy, and opportunities to facilitate the
achievement of the required outcome(s)

◆

assessment of the outcomes

◆

provision of remediation as required.

The value of establishing a learning outcome is to enable targeted
planning of teaching and encourage transparent objectives with
well-defined expectations from the learner and effective facilitation
by the trainer.
Various levels of outcome can be agreed according to the experience and aptitude of the trainees. The lowest level can be recall of
factual information and the highest evaluation of information and
the management plan. Gagne introduced a systematic approach to
the level of outcome as follows (Gagne 1965):
◆

◆

Attitude: behaviour reflecting a new value or belief

◆

Motor skills: performance of a physical task.

There is also evidence that personality traits correlate with learning
style and hence outcome. Accordingly, when facilitating a group of
trainees with different personalities (which is inevitably the case),
allowance should be made for the heterogeneous learning processes of the trainees. Many different learning and teaching styles
have been described but there is no evidence to suggest an active
matching of teaching/learner style enhances effective learning; in
contrast, learners may become disinterested by a relatively unchallenging learning environment (Vaughn and Baker 2001).

Teaching modalities
What are the different methods for teaching anaesthesia? The
answer depends on the experience of the trainee and the topic being
taught. This could be basic science and pathophysiology, ‘hands-on’
skill-based tasks, decision-making under pressure, or task prioritization. These different domains require different teaching strategies
and methods.

Strategy

Factual recall of information (verbal or written): surface approach
learning

Whichever method is chosen, reference must be made to the
approach needed to do so. Harden’s SPICES model is a useful and
practical strategy framework (Harden 1986):

Intellectual skills:

Student centred

-	 Discriminations: recognition of different classes of things
(e.g. drugs)

Problem based

-	 Concrete concepts: classification by physical features (e.g. pKa)
-	Defined concepts: classification by abstract features (e.g.
isomerism)
-	 Rules: application of simple procedure to solve a problem
-	 High-order rules: application complex procedure to solve a
problem
◆

◆

Cognitive strategies: abilities in learning and thinking

Integrated (multidisciplinary/professional)
Community based
Elective course with a core curriculum
Systematic curriculum.
Nevertheless, the student-centred approach may inhibit novice
anaesthetists. It is therefore prudent to decide on the ‘spectrum’ for
each domain of the SPICES model that the session or course should
follow. Additionally, anaesthetic trainees commonly commence
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training with varying degrees of previous anaesthetic and general
medical experience.
When formulating a teaching strategy, the teacher should decide
whether it is a problem-based or information gathering exercise;
a multiprofessional (e.g. anaesthetists and anaesthetic nurses)
or uniprofessional group; a community-based or hospital-based
set-up (e.g. in a preoperative assessment clinic); a systematic
approach (for novice trainees); or apprenticeship approach (more
senior trainees), so the learners can reap maximum benefit from
the session. In practice, a mixed approach may be used, for example, operating theatre team training for anaesthetists, surgeons,
scrub staff, and anaesthetic nurses and practitioners participating in an in situ simulated session in a team-working exercise
focusing on a patient with suspected intraoperative venous air
embolism. The ‘problem-based’ domain in the SPICES model is
markedly different for an anaesthetic practitioner to a scrub nurse
in this scenario.

learning in postgraduate training. In this time-sensitive era of
training it is imperative to be opportunistic in utilizing every possible clinical encounter as a valuable learning experience (Grant
2002). Senior anaesthetists must lead and encourage trainees
(apprentice) to:

Methods

◆

Lectures, seminars, tutorials, workshops, and clinical teaching have
all been incorporated into successful teaching. Contextualization
of the teaching methods is important. Concepts and theories may
be explored in lectures and tutorials; skill acquisition could be
taught initially in the simulation suite and skill centre and later
in the operating theatre; professional core attributes can be practised in the simulation suite and an authentic clinical setting under
supervision.

Lecture
This is a common and traditional way to impart information to
the learner. It is difficult to individualize learning in this forum,
although a well-prepared, charismatic lecturer utilizing effective
resources may be able to engage the learner to analyse and reflect
on the information delivered by the lecturer.

Seminar
Participation and engagement of the learner is the main advantage in this small group-based learning method. Learners need to
be prepared for this type of teaching and availability of resource
materials before the session is essential. Similar small group activity
such as workshops may be most appropriate for multiprofessional
groups.

Clinical teaching
To be successful, the trainer needs to plan in advance and the
trainee(s) and trainer both need to appreciate that the clinical environment is less predictable than that in the seminar room. Although
the clinical workplace is unpredictable, for effective learning to take
place the learner must feel safe in this realistic environment, which
may be overstretched. Appropriate planning is therefore the key to
success at the clinical interface. Several facets of clinical teaching
deserve individual attention:
Role modelling (apprenticeship)
The value of consultant and senior trainees as role models in all
aspects of teaching cannot be overemphasized. A role model must
be competent and confident to be an effective and convincing
trainer, they should allow time to debrief the learner and facilitate reflection. The current model of competency and workplace-
based assessment training has partially eroded the apprenticeship

◆

◆
◆

◆

◆
◆

increase trainee’s exposure in seeing, discussing, and managing
patients to build up experience
integrate teaching into service commitment
do small ‘bite-size’ teaching episodes which promote information
processing and reflection, including ‘what if ’ scenarios
be questioned about actions and clinical decisions about patients
(by trainees and to trainees)
summarize and present cases and receive real-time feedback
learn from role models in team interactions, obtaining consent,
assessing and explanation of risks
listen to a consultant’s thought processes in management, about
practice and patients.

Patient-centred clinical teaching
Over the years, it has been commonplace to encounter patient-
centred teaching. As a result of increases in ambulatory care, in-
patients are now more likely to be frail and in a more advanced state
of their disease, which may make them less appropriate to be the
‘subjects’ of clinical teaching.
Clinical skill centre for technology-enhanced teaching
As a result of the increasing emphasis of patient-centred learning and the reduction in ‘exposure’ of trainees, especially to rarer
clinical conditions, many medical students and postgraduate
anaesthetic trainees are now routinely offered the opportunity to
be taught practical skills such as nasal or orogastric tube insertion, urinary catheter insertion, arterial and venous punctures
and cannulations, tracheal intubation, lumbar puncture, and
ultrasound-guided regional analgesia on part-task training manikins. In addition, role play with simulated standardized patient
actors for consultation skills including breaking bad news may
be valuable.
High-fidelity simulator training on a full-size advanced manikin
to rehearse and practise scenarios of difficult intubations, rapid
sequence induction, failed intubation drills, and major obstetric
haemorrhage are now standard training in many centres worldwide. This type of technology-enhanced learning (TEL) allows
trainees to learn in a safe environment, for both patients and trainees. The learners’ emotional involvement and the opportunity to be
prepared for rare clinical encounters are essential for trainees’ experience. In addition to the clinical aspects of learning, TEL simulator
training has been useful in crisis resource management by highlighting issues around medical leadership (Fletcher et al. 2003).
To be successful, this training must be realistic and therefore fully
resourced as it is demanding on infrastructure such as purpose-
built facilities and computer hardware. Tailor-made trainer training
and accreditation (for sensitive and imaginative trainers) is essential to have a reliable and consistent faculty approach. Trainers must
be skilled in facilitating learner debriefing so reflection becomes
an integral component, and for which the learners can build on as
part of experiential learning (Fanning and Gaba 2007). Simulation
is covered in more detail in Chapter 35.

615

Chapter 37

teaching in anaesthesia

Computer-assisted learning or electronic learning
This can be an effective component of SDL. Being primarily a
knowledge-based system, it is especially useful for some subjects
such as the basic sciences. Elsewhere it can support competency-
based training but cannot replace practical experience. The Royal
College of Anaesthetists has an e-learning platform, ‘e-Learning
Anaesthesia’ which allows trainees to undertake curriculum-
based e-learning sessions and provides an e-Library for reference and an online storage facility for e-Continuing Professional
Development and e-Assessment (available from http://www.rcoa.
ac.uk/).

Assessment

Multiprofessional teaching
Different healthcare professionals have traditionally been taught
in different learning environments, yet when working together in
a team they are expected to cooperate, collaborate, and achieve
common patient and organizational goals. Sharing a common
learning experience, such as high-fi delity simulation training, can promote team interaction in delivering high-quality
patient care.

Clinical evaluation exercise (mini CEX)

Clinical settings
There is increasing pressure to deliver healthcare in or close to the
community (exemplified by the English Health and Social Care
Act) (Department of Health 2012). Today most patients arrive
on the morning of the scheduled operation and are assessed and
consented both by the anaesthetic and surgical teams in a limited
period of time. This does not provide a meaningful learning environment. Previously, complex patients were brought in the day
before surgery and preoperative assessment including risk assessment and optimization, interpretation of results in relation to the
patient’s co-morbidities, and finally formulation of an anaesthetic
plan were all used as valuable learning opportunities. The current
model of ambulatory healthcare restricts the trainee’s ability to
practise their clinical reasoning and may have a detrimental effect
on their anaesthetic experience.
The preoperative assessment and optimization of a patient is an
important and often difficult task for the trainee, as crucial decisions regarding surgery and anaesthetic management are made.
One way to address this deficiency is by routine allocation of trainees to the preoperative assessment clinic. If well planned, this can
be a rewarding learning opportunity.

Postgraduate examination-orientated teaching
Many countries have postgraduate anaesthetic examinations for
trainees. This is an important milestone for progression in training towards becoming an anaesthetic specialist. These examinations commonly include multiple choice questions (MCQs),
short answer questions, short essays, objective structured clinical
examinations (OSCEs), and oral examinations, reflecting Miller’s
pyramid of assessment (Fig. 37.2). Trainees often prepare for these
examinations by SDL with peers, attending local teaching sessions and regional and national examination-orientated courses.
The candidates must commit themselves to a substantial period of
study. One effective method of small group learning comprises presenting and summarizing to one another a chosen topic and aiming
to progressively cover the curriculum. Practising the format of the
examination questions (e.g. essay, MCQs, oral examinations, and
OSCEs) is important. It is through this practice that the timing and
structuring of the answers can be fine-tuned.

The purpose of assessment is to measure the trainee’s progress
and performance against nationally agreed standards and criteria.
Assessment is broadly divided into formative and summative. The
competency-based training in the United Kingdom has a formative
component followed by an annual summative assessment.
With competency-based assessment, trainees need to complete a
defined number of assessments in order to progress in their training.
The most commonly used workplace-based assessment (WPBA)
tools in anaesthesia are discussed in the following subsections.
This represents a doctor–patient interaction which is then assessed by
a trainer who has been trained in using the tool. The trainee is assessed
for several attributes which could include, for example, communication
skills, such as obtaining consent and a technical skill, such as performing a spinal anaesthetic. Time must be set aside for discussion of the
encounter for feedback to the trainee. Trainees are assessed on a number of occasions preferably with different trainers to ensure reliability.

Direct observation of procedural skills (DOPS)
This allows the trainee to demonstrate a skill. The trainee is
observed whilst carrying out a procedure with a patient (e.g. arterial puncture). Afterwards, the trainee’s performance is scored by
the assessor, and feedback provided.
Attributes of a trainee
Personal
Background
Aptitude for specialty
Attributes
of training
Post e.g.
– Induction
– Objectives
– Supervision
Programme e.g.
– Selection
– Rotation

Context of
training
Work e.g.
– Workload
– Work pattern
Colleagues e.g.
– Support
– Bullying
– Teamwork
Patients
– Values
– Expectations
– Complaints

Performance
of trainee
Personal pressures
on trainee
Home
Health

Levels of concern
LEVEL 1

LEVEL 2

Minor concerns

Serious concerns

Trust lead: Clinical
and/or educational
supervisor

Trust lead:
Specialty tutors
Foundation
Programme director
Example:
Poor overall
clinical
knowledge &
skills
Persistent
problems
Inability to learn
from experience
Difficult
relationships

Example:
Exam failure
Poor knowledge
/skills in a few
areas
Difficulty
demonstrating
competences

LEVEL 3
Concerns that
threaten
progression of
training
Trust lead:
Director of medical
Education/medical
Director
Example:
Complex,
longstanding
issues
Issues include
serious
disciplinary or
health problems
Problems with
progression of
training (RITA. E
and some RITA
Ds/failed ARCP)

Figure 37.3 Factors affecting underperformance in trainees.
Permission granted from Health Education Wessex.
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Trigger event – concern relayed to educational supervisor
If no immediate risk to
patients/staff/self

If serious/immediate risk
to patients/staff/self

Level 1: Before
meeting trainee:
Educational supervisor
investigates/validates
concerns using multiple
sources.

Explore:
Clinical
Personality/
behaviour
Health
Work context

Meets with trainee
Provide clarity about the
concerns
Identify contributory factors
Assess capacity to improve
Assess nature of risk

Escalate to
Level 2

Escalate to
Level 3

Specialty tutor
TPD/foundation
programme
director

Director of
medical education
+/– MD +/– HR

Trainee does not
engage

Recommendations
action plan
Agree follow up
Document and sign
Monitor and review
progress

Offer time out to
reflect
Agree to meet
again (with further
validating evidence
e.g. MSF)

Fails to
engage after
2nd meeting

Trainee back on track

Figure 37.4 Management framework.
Permission granted from Health Education Wessex.

Multi-source feedback (MSF)
The trainees are assessed over a period of time by their multiprofessional colleagues. As a 360° assessment, feedback is obtained from
co-workers, including doctors, nurses, and other allied healthcare
workers. The assessors complete a questionnaire on the performance
of the trainee, and the trainee also provides a self-assessment. The
questionnaires are sent to an assessment centre and information is
fed back usually to the trainee’s educational supervisor.

Case-based discussion (CBD)
This WPBA is based on discussion of clinical materials with the
trainee. Trainees choose a number of recent cases in which they
have been involved. The trainer selects one case that they consider
educationally appropriate for discussion. The trainer probes the
clinical reasoning behind the decisions that the trainee has made
and then provides feedback.

Portfolios
Portfolios are used usually at the end of the academic year as
collections of information that evidence the achievements of
trainees. In the United Kingdom, the portfolio is used for the
summative annual review of competence progress (ARCP). It

includes a section with the relevant documents to demonstrate
that the trainee has completed the DOPS, mini-CEX, MSF, and
CBD assessments. Increasingly in the reflective section of the
portfolio, trainees are encouraged to obtain feedback from the
‘teaching’ sessions that they have led; in doing so they gain valuable insight into the process of experiential learning and prepare
themselves for future lifelong learning and continuing professional development.
In addition to competency-based assessment, summative assessment such as high-fidelity simulation has been used successfully
in high-stakes postgraduate specialty recruitment (Gale et al.
2010) and postgraduate anaesthetic examinations in the United
Kingdom. There appears to be a relationship between performance
at specialty recruitment selection and subsequent professional
examinations in anaesthesia (Roberts et al. 2011).

Underperformance of trainees
There are numerous reasons why a trainee may underperform and
in order to improve performance, the factors affecting underperformance must be recognized and considered by all concerned
(Fig. 37.3). Once identified, underperforming trainees must be supported through a robust management framework (Fig. 37.4) during
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a difficult and stressful period of time. Where health issues are contributing to underperformance, a period of recuperation away from
the workplace could be beneficial for the trainee to reflect and focus
on returning to health.

Declaration of interest
None declared.
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Research in anaesthesia
Gary Minto and J. Robert Sneyd
Context of research
The conventional view serves to protect us from the painful
job of thinking.
John Kenneth Galbraith
What do we know with absolute certainty? How do anaesthetics
work at the molecular level? Do patients have a better outcome
if we monitor their cardiac output during major surgery, or not?
What are the odds that the 76-year-old man that you are about
to anaesthetize for a repair of an abdominal aortic aneurysm will
suffer from permanent cognitive deficit as a result of the operation? If you use nitrous oxide as part of the gas mixture to maintain anaesthesia, will this have a detrimental effect on his wound
healing?
The ‘Truth’ in medicine is a story created from the limited information available—usually interpreted by the experts and often
produced in guideline form for the practising clinician to adhere
to. It is vital to acknowledge the degree of uncertainty and bias
that goes into creating this story and to realize that every scientific belief, no matter how entrenched, is open to re-interpretation
based on new data (Shafer 2007). The fact that we have spent many
years doing things a certain way is not proof. Some treatments do
more harm than good. It is important to be explicit about treatment uncertainties and to produce research to resolve the most
pertinent of these. Thousands of premature babies suffered blindness because of a belief that it was best practice to give them 100%
oxygen (Silverman 2003). It is estimated that tens of thousands of
patients with traumatic brain injury died because we erroneously
thought we should give them steroids (Sauerland and Maegele
2004). New research is vital so we can continually test the conventional view against it.
The scientific method is based on hypothesis testing: at the end
of a trial (experiment) authors, editors, reviewers, and readers
appraise the trial and make a conclusion about whether the results
‘support’ the initial hypothesis. The terminology works this way
because we do not know the truth; we only have a theory of it. There
may be alternative theories that equally explain the observations.
When new information comes to light, or when we have a better
way of measuring, or if somebody looks at existing information in
a new way—then the old theory may no longer fit and might be
supplanted by a new theory. What may have been true 20 years ago
may no longer be true now (indeed, it may not actually have been
true 20 years ago).
The purpose of medical research should be to produce evidence of the highest quality in an endeavour to see the full story.
Research active clinicians need to know how to conduct proper

trials and all clinicians need critical appraisal skills to weigh up
the quality of this work and decide whether it has implications for
their practice.

The changing face of global research
Setting the research agenda: the traditional
‘bottom-up’ model
Who decides what we should study? Historically this has been
medical researchers themselves. Basic scientists or clinicians may
have been stimulated by clinical need or by interesting cases or
insights to make particular hypotheses that they have then tested
in trials. This approach has the benefit of the genuine scientific
interest of the investigators, who over time would be likely to
become experts in their chosen field, and who might gather a
team around them to develop the work; however, there are several
disadvantages:
◆

◆

◆

◆

A lack of cohesion. Research may be quite ‘hit and miss.’ Where
the impetus for research is driven by individuals, then a unified
overall approach to a particular scientific field is unlikely. It may
be that some vital areas in the field go unstudied because nobody
is interested in them (Culyer 1994, paras 11–12, p. 10).
Finite resources. Similarly there may simply not be sufficient
funding and personnel available to study all the important
aspects in a field. Hence the potential exists for large gaps in the
knowledge base.
Perverse incentives. Research that addresses trivial questions
is unfair on patients, for example, the multiplicity of studies
describing techniques for attenuating pain on injection of propofol (Sneyd 2004). Proliferation of such studies reflects the fact
that they are easy to do rather than that they answer important
questions. The incentive to perform the work may have been to
create a publishable project for the investigators, rather than to
advance medical knowledge.
Dominance. Established investigators may come to dominate the
research agenda, drawing funding and personnel, and stifling the
development of fresh ideas.

If the purpose of medical research is to discover and develop
best practice, then a ‘problem-based’ approach may be a better
alternative: the research should be addressed towards the most
important areas of uncertainty so as to bring about the most
improvement for the largest number of patients. This requires that
priorities be set centrally: in the United Kingdom, the Rothschild
Report of 1971 set out a clear system for commissioning whereby

620

620

PART 5

the practice of anaesthesia

the government was effectively the consumer, who decided priorities and then contracted relevant medical research bodies to carry
out a programme of research to tackle these (Cabinet Office 1971,
para. 6, p. 3).

Research viewed from a healthcare improvement
perspective: the ‘top-down’ model
For this reason, over the past two decades most developed countries
have moved to a centralized model of medical research whereby
a state-appointed body, such as the National Institutes of Health
(NIH; United States) and Deutsche Forschungsgemeinschaft
(Germany), decides the priorities, regulates the ethical conduct of
trials, and controls funding.
A typical mission statement is that of England’s National Institute
of Health Research, launched in April 2006, which:
aims to create a health research system in which the NHS supports
those engaged in leading-edge research to focus on the needs of the
patient and the public. (Department of Health 2006a)

In some countries, the central agencies run academic programmes
for developing research careers; in others, this role is fulfilled
by independent organizations such as the Karolinska Institute
(Sweden). There is some criticism that the practising clinician with
an inspired idea is less likely to flourish, and that research has been
removed from the remit of ordinary (non-academic) health professionals, but perhaps this is a necessary cost.
The new model, as set out in a comprehensive review of UK
health research by Cooksey in 2006 expressly puts patient benefit
at the centre of the research agenda (Department of Health 2006a).
It also has the advantage of scale: adequately funded projects run
by good researchers are more likely to achieve answers to important clinical research questions. With centralization of funding,
grants tend to be larger and the application process more onerous.
Successful applications therefore must have well-developed protocols with expert input from statisticians, health economists, and
patient representatives.
Moreover, investigators are now aware of what the priority topics
in their field are: astute grant applications will address these topics,
or are submitted in response to specific calls for research into particular questions. They increasingly come from multidisciplinary
teams as the questions become sufficiently general as to cross specialty boundaries.

Redefining research
The patient-centred model reclassifies research into:
1. basic
2. translational
3. clinical/applied (Department of Health 2006b).
Basic or ‘bench’ research, is driven by a pure quest for scientific
knowledge rather than a desire to answer a clinical question. It generally takes place in laboratories at universities or institutes.
Applied research (referring to clinical applications) is a broad
term. As the Cooksey Report states:
It is driven by the desire to answer a specific health related question,
and includes research into the prevention, detection and diagnosis of
disease and the development of interventions (effectively most of ‘clinical research’); the evaluation of interventions (drugs, technologies,

processes); the management of disease; and the provision of health
and social care services. (Department of Health 2006b)

Often this is carried out without a full knowledge of the basic science behind the intervention. An example would be studies comparing the effects of goal-directed fluid therapy on recovery from
critical illness (Shoemaker et al. 1988; Pearse et al. 2005). Initial
enthusiasm for applying this approach on all critically ill patients
has been tempered by later trials suggesting benefit to particular
subgroups but perhaps harm to others (Hayes et al. 1994). The
pathophysiological basis for the benefit (or harm) of intravascular
fluid ‘optimization’ is still not fully elucidated.
Translational research means translating the findings from basic
or clinical research into innovation in healthcare or research at the
interface between the laboratory and clinical ends of the research
spectrum. Whilst Fleming’s 1928 laboratory discovery of the antibiotic penicillin was a significant moment, it did not translate into
real benefit until Florey and Chain at Oxford University used it to
treat infection in patients.
Cooksey suggests that it is useful to consider health research as
a continuum with direct links between the many different types
(Fig. 38.1) (Department of Health 2006b). Particular observations
or insights made in the laboratory may promote better understanding of disease or novel treatments to be used in the ward.
Equally, insights or observations gained in clinical trials can be
fed back and inform future basic science studies. As products and
novel approaches to disease are developed from basic and clinical
research, health technology assessment (HTA), and health services
research (HSR) can ascertain how and when best to apply them in
practice.
When health research is viewed as a continuum, two particular
gaps in translation become apparent.

Addressing the gaps in translation
The first translational gap: efficacy—does it work?
Can discoveries in basic science, or ideas and concepts from
clinicians and scientists be developed into useful products that
could be used in healthcare? These might be commercially viable
and hence of interest to the pharmaceutical industry and biomedical engineering companies. Phase 0 to IV drug development
trials are an example: drugs evolve from initial discovery/manufacture through animal models, tests in healthy people, and then
dose finding studies in patients with the relevant illness, before
being compared with existing treatments in large randomized
controlled trials (RCTs). Safety and efficacy data are collected
through these phases, and if successful, the medication may be
licensed for use.

The second translational gap: effectiveness—does it work
when ordinary folks use it, and how do you get ordinary folks
to use it?
HTA is the use of scientific methodology to generate evidence
about the clinical and cost-effectiveness of health technologies.
Can workable ideas and products be disseminated into the wider
healthcare community? Evidence for benefit in the carefully controlled milieu of a clinical trial does not prove that an intervention will work when used in everyday practice. Study results are
also affected by the Hawthorne effect—increased vigilance on the
part of the usual caregivers because they are aware that results
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Critical path within UK health research

“Second gap in translation”

“First gap in translation”
Basic
research

Prototype
discovery
& design

Preclinical
development
MRC

Early
clinical
trials

Late
clinical
trials

Health
technology
assessment

NHS R&D

NHS HTA

MHRA

NICE

Health
services
research

NHS SDO

Knowledge
management

NHS CfH

Healthcare
delivery

NHS

Figure 38.1 Pathway for translation of health research into healthcare improvement.
Reproduced from Cooksey, D. A Review of UK Health Research Funding. London: HMSO, © Crown Copyright 2006.

are being monitored tends to improve outcomes. Proof is subsequently required to show the generalizability of a particular finding
amongst a broader patient population. For instance, an enhanced
recovery after surgery programme may reduce postoperative complications for particular operations at a particular institution in a
particular healthcare system, but might not be effective if you tried
to introduce it in your own hospital.
The adoption of innovative methods or technologies is typically
slow. Users hesitate to apply an intervention until it has undergone
thorough evaluation (Rogers 1995). During the pioneering phase,
there may be technical hitches, or it may become apparent that the
intervention works only in certain situations or patient subgroups.
Applied clinical research may help discover these and accelerate the
process of adoption.
Modern healthcare systems operate in a finite economy so it
is important to ascertain whether new technology or ideas are
cost-effective. In a limited fiscal environment, something that is
efficacious—a new chemotherapy drug, say—may not provide sufficient benefit in terms of numbers of quality-adjusted life years to
be considered affordable in a particular health service.

Where does anaesthesia sit within the new paradigm?
The bulk of non-commercial funding goes towards research that is
likely to have striking results: projects that will improve the well-
being of large numbers of patients or cutting-edge advances that
will have an impact on the prognosis of diseases that are particularly difficult to treat. Grant awarding bodies want value for their
money. Conversely, the pharmaceutical industry invests in areas
where there is a high likelihood of financial return.
Recent advances in monoclonal therapies and chemotherapies have revolutionized prognosis in haematology and oncology.
Cardiology has a disease burden which affects large numbers of
patients in the developed world. In public health, simple initiatives
may bring dramatic changes to the health of millions: it is readily apparent why these disciplines do well under current funding
arrangements.
A perennial problem for anaesthesiology is that modern anaesthesia per se is perceived to be safe. We have well-described drugs
with few side-effects for induction and maintenance of anaesthesia,
for muscle relaxation, and to some extent for analgesia. We have
excellent devices for intraoperative monitoring.

The anaesthesia literature has in the past been characterized by
a proliferation of trials addressing relatively trivial questions: endless published comparisons of the clinical effects of neuromuscular blocking agents with each other have hardly been relevant to
major issues in healthcare. Overall there has perhaps been a perception that the potential return of investment in further research
to advance anaesthesia is limited.
This is a myopic perspective. Taking a broader view, in this era
of increasing medical complexity and super-specialization, multidisciplinary communication is vital. Anaesthetists are very much
involved in perioperative medicine, in providing safe surgery, and
in the determination and delivery of the best possible perioperative
care pathways.
When it comes to investment, many other specialities have the
benefit of a headlining disease or patient subpopulation which
they treat: cardiologists treat heart diseases, oncologists treat cancer, and paediatricians treat children. Anaesthesia has traditionally
been viewed as a more generalist support speciality—however, if
one views the physiological insult of surgery as a disease in its own
right, then anaesthesiologists are in fact specialists in the field of
host defence. Sickness absence for more than 7 days to have surgery
is a strong predictor for long-term mortality (Head et al. 2008). It
is estimated that worldwide, more than 234 million patients have
surgery each year (Weiser et al. 2008). This represents a substantial disease burden. It is becoming clear that patients who develop
postoperative complications have reduced long-term survival when
compared with those who do not (Khuri et al. 2005): perioperative
interventions to improve safety and to reduce complications may
have significant mileage.
Moreover, from a methodological viewpoint clinical research in
other specialities is often limited by outcomes that may take many
years to measure. Richard Doll and Austin Bradford Hill needed
decades to establish a link between smoking now and the increased
lung cancer rates later in life (Doll and Hill 1964). Important clinical outcomes after surgery can be recorded within 30 days: perioperative research lends itself to rapid results in a potentially huge
number of patients.
Applied research in perioperative medicine incorporates HSR,
defined as:
research with the aim of improving patient outcomes (patient experiences, effectiveness of care, and safety). It encompasses clinical
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epidemiology and clinical trials to demonstrate the effectiveness of
interventions (phase III drug trials, health technology assessment).
(http://www.niaa-hsrc.org.uk)

Included in HSR are many potential opportunities for anaesthetists to address the ‘second gap’ in translation: the development
and assessment of medical technologies such as cardiac output and
awareness monitors, and drug delivery systems; and the evaluation of perioperative care pathways. There is a large potential for
researching the utility of preoperative risk stratification using biochemical markers such as B-type natriuretic peptide (Cuthbertson
et al. 2007), scoring systems (Prytherch et al. 1998; Lee et al. 1999),
and cardiopulmonary exercise testing (Older et al. 1993; Snowden
et al. 2010).
There is a large potential also for ‘first-gap’ translational research,
exploring the pathophysiology of the surgical insult and methods to
reduce this. There is much common ground with basic and translational research into sepsis as there may be similar cellular-level and
immunological mechanisms in both.
Anaesthesiology provides a unique opportunity to explore neurological function. The brain is the main target of anaesthesia. More
than 100 million anaesthetic procedures are performed each year.
This is a tremendous resource for the investigation of the physiology
and pathophysiology of unconsciousness. Such research elucidates
not only anaesthetic mechanisms but is also key for basic science
striving to understand brain function (Kochs and Sneyd 2011).

through centralized peer-reviewed grant administration and coordination of academic training for young investigators. Following
the lead of the European Society of Anaesthesiology and the UK
Intensive Care Society, the NIAA recently completed its own
Priority Setting exercise. Over 400 broad suggestions were generated, mostly from practising anaesthetists and distilled into a final
list of priority questions:
◆

◆

◆

◆

◆

What is the incidence and prognosis of perioperative myocardial
injury identified by cardiac biomarker elevation and how should
it be managed?
Would a preoperative exercise programme improve outcome in
patients planned for elective open aortic aneurysm surgery?
Does therapeutic hyperoxia improve outcome in traumatic brain
injury?
Does epidural or paravertebral block improve long-term outcome in thoracic surgical patients?
Would a 96-hour enhanced recovery programme improve outcome in patients undergoing surgery for fractured neck of femur?
(http://www.niaa.org.uk).

The clinical applicability of these, seeking to maximize direct
patient benefit, is striking.

Research practicalities

Establishing priorities: the question-setting
process in anaesthesia

A clinical trial is a carefully and ethically designed
experiment with the aim of answering some precisely framed
question.2

In priorities for medical research two crucial if negative
truths stand out. First, priorities do not announce themselves,
either in theory or practice; and secondly, it is by no means
obvious what the needs of the … Health Service are.1

Chapter 30 in this textbook deals with research methodology.
However, it is worth noting that all effective research requires a
carefully thought out organizational framework that fits loosely
under the following headings.

As we have discussed, under a ‘problem-led’ research agenda it is
crucial to establish which of many potential unanswered research
questions to tackle first. This is a complex process, involving
appraisal of the existing knowledge base so as to discern whether
the answers are truly unknown or merely poorly disseminated. It
is additionally important when deciding priorities to balance the
clinical importance (potential impact) of each with the likelihood
of deliverability of an answer: hence specialities which already
have a good research infrastructure such as stroke or neurodegenerative diseases are well represented. A web-based resource, the UK
Database of Uncertainties about the Effects of Treatments (http://
www.library.nhs.uk/duets), is a separate initiative which addresses a
broadly similar area, seeking to signpost clear, concise clinical questions which cannot currently be answered. The website publicizes
reliable up-to-date systematic reviews of existing research evidence
(often Cochrane reviews) and current trials addressing these topics.
The National Institute of Academic Anaesthesia (NIAA) is a UK
organization formed in 2006 to strengthen the research base in
anaesthesia, pain management, and critical care medicine, largely

1

Reproduced from House of Lords Select Committee on Science and
Technology Priorities in Medical Research: Volume I-Report (1988), London,
HMSO. (“Priorities in Medical Research”) Para 3.3, page 26. Contains public
sector information licensed under the Open Government Licence v3.0. http://
www.nationalarchives.gov.uk/doc/open-government-licence/version/3/

The protocol
A source document covering in detail what the trial will set out
to do and how this will be delivered. Writing the protocol is a key
stage in the life of a project as it requires clear thought about the
practicalities. What is the plan of investigation and is it appropriate? What are the inclusion criteria for participants, how many will
be required, and is it likely that sufficient numbers can be recruited
in the participating institutions? Who will do the work, how much
will it cost, what are the time frames?
It should be clear what data is to be collected, how this will be
recorded, and how it will be stored or transformed into an analysable
format. For most study designs there are consensus guidelines for the
preferred manner in which to report study findings: in the case of a
RCT this is the CONSORT diagram, showing the number of patients
recruited compared with the number screened, and reasons for dropouts (Moher et al. 2010). It is pragmatic to be aware of these from the
outset to ensure that all the necessary data are collected.

Primary objective
All research projects must have a clearly stated hypothesis. For
example, one does not just try out a new cardiac output monitor

2

Reproduced from Principles of Medical Statistics by Hill (1967). By
permission of Oxford University Press, USA, www.oup.com
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during major surgery. One might compare the ability of the new
monitor to measure cardiac index against an established gold
standard (intermittent thermodilution method using a pulmonary
artery catheter), but it is important to specify in which patients (the
inclusion criteria) and under what conditions (sepsis, liver failure,
healthy patients, patients with cardiac impairment, etc.). The statistical power calculation of every trial must be based on the primary
objective (see Chapter 28).
Secondary objectives—the protocol may prospectively specify
several different outcomes or outcomes within participant subgroups to be explored, however for methodological reasons it is
important that the final analysis and main report of the study deal
predominantly with the primary outcome.

Measurement of outcomes
Outcome measurement in laboratory research is difficult: there are
issues with user error and accuracy of measurement techniques.
However, even in clinical perioperative research there are plenty of
potential hurdles. Outcomes that truly matter to patients, such as
severe postoperative complication rate, are the ‘Holy Grail’; however it can be difficult to ensure that these are consistently measured
for all patients: there may be interobserver variability in grading, or
adverse effects may simply be missed if they occur during weekends
or other investigator absence.
‘Hard’ clinical outcomes (survival or non-survival) are much
more obvious, but if non-survival is not common then a considerable number of participants may be required to avoid an
underpowered trial.

Funding
It is an unavoidable fact that research requires monetary resource:
equipment must be purchased, investigator salaries provided, indirect costs such as IT, phone calls, and paper need to be met. It is not
impossible for research to be carried out without any direct funding
but sponsors are reluctant to back projects that are at high risk of
non-completion. There are two principal sources of funding:
◆

◆

Drug/medical device company money: the private sector and,
in particular, the pharmaceutical industry, is the largest single investor in health research in the world (Goldacre 2009).
However, commercial trial findings are potentially tainted by the
vested interest of the company. It has repeatedly been shown that
industry trials have a strong tendency to produce results favouring the intervention (Lexchin et al. 2003). This may be because of
bias in either the design or analysis or may simply reflect the fact
that negative trials are less likely to be published.
Competitive non-
commercial grants. These are generally
awarded following a call for applications which are then ranked
according to rigorous criteria-based peer review. Modern grants
tend to be centralized in organizations such as the NIH (United
States) or NIHR (United Kingdom) such that they are sufficiently
large as to make the funded projects viable; the application specifications often address priority themes and the awarding bodies
are hopefully divorced from vested interests.

Ethical approval, sponsorship, and trial registration
The International Congress on Harmonisation of Good Clinical
Practice (ICHGCP) sets the standards for research governance (http://ichgcp.net). All clinical studies must be conducted
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according to the highest standards of ethics and confidentiality.
This includes minimizing the potential for harm of trial participants, acquiring their fully informed consent, ensuring that subjects are not coerced, and keeping full records to mitigate against
research fraud. Every clinical study must also have a nominal
sponsor in case of litigation—this may be a company in the case of
a commercial trial, or the research and development department
of the institution in which the study takes place. Sponsors carefully assess protocols for scientific rigour and likelihood of study
completion.
It is good practice to prospectively register with some form of
open-access trial registry. In the case of commercial trials this protects to some extent against the suppression of unfavourable results
and it improves transparency as journal reviewers can compare
submitted manuscripts with the stated plan of investigation. High-
quality journals are unlikely to publish original papers describing
unregistered trials.
Ethical approval, sponsorship, trial registration, and grant funding are inextricably linked; negotiation through their processes
may be laborious but they protect patients against poorly conducted research.

Getting research done: logistics
Modern research execution generally requires a working knowledge of IT software, for data collection, statistical analysis, report
composition, and management of references. Data must be backed
up in electronic or hard copy format. It is wise to keep a clear log or
diary throughout—as a contemporaneous record in case of inspection, but also to keep track of the investigating team’s thought processes and insights.

Clinical anaesthesia trials in context
As was stated previously, the ‘truth’ is a fluid concept, depending
as it does on our interpretation of what evidence is available. The
principles of evidence-based medicine (see Chapter 29), commonly
defined as ‘the conscientious, explicit and judicious use of current
best evidence in making decisions about the care of individual
patients’ (Young and Ward 1999) assist us in our interpretation,
but have had the unintended consequence of elevating the status of
RCTs and the P-value in the eyes of many clinicians. It is important
to appreciate that RCTs have their own limitations and other forms
of research their merits.

Hints and allegations
An imaginative conception of what might be true is the
starting point of all great discoveries in science.
Sir Peter Medawar
The launchpad for much medical research is a case or series of
cases with a pattern that generates a hypothesis, what has been
termed ‘looking backward to point the way forwards’ (Ochroch and
Fleisher 2006). A good example is the notion that regional anaesthesia for cancer resection surgery may reduce cancer recurrence rates.
Several case series support the hypothesis (Exadaktylos et al. 2006),
there is biological plausibility as immunomodulation by different
analgesic techniques may have differential effects on the body’s
ability to destroy residual cancer cells, and there is now even some
translational science: breast cancer cells resected from patients who
had intraoperative paravertebral analgesia proliferate and migrate
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on the Petri dish at a reduced rate compared with controls (Deegan
et al. 2009). However, as with nearly all non-randomized study
designs, the potential for selection bias affects the veracity of the
findings: if the anaesthetist elects to perform the innovative intervention only on patients perceived to be less ill, then this is likely to
bias the results in favour of the intervention. In general, such series
are the prelude to an RCT to further test the hypothesis.
Evidence-based medicine has ushered a decline of the case report
in the medical literature, which is a pity—the link between thalidomide treatment for maternal nausea and fetal limb defects was first
detected because two similar cases were noted in the same small
hospital and rapidly reported in The Lancet (McBride 1961).
Retrospective analysis of very large databases which contain
demographic, intraoperative, and outcome data for several hundreds of thousands of patients or more, make it possible to look for
higher incidence of an outcome of interest in particular subgroups.
The National Surgery Quality Improvement Program initiative
from Veterans Association hospitals in the United States provides
detailed data from several million patients. Analyses show that
subgroups of individuals who develop particular complications
after surgery have higher medium-term mortality rates (Khuri
et al. 2005).
A problem with observational trials, even of this size, is the
potentially erroneous attribution of cause and effect. Some unappreciated factor(s) may be behind the apparent differences in outcome. It was long suggested that low serum levels of antioxidant
vitamins were associated with increased risk of cancer, cardiac
disease, and all-cause mortality until subsequent RCTs of supplementary multivitamins suggested that these actually increased
the risk of cancer. These opposing results reconcile when certain
confounding associations (in this case low socioeconomic class)
are appreciated (Lawlor et al. 2004). One can attempt to adjust
for confounders by doing propensity matching, that is, matching
patients who have a particular risk factor such as diabetes with
controls from the database who are similar in all other respects but
are not diabetic; however, the potential remains for imbalances in
many other unrecorded or even unappreciated factors. Database
studies are therefore typically hypothesis generating rather than
definitive.

Reasons to randomize
Ultimately RCTs are seen as higher-quality evidence because they
reduce selection bias and confounding factors. Anaesthetic trials
have historically tended to be small and therefore prone to error
because of the potential for imbalances between groups. If we
were to design a small RCT investigating the effect of perioperative β-blockade for major surgery, we might randomly allocate 100
consecutive patients to either receive this intervention or not (controls). If by chance we had many more diabetics in the control arm,
then the overall incidence of postoperative cardiac complications
in this arm might be higher, but probably as a result of the higher
proportion of diabetics rather than the absence of β-blockade.
Additionally there may be imbalances that are not apparent.
Consider the human genome with its 3 billion base pairs: there are
likely to be thousands of differences in genetic make-up between
patients in the groups. Some of these differences may be phenotypically apparent (e.g. cause a disease) so you can adjust for them. But
some, which may affect outcome in ways we do not yet know, will
be invisible (Vandenbroucke 2004).

An effective way to overcome imbalances is to swamp them by
increasing the number of participants, usually by adding many
recruiting centres. See Table 38.1.
Collaborative trials of this magnitude need to have a simple
intervention and a reliable outcome measure that is reproducible
across many centres.
This greatly improves the generalizability of study results to a
broader population (‘effectiveness’) as the intervention is overlaid
on real-world clinical practice.

The P fallacy: a word of caution regarding
interpretation of mega-trials
Extraordinary claims require extraordinary proof.

Steven Shafer
(Shafer S. Did Our Brains Fall Out?
Anesth Analg 2007; 104: 247–8)

Clinicians can be oversimplistic in their appreciation of statistical
principles.
The logic which many apply goes as follows:
◆

◆

◆

We have started our experiment by stating the null hypothesis,
that is, that there is no difference between the sample of patients
who have had the intervention and the control group (who represent the ‘normal’ population)
I have applied a statistical test and the P-value comes out at less
than 0.05
This means that there is a less than 1 in 20 chance that the null
hypothesis is correct

◆

Therefore I reject the null hypothesis

◆

Hence I have shown something important (Goodman 1999).

In reality this is a statistical nonsense: a single numerical value
cannot be used as the yardstick of truth—it is merely an informal expression of a probability (Myles and Forbes 2011), in this
case the probability if the null hypothesis were true of obtaining a
result equal to or more extreme than the one observed. It starts
with the assumption that the null hypothesis is true and cannot
therefore be used to accept or reject it (Goodman 1999). On the
surface this appears to be a trivial distinction but in fact it illustrates a key flaw in the simplistic use of the P-value: a statistical
test is not designed to distinguish truth or falsehood from a single experiment.
Before the test, one is meant to decide by separate means what the
likelihood is that the null hypothesis is true or false, and decide in
the light of this how much the result of your single new experiment
(in one direction or another) would affect your continuing belief in
this likelihood. This pretest decision by separate means is based on
all the pre-existing evidence. Bayesian theory provides a means to
quantify this ‘pretest probability’ numerically although it is rarely
used in medical research as it is difficult to compute (Diamond and
Kaul 2004).
Moreover, the P-value behaves badly when applied to clinical
mega-trials: as a result of the mathematics involved in its calculation, the P-value will become arbitrarily small as the sample size
becomes arbitrarily large. Carried to the extreme, a ‘significant’ P-
value is guaranteed in a trial of infinite size (ISIS 2 Collaborative
Group 1988). Multiple post hoc comparisons of outcomes in
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Table 38.1 A sense of scale: worldwide collaborative studies that have changed practice in perioperative medicine and anaesthesia
Study acronym,
full title, author,
journal, year

Background

Methodology

Primary outcome
measure

Results

Comment

ISIS 2
(Second International
Study of Infarct
Survival)
Randomised trial
of intravenous
streptokinase, oral
aspirin, both, or
neither among 17 187
cases of suspected
acute myocardial
infarction
ISIS 2 investigators,
Lancet, 1988

Hypothesis: i.v.
thrombolysis and
oral antiplatelet agent
may both improve
myocardial perfusion
after acute coronary
thrombosis

Inclusion criteria
17 817 cases of
suspected acute
myocardial infarction
Intervention:
Patients randomly
allocated to (i) a 1 h
i.v. infusion of 1.5 MU
of streptokinase; (ii)
1 month of 160 mg
day−1 enteric-coated
aspirin; (iii) both active
treatments; or (iv)
neither

Vascular mortality at 5
weeks post infarct

Streptokinase alone and
aspirin alone each produced a
highly significant reduction in
mortality over those allocated
neither. The combination of
streptokinase and aspirin was
significantly better than either
agent alone. Their separate
effects on vascular deaths
appeared to be additive

This cardiology study is
included here to contrast
with the relatively small
number of patients in the few
mega-trials in anaesthesia and
perioperative medicine. RCTs
in cardiology, haematology,
and oncology typically
include several thousand
patients: pharmaceutical
companies are prepared to
invest in such mega-trials in
an endeavour to promote
their products. Accordingly
these studies tend to be
adequately powered to
provide definitive answers to
important clinical questions

MASTER trial
Epidural anaesthesia
and analgesia
and outcome of
major surgery: a
randomised trial
Rigg et al., Lancet, 2002

Epidural block is
widely used to
manage major
abdominal surgery
and postoperative
analgesia, but the
risks and benefits are
uncertain. Rodgers
et al.’s (2000) meta-
analysis suggested
significant survival
benefit for patients
receiving epidural

Inclusion criteria
888 patients
undergoing major
abdominal surgery
with one of nine
defined comorbid
states to identify
high-risk status
Intervention
All had general
anaesthesia and were
additionally randomly
assigned to have
intraoperative epidural
anaesthesia and 72
h of postoperative
epidural analgesia, or
control

Death at 30 days or
major postsurgical
morbidity

255 patients (57.1%) in the
epidural group and 268
(60.7%) in the control group
had at least one morbidity
endpoint or died (P=0.29).
Mortality at 30 days was low
in both groups [epidural 23
(5.1%), control 19 (4.3%),
P = 0.67]. Only one of eight
categories of morbid end-
points in individual systems
(respiratory failure) occurred
less frequently in patients
managed with epidural
techniques (23% vs 30%,
P=0.02). Postoperative epidural
analgesia was associated with
lower pain scores during the
first 3 postoperative days

Most adverse morbid
outcomes in high-risk patients
undergoing major abdominal
surgery were not reduced by
the use of combined epidural
and general anaesthesia
and postoperative epidural
analgesia. The limitation of
this finding is that 1/4 of
patients allocated to epidural
failed to achieve the intended
level of analgesia for the full
72 h post operatively. The
MASTER trial suggests that
the benefits of perioperative
epidural anaesthesia and
analgesia are not so clear-cut
as previous meta-analyses had
suggested

B-aware
Bispectral Index
monitoring to prevent
awareness during
anaesthesia: the B-
Aware randomised
controlled trial
Myles et al., Lancet,
2004

Awareness under
anaesthesia affects
approximately 1 in
1000 of all-comers.
Bispectral Index®
(BIS®) monitoring
measures the depth
of anaesthesia.
The investigators
determined whether
BIS®-guided titration
of anaesthesia reduced
the incidence of
awareness during
surgery in adults at
high risk for awareness

Inclusion criteria
2463 adult patients at
high risk of awareness
undergoing relaxant
general anaesthesia
Intervention
Randomly allocated to
BIS-guided anaesthesia
or routine care

Evidence of
intraoperative
awareness at any time
after surgery
Assessments were
made by a blinded
observer at 2–6 h,
24–36 h, and 30 days
after surgery. A blinded
independent
committee assessed
every reported case of
awareness to decide
the true likelihood

There were two reports of
awareness in the BIS®-guided
group and 11 reports in the
routine care group (P=0.022).
BIS®-guided anaesthesia
reduced the risk of awareness
by 82% (95% CI 17–98%) in
at-risk adult surgical patients

It is difficult to adequately
power a trial which investigates
the effect of an intervention
on an outcome when that
outcome is rare (in this case
awareness under general
anaesthetic, with an event
rate of approximately 1:1000).
One method to overcome
this difficulty is to study only
patients who are at high risk
of the outcome, thereby
increasing its incidence in the
study sample. The inclusion
criteria for B-aware were
designed to find such patients
(risk of approximately 1:100 of
awareness). When appraising
the power of trials it is
important to ascertain the likely
frequency of occurrence of the
outcome in the patients who
have been recruited
(continued)
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Table 38.1 (continued)
Study acronym,
full title, author,
journal, year

Background

Methodology

Primary outcome
measure

Results

Comment

ENIGMA
(Evaluation of
NItrous oxide in
the Gas Mixture for
Anaesthesia)
Avoidance of nitrous
oxide for patients
undergoing major
surgery: a randomized
controlled trial
Myles et al.,
Anesthesiology, 2007

Apart from a known
increase in the
incidence of clinically
important nausea
and vomiting, use of
N2O for maintenance
of anaesthesia may
put patients at risk of
perioperative cardiac
complications and
detrimentally affect
wound healing
N2O interferes with
vitamin B12 and
folate metabolism
and increases
postoperative
homocysteine
concentrations.
Raised homocysteine
concentrations are
found in patients
after myocardial
infarction

Inclusion criteria
Patients having
operations expected
to last 2 h or more (a
reasonable duration
of exposure to N2O)
with an expected
postoperative stay of
3 days or more
Intervention
(In addition to volatile
or i.v. anaesthesia)
Maintenance with
N2O 70%: O2 30% vs
O2 (variable %) in air

Length of hospital
stay (LOS). It was
hypothesized that
N2O may have
multifactorial effects
that might affect LOS.
This was effectively a
composite outcome

LOS 7 vs 7.1 days
Avoidance of N2O
also saw a reduction in
secondary outcomes: severe
postoperative nausea and
vomiting was reduced from
25% to 10%
Wound infection, atelectasis
and pneumonia were less in
the N2O free group

Despite several undesirable
side-effects, nitrous oxide
gas has been extensively
used for anaesthesia for over
150 years. Until recently these
have been poorly studied.
The use of N2O appeared to
have no influence on primary
outcome in the ENIGMA
trial, or on cardiac events, but
had detrimental effects on
several important secondary
outcomes. However, critics
contend that many control
patients had a higher inspired
% of O2 during anaesthesia
which may have contributed
to these effects. The ENIGMA
2 trial, powered to investigate
cardiac outcomes, recruited
7000 patients and fixed FIO2 for
the control group at 30%

SAFE trial
(Saline versus Albumin
Fluid Evaluation)
A comparison of
albumin and saline
for fluid
Resuscitation in the
intensive care unit
The SAFE Study
Investigators, N Engl J
Med, 2004

This trial from the
ANZ Intensive Care
Clinical trials unit
was designed after
a meta-analysis had
suggested that the
use of albumin for
fluid resuscitation
of ICU patients
increased the absolute
mortality rate by 4%
(Cochrane Injuries
Group Albumin
Reviewers 1998),
implying that some
property of the fluid
itself was associated
with the poorer
outcome. However
this analysis had
not corrected for
allocation bias: the
fact that clinicians
might reserve albumin
resuscitation for
the most critically
ill patients, and that
albumin use might
simply be a surrogate
marker for the
physicians’ perception
of how sick the
patient was

Inclusion criteria
A heterogeneous
population of 6997
patients who had been
admitted to the ICU
Intervention
Randomized to receive
either albumin 4%
or normal saline for
intravascular-fluid
resuscitation during
the next 28 days

Death within 28 days
after randomization

726 deaths in the albumin
group, 729 deaths in the saline
group (relative risk of death,
0.99; 95% CI 0.91–1.09; P=0.87)
There were no significant
differences between the
groups in secondary outcomes
such as length of ICU or
hospital stay or days of organ
support

When allocation bias
was removed by using
randomization, use of either
albumin 4% or normal saline
for fluid resuscitation resulted
in similar outcomes

(continued)
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Table 38.1 (continued)
Study acronym,
full title, author,
journal, year

Background

Methodology

Primary outcome
measure

Results

Comment

IHAST
(Intraoperative
Hypothermia for
Aneurysm
Surgery Trial)
Mild intraoperative
hypothermia during
surgery for intracranial
aneurysm
Todd et al., N Engl J
Med, 2005

Cerebral metabolic
function is depressed
by cooling and may
be neuroprotective.
Postoperative
neurological
deficit is common
after aneurysmal
subarachnoid
haemorrhage
This study investigated
whether intraoperative
cooling during open
craniotomy for
aneurysm clipping
would improve
neurological outcome

Inclusion criteria
1001 patients with
a preoperative
World Federation of
Neurological Surgeons
score of I, II, or III (‘good-
grade patients’), who
had had a subarachnoid
haemorrhage no more
than 14 days before
planned surgical
aneurysm clipping
Intervention
Intraoperative
hypothermia (target
temperature, 33°C,
with the use of surface
cooling techniques) or
normothermia (target
temperature, 36.5°C)

Glasgow Outcome
Score (a marker of
neurological recovery),
assigned by a blinded
assessor approximately
90 days after surgery

No significant differences
between the groups in primary
outcome (Glasgow Outcome
Score of 1 (good outcome) in
66% of hypothermia group vs
63% of normothermia group,
odds ratio,1.14; 95% CI 0.88–
1.48) or secondary measures
such as total length of ICU
stay or hospital stay, 90-day
mortality (6% in both groups),
or patients)

Intraoperative hypothermia
did not improve the
neurological outcome
after craniotomy among
good-grade patients with
aneurysmal subarachnoid
haemorrhage

POISE
(PeriOperative
ISchemic Evaluation)
Effects of extended-
release metoprolol
succinate in patients
undergoing non-
cardiac surgery: a
randomised
controlled trial
POISE Study Group,
Lancet, 2008

Several small trials,
particularly Mangano
et al. (1996) suggested
that perioperative
β-blockade in
patients undergoing
non-cardiac surgery
reduced perioperative
myocardial ischaemia.
This randomized
controlled trial, done
in 190 hospitals in 23
countries, investigated
the effects of
perioperative β-blockers

Inclusion criteria
8351 patients
with, or at risk of,
atherosclerotic disease
undergoing non-
cardiac surgery
Intervention
Extended-release
metoprolol started
2–4 h before surgery
and continued for
30 days, or placebo

Composite of
cardiovascular death,
non-fatal myocardial
infarction, and non-
fatal cardiac arrest

5.8% in the metoprolol
group vs 6.9% in the placebo
group reached the primary
end-point; hazard ratio 0.84,
95% CI 0.70–0.99) or had a
myocardial infarction (4.2%
vs 5.7%; hazard ratio 0.73, CI
0.60–0.89). However, there
were more deaths in the
metoprolol group (3.1%) than
in the placebo group (2.3%),
hazard ratio1.33 (CI 1.03–
1.74) as more patients in the
metoprolol group than in the
placebo group had a stroke

This trial has been criticized
for using higher than usual
doses of β-blocker in an
endeavour to achieve heart
rate control, but highlighted
that substantial harm may be
associated with a perioperative
drug intervention. Future
studies may show benefits for
different β-blocker regimens
in particular subgroups of
patients, such as vascular
surgery patients with many
preoperative risk factors for
ischaemic heart disease

PROXI
(PeRioperative OXygen
Fraction—effect on
surgical site Infection
and pulmonary
complications after
abdominal surgery)
Effect of high
perioperative oxygen
fraction on surgical site
infection and pulmonary
Complications after
abdominal surgery
Meyhoff et al., JAMA,
2009

Tissue oxygen tension
is often low in wounds
and colorectal
anastomoses, and
this may reduce
tissue healing. Two
prominent trials (Greif
et al. 2000; Belda et al.
2005) had suggested
that a high inspired
(80%) oxygen during
and immediately after
surgery reduced the
risk of surgical wound
infections, but another
(Pryor et al. 2004) had
suggested the opposite

Inclusion criteria
1400 patients
undergoing acute or
elective laparotomy
Interventions
Patients were
randomly assigned to
receive either 80% or
30% oxygen during
and for 2 h after
surgery

Surgical site infection
within 14 days

Surgical site infection occurred
in 19.1% of patients assigned
to 80% oxygen vs 20.1% of
patients assigned to 30%
oxygen (odds ratio 0.94; 95%
CI 0.72–1.22)

This definitive study shows
that administration of 80%
oxygen compared with 30%
oxygen does not reduce
surgical site infection in this
setting

Small randomized trials are prone to α error, that is, the apparent detection of a treatment effect where none truly exists. When randomly allocating participants, the investigators hope that the
groups will be well matched in all respects save for the intervention, such that difference in outcome can be attributed to the presence or absence of that intervention. However, this is unlikely to
occur unless there are sufficient participants in the study. Conversely small trials also run the risk of being underpowered (β error).
Clinical studies within anaesthesia have historically been small, often conducted in a single centre and susceptible to both these types of error. RCTs reporting positive results are more likely to have been
accepted for publication, creating a publication bias towards a treatment effect; meta-analyses of the existing primary studies may reinforce this impression. The ‘definitive’ mega-trial often explodes the myth.
Multicentre clinical research provides a mechanism for recruiting large numbers of participants to randomized controlled trials. Such collaborative efforts rely on an effective network of
participating sites and require a relatively simple intervention with outcomes which can be readily and consistently measured across all sites.
Data from various sources, see references.
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subgroups (‘data trawling’) often turn up surprising apparent associations or ‘trends’. The ISIS 2 trial (Table 38.1) provides an elegant
demonstration of this: after myocardial infarction, treatment with
aspirin had a strikingly beneficial effect on mortality, however
the authors included an analysis based on astrological sign which
appears to show an adverse effect of aspirin on vascular deaths
in patients born under Gemini or Libra (ISIS 2 Collaborative
Group 1988).
By whatever means, the statistical results of the single experiment
need to be reconciled with everything else: clinical significance,
likelihood of the findings, presence of supporting studies, a plausible biological mechanism, and changes (or failure to change) in
other end-points. Without this fuller understanding of inferential
statistics, findings are often wrongly interpreted.

Surrogate outcomes
Many industry trials claim to show that a drug or intervention is
beneficial on the basis of an effect on a surrogate outcome (Goldacre
2009). Long-term therapy with a particular non-steroidal anti-
inflammatory drug may result in reduced evidence of gastric
mucosal erosion on endoscopy; however, this does not necessarily
translate to fewer patients having significant upper gastrointestinal
haemorrhage.
Similarly, clinical benefits should be demonstrated rather than
implied. A novel minimally invasive haemodynamic monitor may
measure cardiac index to within acceptable limits of agreement
compared to the ‘gold standard’ measurement method but it does
not necessarily follow that this is of clinical importance.
Hard evidence of positive effects on outcomes that matter to
patients is required. For example, it might be shown that pre-,
intra-, or postoperative fluid therapy guided by the novel cardiac index monitor is associated with a reduction in complications or length of hospital stay compared with standard fluid
management.

Confirmation bias
Cognitive psychology teaches us that the human brain tends to give
credence to evidence that confirms its prior prejudice and disregards or find fault in that which does not. Studies which reinforce
the conventional view may receive a warmer welcome than those
which challenge it. This is known as confirmation bias. Similarly
studies with negative findings are less likely to be published in medical journals than those reporting outcomes of benefit or harm for
a particular intervention. Such a publication bias gives an unbalanced view of ‘the truth’. For this reason, systematic reviews use
comprehensive literature search strategies, including scrutiny of
international clinical trial registries in an endeavour to find all the
available evidence so as to construct as accurate a representation of
truth as possible.

The mechanics of publication
To see the light of day, a scientific paper has to be accepted for
publication by a journal. The authors must decide where to submit the work, which then generally undergoes peer review by
other researchers working in the same or related fields. Reviewers
comment upon the robustness of the methodology, the manner
in which the results have been presented, and judge whether the

authors’ conclusions are justified by their findings. Often revisions
are necessary and many papers are rejected at this point.
The ‘impact factor’ (IF) of a journal is a numerical barometer of
the size of the journal’s readership and of the scientific merit and
overall importance of the work described therein. This is partly
based on the number of citations of papers published in the journal.
Papers which appear in high IF medical journals such as The New
England Journal of Medicine (IF 53.484), The Lancet (IF 33.633),
and BMJ (IF 13.66) are generally of interest to the broader medical community and often have a message which is likely to change
practice. In line with their status, these periodicals have a stringent
peer-review process, rejecting many manuscripts for being poorly
designed or written. The Lancet, for example, publishes only about
1 in 20 of those submitted for review. Authors of rejected work will
usually revise their paper in the light of reviewer comments and
then submit elsewhere.
Speciality-specific journals for anaesthesia and perioperative
medicine have a much lower impact factor, the British Journal of
Anaesthesia (IF 5.616), Pain (IF 5.557) Anesthesiology (IF 5.264)
currently being the leading three. However, this is not a barometer
of the scientific merit of these journals compared with the more
general journals discussed earlier. It reflects rather that they have a
smaller contributory scientific community.
Many resources are available to assist the reader in deciding
whether they agree with authors’ conclusions: an editorial may
accompany the print publication, some work may stimulate lively
discussion in journals’ online and print correspondence, and landmark papers will often be critically appraised on review websites
such as http://www.ebm.bmj.com.

Conclusion
The evolution of best clinical practice relies upon good quality basic,
applied, and translational research. The highest ideal of medicine is
that clinical decisions are based on critical appraisal of the available evidence, on a careful consideration of whether such evidence
applies in this particular situation for this particular patient, and
that the patient’s own preferences are taken into account in deciding the best course of action.
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CHAPTER 39

Outcomes of anaesthesia
Simon A. Ash and Donal J. Buggy
Introduction
Conventional wisdom maintains that anaesthetic technique has little influence on long-term patient outcomes, other than securing
their safety, analgesia, and comfort perioperatively.
This conviction is being challenged by gradually accumulating
evidence that, on the contrary, anaesthetic management may indeed
exert some hitherto unrecognized longer-term influences. Here we
review the most topical aspects of anaesthetic management which
may potentially influence later postoperative outcomes.
Box 39.1 summarizes the postoperative outcomes evaluated in
this chapter.

Cardiovascular outcomes
Major adverse cardiac and cerebrovascular events (MACCEs) after
non-cardiac surgery, despite being infrequent (with a reported incidence of 1–7%), represent the most common cause of life-threatening
perioperative morbidity and mortality. Of patients undergoing
major non-cardiac surgery, 5% will have a major vascular complication within 30 days of surgery, of which myocardial infarction is the
most common. While almost 1 in 10 patients demonstrate evidence
of significant myocardial injury, 2% experience major cardiac complications after non-cardiac surgery (Devereaux et al. 2005; Vascular
Events in Noncardiac Surgery Patients Cohort Evaluation Study
Investigators et al. 2012). Cardiovascular complications, including
myocardial ischaemia or infarction, arrhythmias, and stroke, account
for most MACCE-related deaths (Sabate et al. 2011). The pathophysiology of perioperative myocardial infarction remains uncertain, but
most likely supply–demand mismatch and coronary thrombus play a
role (Devereaux and POISE-2 Investigators 2014).
How the anaesthetist can influence or improve patient outcomes,
or both, in this setting and the search for a proven safe and effective intervention to prevent these complications remain very topical. In August 2014, the latest iteration of the American College
of Cardiology (ACC)/American Heart Association (AHA) clinical
practice guidelines concerning perioperative cardiovascular evaluation and management of patients undergoing non-cardiac surgery
were published (Fleisher et al. 2014). An in-depth analysis of the
guidelines is beyond the scope of this chapter; however, we shall
look at β-blockers, which remain controversial, and the recent
release of the PeriOperative ISchemic Evaluation (POISE)-2 trial
results, which were not yet available at the time of compilation of
the current practice guidelines.

β-blockers
For almost two decades, the use of perioperative β-blockade has
been regarded as the best option for protection of patients at risk

of, or currently diagnosed with, coronary heart disease and for
the prevention of cardiac complications after non-cardiac surgery, on the basis of their effect on the supply–demand mismatch
that may form part of the pathophysiological basis for these
complications.
Early enthusiasm was driven by the suggestion that β-blockers
provide protection against myocardial ischaemia (Stone et al.
1988), and may consequently lower the risk of myocardial infarction and cardiac death, observational studies, expert opinion, and
by the positive results obtained by Mangano et al. (1996) after the
administration of atenolol before non-cardiac surgery. This randomized, double-blind, placebo control trial (n = 200) showed that
the atenolol group had reduced overall mortality, principally as a
result of a decrease in deaths from cardiac causes.
Initial versions of international practice guidelines recommended
the use of perioperative β-blockade for a broad spectrum of surgical patients, even as far as recommending atenolol be administered
to all patients at risk of coronary heart disease. However, the new
millennium has seen a decrease in both the scope and strength
of the recommendations issued. There are several reasons for the
paradigm shift evidenced in the opinion towards perioperative
β-blockade.
Initially, randomized controlled trials (RCTs) subsequent to
Mangano and colleagues’ study failed to consistently demonstrate significant cardiac protection, with neither a dependable
reduction in cardiac mortality nor non-fatal cardiac infarction
shown. A meta-analysis of 22 RCTs (n = 2437) (Devereaux,
et al. 2005) failed to demonstrate that perioperative β-blockade
exhibited statistically significant cardiac protection. Then came
the POISE-1 study (n = 8351) (POISE Study Group 2008) which
demonstrated clinically and statistically significant cardiac protection with fewer patients in the metoprolol group having myocardial infarctions (4.2% vs 5.7%). However, the POISE study
also exposed an increase in all-cause mortality (3.1% vs 2.3%),
stroke (1% vs 0.5%), hypotension, and bradycardia in the metoprolol group. While the POISE-1 study has been criticized for its
use of slow-release metoprolol, the potential for the use of high
doses, and the initiation of β-blockade shortly before surgery, it
highlighted potential risks of β-blockade which may have been
present in preceding RCTs but failed to be recognized as a result
of the much smaller study sizes. These results were confirmed by
a subsequent meta-analysis of 33 RCTs (n = 12 306) (Bangalore
et al. 2008) that demonstrated cardiac protection, without significant improvement in risk of all-cause mortality, cardiac mortality,
or heart failure, at the expense of increased strokes, perioperative hypotension, and bradycardia. Evidence for the benefit of
perioperative β-blockade was substantively driven by two trials, Dutch Echocardiographic Cardiac Risk Evaluation Applying
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Box 39.1 Postoperative outcomes evaluated in this chapter
◆

Cardiovascular outcomes

◆

Pulmonary complications

◆

Surgical site infection

◆

Blood transfusion requirements

◆

Perioperative glycaemic control

◆

Cancer recurrence and metastasis

◆

Development of chronic postsurgical pain.

Stress Echocardiography (DECREASE) and DECREASE IV
(Poldermans et al. 1999; Dunkelgrun et al. 2009).
However, allegations of scientific misconduct against Poldermans
and colleagues at the Erasmus Medical Centre have called into
question the validity of the DECREASE and DECREASE IV trials. Indeed, a meta-analysis of nine RCTs (n = 10 529) (Bouri et al.
2014), which excluded DECREASE and DECREASE IV, analysed
the potential impact on the 2009 ACC/AHA guidelines. The meta-
analysis found that their implementation may be associated with a
51%, 73%, and 27% increase in the incidence of hypotension, non-
fatal stroke, and all-cause mortality, respectively, despite the benefit
of a 27% decrease in non-fatal myocardial infarction.
The approach of the 2014 ACC/AHA clinical practice guidelines
to perioperative β-blockade was informed by a systematic review
which analysed 17 studies, 16 RCTs (n = 12 043) and one cohort
study (n = 348) (Wijeysundera et al. 2014b). There was a statistically
significant overall decrease in non-fatal myocardial infarction at
the expense of an overall increase in non-fatal strokes, death, hypotension, and bradycardia. For every 1000 patients for non-cardiac
surgery treated, the review demonstrated that β-blockade led to 17
fewer non-fatal myocardial infarctions at the expense of an increase
of 6 all-cause deaths and 4 non-fatal strokes (Wijeysundera et al.
2014b).
Analysis of the effects of the disputed DECREASE trials showed
that differences related primarily to the magnitude of benefit,
with possibly implausible effect sizes shown, and effects on all-
cause and cardiovascular death, where only the DECREASE trials
demonstrated an improvement. While the increase in mortality is
largely contributed to by the POISE-1 study, its exclusion did not
alter the evidence for an increased mortality rate with β-blockade.
Importantly, the data consistently demonstrated increased risk of
stroke, hypotension, and bradycardia in keeping with the POISE-1
study, suggesting that these complications, as with the finding of
increased mortality, may not simply be attributed to the use of high
doses of slow-release metoprolol, but may rather be a general concern with the use of perioperative β-blockade.
Problematically, three principal questions regarding perioperative blockade remain unanswered:
1. When should perioperative β-blockade be started? There is
good evidence for the continuation of chronic β-blockade perioperatively, where discontinuation has been associated with
increased morbidity and mortality (Hoeks et al. 2007; Wallace
et al. 2010) and maintenance associated with improved outcomes
equivalent (Wallace et al. 2010) or superior (Ellenberger et al.

2011) to acute perioperative β-blockade. However, when to start
acute perioperative β-blockade is unclear.
Guidelines continue to advocate an early start to acute perioperative β-blockade; however, while logical, the evidence remains
inconclusive. With the exception of the DECREASE trials, the
majority of RCTs have initiated β-blockade no earlier than 1 day
before surgery and, with their validity called into question, there
are insufficient data on the safety and efficacy treatment two or
more days before surgery.
Wallace et al. (2010) retrospectively examined non-cardiac
operations between 1996 and 2008 (n = 38 779) and found that the
addition of β-blockade improved survival, while omission or discontinuation worsened it. Interestingly, their results suggest that,
in patients where β-blockade is indicated, inability to start early
β-blockade should not limit the introduction of perioperative
β-blockade. Likewise, cohort studies (Flu et al. 2010; Ellenberger
et al. 2011; Wijeysundera et al. 2014a) have demonstrated that early
initiation of perioperative β-blockade of less than 7 days’ duration
may be associated with worse outcomes than longer durations.
Guidelines stress that perioperative β-
blockade initiation should be limited to high-risk patients, largely guided by
data from Lindenauer et al. (2005). This cohort study (n = 782
969) looked at patients undergoing major non-cardiac surgery
at 329 hospitals in the United States during 2000 and 2001. In
patients with a revised cardiac risk index (RCRI) of 0 or 1, perioperative β-blockade was associated with no benefit and possible
harm, while a RCRI of 2 or more was associated with benefit.
London et al. (2013) confirmed the benefit of perioperative β-
blockade only in patients with a RCRI greater than 1 in their
observational study of 136 745 patients for the years 2005 to
2010, despite changes in the management of coronary artery disease and the introduction of coronary stenting in the intervening period. Interestingly, London and colleagues did not confirm
benefit of perioperative β-blockade in vascular surgery patients.
An analysis by Foex and Sear (2014) of 14 studies (n = 1298)
demonstrated that a single-dose premedicant treatment with
β-
blockers aimed at obtunding adrenergic haemodynamic
responses to noxious stimuli, anxiolysis, or reducing myocardial ischaemia, was effective in reducing myocardial infarction and ischaemia in the absence of significant bradycardia or
hypotension.
2. What β-blocker should be used? The POISE-1 study has been
criticized for its use of slow-release metoprolol. However, it
should be noted that Wijeysundera and colleagues’ meta-analysis
included only four RCTs that evaluated β-blockers other than
metoprolol (six if the DECREASE trials are included). While
RCT data are lacking, cohort studies (Wallace et al. 2011; Ashes
et al. 2013; London et al. 2013; Mashour et al. 2013) have demonstrated that metoprolol is associated with poorer outcomes than
atenolol and bisoprolol, agents that are more β1 selective. Wallace
et al. (2011) demonstrated in their study of 3789 patients that
atenolol decreased mortality when compared with metoprolol,
and Ashes et al. (2013) demonstrated superiority of bisoprolol as
it decreased postoperative stroke compared with metoprolol. No
matter what agent is ultimately selected, high doses of perioperative β-blockade should be avoided.
3. How should perioperative β-blockade be titrated? As stated previously, initiating perioperative β-blockade early and titrating

63

Chapter 39

its effects over more than 7 days seems appropriate and logical.
However, the evidence for this relies entirely on data from the
DECREASE trials and is thus in question. What the target of
such titration should be is also subject to question. Tight heart
rate control has been recommended on the physiological basis
that a prolonged diastolic period may maximize flow in diseased
coronary arteries; however, a meta-analysis observed a propensity towards severe bradycardia and cardiac failure (Beattie et al.
2008). Looser control of 60–80 beats min−1 is probably more
appropriate. Hypotension relative to the patient’s baseline, rather
than a definitive systolic limit, seems an appropriate reason to
withhold a β-blocker, especially as hypotension was found to be a
major contributor to perioperative strokes in the POISE-1 study.
The designation of an appropriate level of systolic pressure limit
should be individualized according to the patient’s preoperative
haemodynamic status.
Further research is required to answer these questions in the
form of effectively powered RCTs examining clinically rational
perioperative β-blockade protocols, preferably using β1-selective
agents, started in the week before non-cardiac surgery.
A final caveat regarding perioperative β-blockade arises from a
retrospective observational study (n = 4387) (Beattie et al. 2010).
This reported an impact on the cardioprotective effects of perioperative β-blockade of acute surgical anaemia, with the risk of MACCEs
increased in β-blocked patients who had a 35% reduction in preoperative haemoglobin concentration. Likewise, an observational
study (n = 1801) demonstrated that, while β-blockers appeared
overall cardioprotective, β-blocked patients with increased blood
loss were at higher risk of multiorgan dysfunction and exhibited a
higher mortality (Le Manach et al. 2012). Whether these observations add an additional confounding factor, as yet unaccounted for
in current RCTs, remains to be elucidated and, while these observations deserve further study, it could be suggested that a higher
transfusion limit should be considered in β-blocked patients,
whether this blockade is acute or chronic.

POISE-2
In addressing the possible effect of a supply–demand mismatch
and coronary thrombus on the pathophysiology of perioperative
myocardial infarction, both clonidine and aspirin exhibit plausibly
desirable pharmacodynamic effects and may form part of a valuable perioperative prevention strategy. Clonidine, as an α2-agonist
which blunts central sympathetic outflow, may ameliorate the
effects of perioperative sympathetic activation. Combined with its
anti-inflammatory, analgesic, anxiolytic, and antishivering effects,
this amelioration may prevent perioperative major cardiac complications (Devereaux and Sessler 2012; Devereaux and POISE-2
Investigators 2014). Aspirin’s inhibition of platelet aggregation and
effects on thromboxane A2-prostacyclin balance may limit coronary
thrombus formation and ameliorate the increased platelet activation associated with surgery (Devereaux and POISE-2 Investigators
2014). The evidence that clonidine and aspirin prevent perioperative
major cardiovascular events has, however, been inconclusive.
An early meta-analysis of seven RCTs (n = 664) demonstrated
that perioperative clonidine decreased myocardial ischaemia without increasing the risk of bradycardia and the induction of haemodynamic instability (Nishina et al. 2002). However, a Cochrane
systematic review of 31 RCTs (n = 4578) found that there were
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insufficient data to make tangible conclusions regarding the safety
and efficacy of perioperative α2-agonist use (Wijeysundera et al.
2009). There was an overall reduction in myocardial ischaemia and
mortality, but the effects varied with surgical procedure. Patients
undergoing vascular surgery appeared to exhibit the greatest
benefit with reductions in mortality, cardiac mortality, and myocardial infarction. However, Wijeysundera and colleagues also
demonstrated a significant increase in perioperative hypotension
and bradycardia. The 2014 ACC/AHA clinical practice guidelines
include a Class III recommendation that α2-agonists not be used
for the prevention of cardiac events in non-cardiac surgery.
A review of 287 studies showed that aspirin prevents vascular events in the non-operative setting (Antithrombotic Trialists
Collaboration 2002) and a prothrombotic state has been shown
to result from the acute withdrawal of chronic aspirin treatment
(Devereaux and POISE-2 Investigators 2014). Thus the initiation
or continuation of aspirin may prevent perioperative major vascular events. While a meta-analysis of 39 RCTs demonstrated that
perioperative antiplatelet therapy may decrease vascular death
(Robless et al. 2001), the effects of perioperative aspirin on myocardial infarction are largely unknown. The 2014 ACC/AHA clinical
practice guidelines include a Class IIa recommendation regarding
the continuation of aspirin in elective non-cardiac patients where
the potential risk for adverse cardiac events exceeds the risk of
haemorrhage, and a Class III recommendation advising against the
initiation or continuation of aspirin in elective non-cardiac, non-
carotid surgery unless the risk of ischaemic events exceeds the risk
of haemorrhage.
The POISE-2 trial was initiated to evaluate the impact in patients
having non-cardiac surgery of perioperative low-dose clonidine
and aspirin on the risk of mortality and non-fatal myocardial
infarction. The results were released in August 2014 (Devereaux
et al. 2014a, 2014b). This multicentre, multinational, blinded, randomized, placebo-controlled trial enrolled 10 010 patients at risk
of vascular complications undergoing non-cardiac surgery. Patients
were randomly allocated to receive aspirin or placebo and clonidine or placebo. The administration of aspirin, either by initiation
or continuation, before surgery and throughout the early postsurgical period did not significantly affect the risk of death or non-fatal
myocardial infarction. However, the use of low-dose perioperative aspirin was associated with an increased risk of major haemorrhage. Likewise, the perioperative administration of low-dose
clonidine did not reduce the risk of death or non-fatal myocardial
infarction, but did significantly increase the risk of clinically noteworthy hypotension and non-fatal cardiac arrest.
Just as POISE-1 highlighted the risks associated with perioperative β-blockade, POISE-2 has drawn our attention to the risks
associated with the use of perioperative clonidine and aspirin. The
results appear to support the 2014 ACC/AHA clinical practice
guidelines with regard to the use of low-dose perioperative clonidine, adding to the statement of a lack of benefit of α2-agonists the
caveat of clonidine’s potential to cause harm. The failure to demonstrate any benefit in the initiation or continuation of aspirin and
confirmation of the risk of major haemorrhage suggest a need for
further studies to evaluate the use of perioperative low-dose aspirin.

Nitrous oxide during anaesthesia
Nitrous oxide is commonly used in general anaesthesia but concerns exist that it might increase perioperative cardiovascular risk.
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To address this, an international, prospective, randomized clinical
trial of more than 7000 patients with either existing coronary artery
disease or risk factors, undergoing major non-cardiac surgery, was
undertaken (NCT00430989). The primary outcome measure was
a composite of death and cardiovascular complications within
30 days of surgery, which occurred in 8% of patients whether
they received nitrous oxide or not. The incidence of postoperative
nausea and vomiting was 15% with nitrous oxide and 11% without (P = 0.001), but single-agent ondansetron prophylactic treatment effectively reduced this difference. Therefore, nitrous oxide is
demonstrably safe in patients at high risk for cardiac complications,
and achieves a reduction in volatile agent dose (Myles et al. 2014).

Pulmonary outcomes
Postoperative pulmonary complications, including hypoxaemia,
atelectasis, bronchospasm, pneumonia, pulmonary oedema, and
respiratory failure, are important causes of perioperative morbidity and mortality, occurring at least as frequently as cardiovascular complications after non-cardiac surgery (Smetana et al. 2006;
Severgnini et al. 2013). They are associated with a greater risk of
in-hospital death and carry a higher 30-day mortality (Canet et al.
2010; Pearse et al. 2012).
How the anaesthetist may ameliorate or limit these complications
is important. This section will discuss the impact of ventilation
strategies, inspired oxygen fraction, and postoperative respiratory
muscle dysfunction.

Ventilation strategies
Both induction of anaesthesia and mechanical ventilation may
deleteriously affect an uninjured lung. Induction of anaesthesia is associated with a decline in respiratory mechanics and gas
exchange, as it favours atelectasis formation and a decrease in lung
volumes (Hedenstierna and Edmark 2005; Reinius et al. 2009).
Mechanical ventilation, mandatory for a wide range of operations,
has been associated with respiratory muscle failure and trouble
weaning, especially when used for prolonged periods. It appears
to damage the diaphragm directly, with atrophy and dysfunction
ensuing rapidly after controlled ventilation (Jaber et al. 2011; Grosu
et al. 2012; Hudson et al. 2012; Mrozek et al. 2012). It has also been
shown in both clinical and experimental studies to potentially initiate, and certainly exacerbate, lung injury in critically ill patients.
Multiple mechanisms have been proposed for the damaging effects
of mechanical ventilation, with both hyperinflation/overdistension
and repetitive tidal recruitment of lung units linked to the release of
pro-inflammatory mediators (Duggan and Kavanagh 2005).
A meta-analysis demonstrated that the use of low tidal volumes
in patients with acute respiratory distress syndrome (ARDS),
through the prevention of overdistension, decreased mortality
(Putensen et al. 2009). But what of uninjured lungs? Two retrospective studies (n = 332 and n = 3261) (Gajic et al. 2004, 2005) and
one RCT (n = 150) (Determann et al. 2010) indicated that, while
higher tidal volumes may overdistend uninjured lungs, lower tidal
volumes may be beneficial in patients with uninjured lungs requiring long-term mechanical ventilation. A meta-analysis of 20 studies (n = 2822) assessed the effects of low tidal volume mechanical
ventilation on patients without ARDS (Serpa Neto et al. 2012).
Protective ventilation potentially demonstrated improved clinical
outcomes, in that lower tidal volume ventilation was associated

with a lower incidence of lung injury development, pulmonary
infection, and mortality.
Similarly, the use of lower tidal volumes for short-term mechanical ventilation during surgery may reduce pulmonary complications. Schultz’s (2008) retrospective analysis suggested a causal
relationship between high tidal volumes and lung injury, and a trend
towards benefit with lower tidal volumes. Improved postoperative
pulmonary function using lower tidal volume ventilation during
cardiac surgery was also found in a RCT (n = 149) (Sundar et al.
2011). High tidal volume mechanical ventilation has been associated with distal organ dysfunction in patients undergoing cardiac
surgery (Lellouche et al. 2012). In patients undergoing pneumonectomy, higher tidal volumes increased the risk of respiratory
failure (Fernandez-Perez et al. 2006). Several RCTs have demonstrated conflicting results as to the impact of intraoperative ventilator settings. However, these studies have focused on the effect
of mechanical ventilation on surrogate end-points of systemic and
pulmonary inflammation, and have often only investigated effects
on either inflammatory response or alveolar coagulopathy (Wrigge
et al. 2000; Koner et al. 2004; Wrigge et al. 2004, 2005; Reis Miranda
et al. 2005; Zupancich et al. 2005; Choi et al. 2006; Michelet et al.
2006; Wolthuis et al. 2008).
Similarly, the intraoperative use of positive end-expiratory pressure (PEEP) remains controversial. The use of low or no PEEP
may encourage atelectasis, especially in combination with lower
tidal volumes (Halter et al. 2003; Duggan and Kavanagh, 2005).
The resulting repetitive collapse and reopening of alveoli (tidal
recruitment) aggravates the negative effects associated with induction of anaesthesia and high tidal volume mechanical ventilation.
In contrast, higher PEEP could potentially promote higher fluid
requirements, blood loss, and an increased incidence of circulatory
compromise, secondary to an increase in mean intrathoracic pressure. Higher PEEP may also promote hyperinflation, even in the
absence of higher tidal volumes (Carvalho et al. 2013).
A meta-analysis demonstrated that mortality was decreased in
patients with ARDS if repetitive tidal recruitment was avoided
using higher PEEP (Briel et al. 2010). A multicentre observational
study (n = 2960) found that more than 80% of patients were ventilated intraoperatively without PEEP (Jaber et al. 2012), suggesting that the omission of PEEP is not considered unsafe. Levels of
PEEP in many RCTs vary greatly, making extrapolation difficult.
It should also be noted that few of the existing RCTs used recruitment manoeuvres (RMs), which have been shown to improve the
effectiveness of PEEP during general anaesthesia with regard to gas
exchange.
Whether the intraoperative use of a potentially lung-protective
ventilation strategy of low tidal volume and PEEP could unequivocally demonstrate benefit in the prevention of lung injury and postoperative pulmonary complications remained in question. Indeed,
a porcine experimental study suggested that a low tidal volume,
high PEEP ventilation strategy could result in increased inflammation and lung injury (Hong et al. 2010). However, two RCTs
published in 2013, seemed to provide the required evidence (Futier
et al. 2013; Severgnini et al. 2013). A single-centre RCT (n = 56)
comparing a standard ventilation strategy [high tidal volume
(9 ml kg−1), zero PEEP, without RM] with a potential lung-protective
strategy [lower tidal volume (7 ml kg−1), high PEEP (10 cm H2O),
with RM] in patients undergoing elective open abdominal surgery
lasting more than 2 h (Severgnini et al. 2013). The lung-protective
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strategy was found to improve respiratory function and decrease
pulmonary infection scores. A multicentre RCT (n = 400) also
compared a non-protective [high tidal volume (10–12 ml kg−1), no
PEEP, no RM] with a protective [lower tidal volume (6–8 ml kg−1),
PEEP (6–8 cm H2O), with RM] mechanical ventilation strategy in
open abdominal surgery (Futier et al. 2013). This protective ventilation strategy was associated with improved outcomes, with reduced
major pulmonary and extrapulmonary complications, lower incidence of respiratory failure requiring intervention, and shorter
hospital stays.
Most recently, however, these positive results have been called
into question by results of the Protective Ventilation During
General Anesthesia for Open Abdominal Surgery (PROVHILO)
trial published in August 2014 (PROVE Network Investigators
et al. 2014). This multicentre, multinational RCT (n = 900) compared the combination of lower tidal volume (8 ml kg−1) with
high PEEP (12 cm H2O) and RM vs low PEEP (2 cm H2O or less),
without RM. The first to attempt to isolate the effect of PEEP from
that of lower tidal volume, this study found that the high PEEP
and RM did not protect from postoperative pulmonary complications, and was associated with more intraoperative cardiovascular
instability. Unfortunately, PROVHILO is not directly comparable
to the work of Severgnini and Futier. The PEEP values differ by
4–6 cm H2O, and the combination of RM with high PEEP seems
counterintuitive.
Based on the available evidence, it seems logical to suggest that a
lower tidal volume of 6–8 ml kg−1 and PEEP of 6–10 cm H2O, combined with RM, may be protective. But more research needs to be
done. An appropriately powered RCT needs to be conducted, taking into account the best available evidence provided by Severgnini,
Futier, and PROVHILO, in the hope of providing a definitive
answer. A few caveats should also be addressed in the design of
such a study. It goes without saying that it is important to attempt
to control for most of the perioperative risk factors that may affect
postoperative respiratory function and pulmonary complications.
However, a number of factors impacting pulmonary complications
are often omitted from the analysis of existing studies.
Firstly, perioperative haemoglobin concentrations should
be included in the data analysis. A retrospective cohort study
(n = 227 425) found that almost a third of non-cardiac surgery
patients have preoperative anaemia, of whom 16.4% are moderately
to severely anaemic (Musallam et al. 2011). An earlier study (Dunne
et al. 2002) found an association between perioperative anaemia
and increased perioperative mortality and increased postoperative pneumonia, while a prospective, multicentre study (n = 2464)
identified preoperative anaemia as an independent risk factor for
postoperative pulmonary complications (Canet et al. 2010).
Secondly, serum albumin concentrations should be analysed.
A prospective cohort study (Arozullah et al. 2000) has shown
that perioperative hypoalbuminaemia (less than 30 mg dl−1) is an
important predictor of postoperative pulmonary complications
and the American College of Physicians guidelines for the risk
assessment for perioperative pulmonary complications (Qaseem
et al. 2006) recommend that serum albumin should be measured in
patients with one or more risk factors for postoperative pulmonary
complications.
Thirdly, perioperative cardiac function needs to be assessed and
accounted for in subsequent data analysis. The American College
of Physicians guidelines for the risk assessment for perioperative
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pulmonary complications (Qaseem et al. 2006) suggest that preoperative cardiac dysfunction is a significant risk factor for postoperative pulmonary complications. Similarly, it should be remembered
that there is a significant overlap between the clinical features
of cardiac dysfunction and those of postoperative pulmonary
complications.

Inspired oxygen fraction
Concerns about the optimal intraoperative inspired oxygen fraction (FIO2 ) remain topical (Romagnoli et al. 2014). The extremely
low solubility of oxygen in plasma by and large protects tissue
from excessive oxygen and tissue oxygenation is maintained within
a tight low range, even when oxygen consumption is increased
(Winslow 2013). An oversupply of oxygen leads to oxygen toxicity, which results in the disproportionate evolution of reactive oxygen species and local destruction of nitric oxide. The routine use of
supplemental oxygen has been associated with negative effects on
the cardiovascular system. These include decreased coronary blood
flow, cerebral vasoconstriction, and reduced cardiac output (Cornet
et al. 2013; Winslow 2013). Reactive oxygen species have been
linked to the development of inflammatory injury in both alveoli
and other end-organs. Induced oxidative stress, proportionate to
the concentration and duration of exposure, can injure the lungs
and other tissues (Cornet et al. 2013; Della Rocca and Coccia 2013;
Martin and Grocott 2013; Nathan and Cunningham-Bussel 2013).
While assessing protective mechanical ventilation strategies,
Severgnini and Futier’s studies have been criticized, as could the
PROVHILO trial, for failing to indicate optimal FIO2 to limit the
toxic effects of oxygen or indeed whether FIO2 had any effect on
postoperative pulmonary complications. High FIO2 (80%) has
been associated with increased atelectasis and may thus result in
pulmonary complications.
The Supplemental Oxygen and Complications After Abdominal
Surgery (PROXI) trial (n = 1386) (Meyhoff et al. 2009), while studying the effect of hyperoxia on surgical site infection (SSI), assessed
the effects of 80% vs 30% FIO2 on postoperative pulmonary complications. High FIO2 was associated with no significant increase
in atelectasis, pneumonia, respiratory failure, or 30-day mortality.
A small study (n = 35) found that high FIO2 had no effect on postoperative Pa O2 FIO2 ratio, postoperative SpO2 , or functional residual
capacity (Staehr et al. 2012). A RCT (n = 100) suggested that high
intraoperative FIO2 did not induce postoperative hypoxaemia, demonstrated by no increased postoperative oxygen supplementation
requirement (Mackintosh et al. 2012). A meta-analysis of nine trials
(n = 3698) found that the risk of atelectasis was not increased by
high FIO2 (Hovaguimian et al. 2013). However, it has been suggested
that this meta-analysis only be considered an interim analysis, as
larger numbers of patients are required to make an adequately powered, definitive statement towards the effect of high FIO2 on pulmonary complications (Meyhoff et al. 2014).
The effects of high FIO2 in obese patients may be a separate concern. A study of 142 obese patients reported high FIO2 to be associated with lower arterial saturations and reduced postoperative
lung volumes (Zoremba et al. 2010). However, a subset analysis of
obese patients (n = 213) in the PROXI trial found no significant
association between high FIO2 and the pulmonary complications of
atelectasis, pneumonia, and respiratory failure (Staehr et al. 2011).
Staehr and colleagues have been criticized for not assessing participants’ obstructive sleep apnoea status, intraoperative positioning,
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and presence or absence of postoperative chest physiotherapy, all of
which may have an impact on pulmonary complications in obese
patients (Xue et al. 2012).
Importantly, a follow-up analysis of the PROXI trial demonstrated an association between high FIO2 and increased long-term
mortality (Meyhoff et al. 2012). More research is required to fully
address concerns around inspired oxygen fraction.

Postoperative respiratory muscle dysfunction
Respiratory muscle dysfunction is an underappreciated factor in
the aetiology of postoperative pulmonary complications, especially respiratory failure: 30–50% of abdominal operations are
complicated by postoperative hypoxaemia and as many as one in
ten patients require tracheal reintubation and ventilator support
(Squadrone et al. 2005).
While endogenous conditions, including hypoglycaemia, hypothyroidism, and adrenal insufficiency, and perioperative pathologies, including postoperative delirium and intraoperative stroke,
have an impact on respiratory muscle dysfunction via their effects
on respiratory arousal, surgery itself can produce multiple direct
and indirect contributions towards respiratory muscle dysfunction,
ranging from phrenic nerve disruption and raised intra-abdominal
pressure to the systemic inflammatory response. Systemic inflammation is particularly noteworthy as it is associated with increased
metabolic demand, and thus ventilatory effort, and direct cytotoxic
effects on respiratory muscles by inflammatory mediators, both
of which may ultimately lead to respiratory muscle dysfunction
(Sasaki et al. 2013).
However, the role of anaesthesia is not insignificant. Anaesthetics
(induction, sedative, and volatile agents), and opioid analgesics are
known respiratory depressants with multiple mechanistic effects,
including the desired decreased level of consciousness and inhibited responsiveness to hypercarbia and hypoxia. These effects are
agent specific and dose dependent, and exhibit variable effects on
upper airway vs respiratory pump muscles. Anaesthetic agents are
additionally associated with REM rebound. REM sleep is associated
with decreased responsiveness to hypoxia and hypercarbia.
Experimental and clinical evidence suggests that ketamine preserves respiratory muscle function, especially upper airway muscles, and may be an ideal procedural sedative in patients with
upper airway comorbidities (Eikermann et al. 2012). In vivo studies
have demonstrated that isoflurane may stimulate respiratory muscles at certain doses (Eikermann et al. 2008), but both isoflurane
and sevoflurane have been shown to depress pharyngeal muscle
function at subhypnotic doses (Sundman et al. 2001). Isoflurane,
sevoflurane, and halothane have been shown to exhibit a dose-or
exposure-dependent deleterious effect on postoperative sleep patterns. Propofol appears to exhibit the greatest potentially deleterious effect on respiratory muscle function (Eastwood et al. 2005;
Eikermann et al. 2008). However, propofol appears not to affect
postoperative sleep quality, whereas benzodiazepines have a strong
effect (Sasaki et al. 2013).
Opioid analgesics depress respiration centrally and also exhibit
effects on respiratory muscles, where their depression of upper
airway muscle function may be especially detrimental to patients
with obstructive sleep apnoea (Brown et al. 2006). Opioid administration has also been demonstrated to induce chest wall rigidity.
Although this is normally associated with the use of large doses,
multiple agents, and rapid injection, chest wall rigidity has been

demonstrated with conservative administration of fentanyl (Sasaki
et al. 2013). Similarly, fentanyl has been shown to activate abdominal muscles, resulting in increased abdominal pressure, decreased
end-expiratory lung volumes, and augmented atelectasis (Chawla
and Drummond 2008).
Neuromuscular blockade is useful for the optimization of surgical operative conditions. However, even partial respiratory muscle
paralysis may result in increased postoperative pulmonary complications, as evidenced in a study (n = 7459) by Murphy and Brull
(2010) which demonstrated that train-of-four (TOF) ratios of less
than 0.7 were associated with more critical respiratory events.
Partial respiratory muscle paralysis has been associated with
increased hypoxaemia, upper airway obstruction, risk of aspiration, and incidence of pneumonia (Sasaki et al. 2013).
Postoperative residual curarization often persists despite administration of reversal agents, resulting in functional impairment
and increased risk of postoperative complications (Butterly et al.
2010). Respiratory muscle function, upper airway muscles more
than the diaphragm, are impaired even as TOF ratios approach one
(Eikermann et al. 2007). Kumar et al. (2012) demonstrated altered
pulmonary function associated with residual curarization. A prospective propensity score matched cohort study by Grosse-Sundrup
and colleagues (n = 37 158) found that the use of intermediate-
acting non-depolarizing neuromuscular blocking agents was associated with an increased risk of respiratory complications, including
desaturation and reintubation (Grosse-Sundrup et al. 2012). They
also found that reversal with neostigmine was associated with postoperative pulmonary complications.
As upper airway muscles appear to be affected more than respiratory pump muscles, patients are also at increased risk of negative pressure pulmonary oedema (Krodel et al. 2011). Additionally,
aspiration risk may be increased by residual paralysis of pharyngeal muscles, affecting swallowing reflexes. The addition of neuromuscular blocking agents may compound diaphragmatic injury
in the setting of prolonged mechanical ventilation, and its limitation of mobilization is potentially detrimental (Sasaki et al. 2013).
Kasotakis et al. (2012) have demonstrated that mobilization of
perioperative patients may be associated with superior outcomes.
The ideal recipe for the avoidance of postoperative respiratory
muscle dysfunction remains unclear. No RCTs have specifically
evaluated strategies for the minimization of pulmonary complications arising from this entity. It seems logical that regional anaesthesia, through its avoidance of anaesthetic and analgesic agents
involved in respiratory muscle dysfunction, may have merit. An
overview of Cochrane systematic reviews (Guay et al. 2014) found
that regional anaesthesia alone (meta-analysis of five RCTs, n = 400)
or in combination with anaesthesia (meta-analysis of nine RCTs,
n = 2433) decreased the risk of pneumonia, an often used surrogate
for postoperative pulmonary complications. Likewise, the judicious
use of neuromuscular blockade seems advisable, although complete
avoidance seems unfeasible. The impact of the use of sugammadex
on residual curarization has yet to be studied.

Surgical site infection
SSIs, defined as superficial, deep incisional, or organ/space-related
infections occurring within 30 days of surgery according to the
criteria established by the US Centers for Disease Control, are the
most common perioperative infection, resulting in almost 40% of
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all surgical infections and approximately 15% of all nosocomial
infections (Forbes and McLean 2013). It is a significant cause of
major morbidity and increased economic cost. All surgical wounds
become contaminated; whether it develops into a clinical infection depends on the balance between intrinsic patient, surgical,
and anaesthetic risk factors (Buggy 2000). The myriad of factors
which may influence surgical wound healing are summarized in
Figure 39.1.
Many of the factors controlling tissue perfusion and hence oxygenation are influenced by anaesthetic management and are encapsulated by the Hagen–Poiseuille law (Box 39.2).
The approach to the prevention of SSI is multifaceted and multidisciplinary; however, the role of the anaesthetist is often understated, given that the majority of prophylactic measures occur in
the perioperative period under the direct influence of anaesthesia
personnel. The anaesthetist can ameliorate the risk of SSI at multiple points during the perioperative period.
The importance of antibiotic prophylaxis has been known for
more than five decades (Burke 1961). Guidelines recommend
patients receive antibiotic prophylaxis within the hour preceding
skin incision to minimize the risk of SSI and that antibiotics administered more than 2 h before, or after, skin incision are associated
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with increased risk (Bratzler et al. 2004). The practice of peri-
induction antibiotic administration by the anaesthetist has been
shown to markedly improve alignment of antibiotic administration
timing to these guidelines, with studies demonstrating greater than
90% compliance, with an associated decline in SSI rates (Kanter
et al. 2006; Forbes et al. 2008). While the recommended antibiotic
prophylaxis regimen may vary according to the type of surgery,
wound classification, and institutional microbiologist’s assessment
of pervading flora, the anaesthetist should also have an oversight
role in the appropriate selection thereof, specifically in the recognition of patients where modifications of existing regimens must
be made, including penicillin allergy and cases of antimicrobial
resistance.
Sources of support for antibiotic prophylaxis come from multiple disciplines. A Cochrane meta-analysis of 23 studies (n = 8447)
(Gillespie and Walenkamp 2010) found that single-dose antibiotic
prophylaxis reduced SSI in closed fracture fixation. Likewise, a
meta-analysis of 11 studies (n = 2867) (Jones et al. 2014) demonstrated that prophylactic antibiotics decrease SSI after breast cancer
surgery and a meta-analysis of 12 RCTs (n = 2395) (Zhang et al.
2014) demonstrated that antibiotic prophylaxis decreased SSI in
clean plastic surgery cases.

Factors affecting surgical-wound healing
[A]

[B]

Surgical considerations
Presence of suture/foreign body
Site, duration, and complexity of
surgery
Suturing quality
Pre-existing local or systemic
infection
Prophylactic antibiotics
Haematoma
Mechanical stress on wound

Anaesthetic considerations
Tissue perfusion
Normovolaemia/hypovolaemia
Perioperative body temperature
Concentration of inspired oxygen
Quality of analgesia
?Autologous blood transfusion
?Epidural anaesthesia and
analgesia (through effect on
stress-response induced protein
catabolism and
immunosuppression)

Collagen synthesis

Vasoconstriction
Affected by [B] and [C]

Affected by [B] and [C]

[C]

Patient-related factors
Diabetes
Smoking
Poor nutrition
Alcoholism
Chronic renal failure
Jaundice
Obesity
Advanced age
Poor physical condition

Immunosuppression
Affected by [A] , [B], and [C]

Tissue perfusion

Collagen deposition

Wound tensile strength

PTO2

Neutrophil bactericidal
activity

Wound breakdown

Wound infection

Poor wound healing
PTO2 = Partial pressure of oxygen in tissues

Figure 39.1 Factors affecting surgical-wound healing.
Reprinted from The Lancet, Volume 356, Issue 9227, Buggy, D. Can anaesthetic management influence surgical-wound healing?, pp. 355–7, Copyright © Elsevier 2000.
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Box 39.2 The Hagen–Poiseuille law for the pressure decrease in an
incompressible fluid with laminar flow through a circular tube
ΔP = μ (8L ÷ πr4)Q

Where, ΔP = pressure decrease
μ = viscosity
L = length of tube
r = radius of circular tube
Q = flow rate.
The terms within the brackets corresponds to the vascular
resistance to fluid flow within the tube of length L.
Thus flow (Q) is proportional to the pressure gradient (ΔP)
and inversely proportional to the viscosity (μ) and the vascular
resistance (8L ÷ πr4).

A meta-analysis of 59 trials (Lador et al. 2012) recommends
the use of second-or third-generation cephalosporins as antibiotic prophylaxis for cardiac surgery and suggests benefit in continuation up to 48 h postoperatively. A meta-analysis of 12 RCTs
(n = 4704) found no evidence to support the use of combination
antibiotic prophylaxis or increasing the duration of antibiotic
prophylaxis in reducing MRSA infections (Gurusamy et al. 2013).
The maintenance of perioperative normothermia has also been
suggested to significantly decrease the incidence of SSI (Forbes
and McLean 2013). However, an analysis of the available literature,
while finding that the data overall supported this assertion, suggested that more work needs to be done to clarify the role temperature regulation plays in SSI development (Beltramini et al. 2011).
While therapeutic hypothermia has its place in perioperative practice, accidental hypothermia, induced by anaesthesia, does impair
immune function (Kumar et al. 2005), but its deleterious effects on
physiology probably supersede concerns over increased SSI risk
(Polderman 2009).
Iatrogenic bacteraemia may impact SSI. Central-line associated infections have been shown to be associated with considerable morbidity and mortality, and, concerningly, infections occur
most commonly in lines inserted by anaesthetists and intensivists (Zingg et al. 2009). While strict adherence to asepsis techniques during insertion has been shown to decrease infectious
complications, it has also been shown that contamination after
insertion remains a real concern. A study (n = 164) demonstrated
central access stopcock contamination in 11.5% of cases, almost
half of which were of anaesthesia provider origin (Loftus et al.
2011). A multicentre follow-up study by the same group (n = 548)
(Loftus et al. 2012), detected stopcock contamination in 23% of
cases (21–30% provider origin), and demonstrated an association with increased mortality. Similarly, intraoperative stopcock
contamination by anaesthesia providers was linked to 30-day
postoperative infections. The anaesthetist may be an important
vector for intraoperative bacteraemia, and thus cognisance of our
impact warrants methods to ensure aseptic technique intraoperatively, not just during procedures, but whenever the anaesthetist
interacts with the patient. On a less negative note, it has been
observed that anaesthesia provider-derived Staphylococcus aureus

phenotypes are associated with lower risk of antibiotic resistance
and exhibit a decreased link to 30-day postoperative patient cultures than environmentally or patient-derived phenotypes (Loftus
et al. 2014).
The role of perioperative hyperoxia in the amelioration of SSI
remains controversial. Tissue oxygen tension has been linked to
efficacy of cellular immunity, wound healing, and associated with
increased risk of SSI (Forbes and McLean 2013).
A major prerequisite for successful wound healing and combating SSI is the maintenance of adequate oxygen delivery to the
tissues. Oxygen is essential for tissue basal metabolism. It is also
crucial for the formation of collagen by proline hydroxylase, an
oxygen-dependent enzyme. Therefore a low tissue partial pressure
of oxygen may impair wound healing, resulting in scar tissue more
prone to breakdown owing to lower tensile strength resulting from
poor collagen deposition. Additionally, oxygen is a critical substrate
for phagocytic cells of the immune system, including neutrophils.
Oxygen is metabolized by the enzyme neutrophil hydroxylase to
superoxide and hydrogen peroxide free radicals, which kill bacteria
(Kavanagh and Buggy 2012). Many of the factors controlling tissue perfusion and hence oxygenation are influenced by anaesthetic
management and are encapsulated by the Hagen–Poiseuille law
(Box 39.2) (Buggy 2000).
Decreased tissue oxygen saturations, albeit at sites remote from
the operative site, have been shown in a study (n = 162) to potentially predict SSI (Govinda et al. 2010). However, RCTs have given
conflicting results. Greif and colleagues were the first to examine
the effect of supplemental oxygen (FIO2 = 80%), demonstrating a
decrease in SSI in the high oxygen group during their study of 500
patients undergoing colorectal surgery (Greif et al. 2000). Studies
comparing FIO2 of 30% vs 80% in colorectal surgery (n = 291) (Belda
et al. 2005) and in surgery for acute appendicitis (n = 210) (Bickel
et al. 2011) demonstrated a significant decrease in SSI associated
with high FIO2 . In the ENIGMA trial (n = 2050), while studying
the effects of intraoperative nitrous oxide, Myles et al. (2007)
demonstrated a lower incidence of SSI in the hyperoxia group.
Alternatively, studies in intra-abdominal general surgery (n = 165)
(Pryor et al. 2004), colorectal cancer surgery (n = 38) (Mayzler et al.
2005), and Caesarean sections (n = 143) (Gardella et al. 2008) failed
to show any advantage. However, these could be explained by small
study numbers.
The PROXI trial (n = 1386) (Meyhoff et al. 2009) was powered
with the aim of providing a definitive answer. It failed to demonstrate any significant advantage of 80% over 30% FIO2 in regard to
the incidence of SSI.
However, a subsequent meta-analysis of five RCTs (n = 3001)
(Qadan et al. 2009) demonstrated a relative, absolute, and overall risk reduction associated with hyperoxia, greatest in colorectal
surgery. These findings were echoed by other meta-analyses by
Chura et al. (2007) (four RCTs, n = 943) and Al-Niaimi and Safdar
(2009) (four RCTs, n = 989), although conflicting results were demonstrated between fixed-effect and random-effect models. Meta-
analyses have failed to demonstrate an advantage of high FIO2 (Brar
et al. 2011; Patel et al. 2013).
The largest meta-analysis of nine RCTs (n = 5103) (Hovaguimian
et al. 2013) demonstrated a strong trend towards a reduction in
incidence of SSI, but narrowly failed to reach statistical significance. However, the authors concluded that hyperoxia may yet have
a role in the prevention of SSI. This topic remains an emotive one
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(Meyhoff et al. 2014), and more RCTs are probably required before
this question will be considered definitively answered.

Blood transfusion
Improved screening practices have resulted in an overall reduction
in the infectious sequelae of blood transfusions, such that the non-
infectious risks have come to the fore as the most common complications of blood transfusion, ranging from categorized transfusion
reactions to the rarer entities such as iron overload (Hendrickson
and Hillyer 2009). While some of the non-infectious complications may occur much later, many immediate or early transfusion
reactions will occur during the perioperative period. Several concerns have been raised regarding the safety of perioperative blood
transfusion.
Firstly, there is concern regarding the use of allogenic blood
products stored for prolonged periods. A retrospective analysis of
patients undergoing cardiac surgery (n = 6002) compared patients
who received blood stored for greater than 14 days (median
20 days) with those receiving blood stored less than 14 days
(median 11 days) (Koch et al. 2008). It demonstrated a significant
association between longer storage (older blood) and increased in-
hospital mortality, 1-year mortality, renal failure, and sepsis.
Secondly, the immunomodulatory properties of transfused allogenic blood products may have an impact on the risk of perioperative infection and cancer recurrence. Hill et al. (2003) performed
among the first meta-analyses, 20 RCTs (n = 13 152), which demonstrated that allogenic blood transfusion, irrespective of quantity,
was associated with a significantly greater risk of postoperative bacterial infection. A review by Shorr and Jackson (2005) concluded
that red cell transfusion may increase the risk of nosocomial infection. As blood transfusion is possibly more common in cardiac surgery, it is unsurprising that retrospective and prospective studies
have been conducted in this population. A retrospective analysis of
patients undergoing cardiovascular surgery (n = 15 592) (Banbury
et al. 2006) demonstrated increased risk of infection associated
with blood transfusion, the results suggesting, but not confirming, that blood transfusion may be an independent risk factor for
infection. A prospective study (n = 5158) (Horvath et al. 2013) in
cardiac surgery patients demonstrated that blood transfusion was
associated with major infection and that the crude risk of infection
increased with each unit transfused. Nor is this isolated to cardiac
surgery patients, a retrospective analysis of liver transplant patients
(n = 543) (Freire et al. 2013) demonstrated that transfusion of two
or more units was a risk factor for SSIs.
Blood transfusion’s proposed effects on cancer recurrence remain
controversial, however, in vitro and in vivo evidence exists for a
possible role (Vamvakas and Blajchman 2007; Weber et al. 2008).
Atzil et al. (2008) demonstrated that blood transfusion was a significant independent risk factor for cancer progression in rat models
of breast cancer. They found that prolonged storage of erythrocytes,
specifically longer than 9 days, was a critical aspect associated with
the deleterious effects, which included increased tumour retention
and mortality. However, a retrospective analysis of blood transfusions in cancer patients (n = 27 591) (Kekre et al. 2013) found that
duration of storage had no impact on overall survival or cancer
recurrence. Yao et al. (2008) conducted a long-term follow-up of
patients undergoing surgery for ampullary carcinoma (n = 67), and
demonstrated that transfusion of three or more units of allogenic
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blood was associated with poorer survival than those either not
transfused or transfused two or fewer units. Transfusion of three
or more units was shown to be an independent predictor of poor
prognosis and their meta-analysis (n = 346) found that allogenic
blood transfusion was associated with an increased risk of adverse
outcomes.
A retrospective analysis of prospectively collected data (n = 361)
(Ng et al. 2012) demonstrated that leucocyte-depleted blood,
potentially used to ameliorate immunomodulatory effects of transfusion, was counter-intuitively associated with reduced disease-free
and overall survival. A best evidence review analysed 21 papers
(19 cohort studies, 1 comment article, and 1 meta-analysis) and
suggested an association between blood transfusion and lower
disease-free survival (Churchhouse et al. 2012). However, it did not
come to a definitive conclusion, suggesting more research needs
to be done in this regard. Since this review, multiple retrospective analyses have been published providing conflicting evidence.
Blood transfusion has been associated with increased recurrence
or decreased survival, or both, in endometrial carcinoma (Uccella
et al. 2013), bladder carcinoma (Linder et al. 2013), non-small cell
lung carcinoma (Cata and Kurz 2013), colorectal cancer (Talukder
et al. 2014), hepatocellular carcinoma (Yap et al. 2014), and gastric
cancer (Hu et al. 2014). However, several retrospective studies in
prostate cancer (Chalfin et al. 2014; Yeoh et al. 2014; Boehm et al.
2015) and rectal cancer (Warschkow et al. 2014) have demonstrated
no impact of blood transfusion on recurrence.
A meta-analysis of 22 studies (n = 5635) (Liu et al. 2013) demonstrated that blood transfusion in hepatocellular carcinoma was
associated with increased recurrence and all-cause death. Likewise,
meta-analyses by Wang et al. (2014), 23 studies (n = 6474), and
Luan et al. (2014), 18 studies (n = 5915), found a significant association between blood transfusion and decreased recurrence-free
survival in lung cancer patients. The current literature may suggest
that the impact of blood transfusion is cancer specific, but prospective RCTs would be required to definitively guide recommendations regarding transfusion. However, whether such trials could be
ethically conducted is questionable.
A comprehensive approach to how anaesthetists may reduce
blood transfusion is beyond the scope of this chapter. However,
multiple perioperative strategies may minimize the requirement for
blood transfusion. These may include preoperative optimization of
haemoglobin, perioperative strategies to minimize blood loss, and
alternative approaches to addressing intraoperative bleeding. Some
of these are summarized in Table 39.1.
Preoperative haemoglobin concentrations may be optimized
through perioperative treatment with iron, erythropoietin, or both,
as suggested by a small study (n = 20) (Theusinger et al. 2007). While
a meta-analysis in gastrointestinal surgery (Hallet et al. 2014) and
a systematic review in cardiac surgery (Hogan et al. 2015) have
failed to demonstrate a benefit, a meta-analysis of 39 studies (24
RCTs and 15 non-randomized studies) (Lin et al. 2013) showed that
intravenous iron may provide better treatment for iron deficiency
anaemia than oral treatments and erythropoietin alone or in combination with intravenous iron may decrease transfusion rates.
Inadvertent perioperative hypothermia should be avoided.
A meta-analysis of 14 randomized trials for blood loss (n = 1249)
and 10 for transfusion requirements (n = 452) demonstrated that
mild hypothermia increases both perioperative blood loss and
transfusion requirements (Rajagopalan et al. 2008).
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Table 39.1 Strategies to minimize perioperative allogeneic blood
transfusion
Putative mechanism

Strategy for reducing perioperative
blood loss and transfusion

Increases preoperative haemoglobin
concentration

Preoperative treatment with iron
and erythropoietin

Avoids deleterious effects of
hypothermia on coagulation function

Maintenance of intraoperative
normothermia

Reduces exposure to allogenic blood

Cell salvage

Reduces blood loss

Antifibrinolytic agents

Reduces haemodilution

Intraoperative fluid restriction
pre-cardiopulmonary bypass

Less arteriolar vasodilation and
blood loss

Propofol anaesthesia

Lowers mean arterial pressure

Hypotensive anaesthesia

As perioperative haemodilution dilutes coagulation factors and
erythrocytes, its efficacy in minimizing transfusion requirements
seems counter-intuitive. Despite this, perioperative haemodilution
continues to be advocated as an intervention to minimize blood
transfusion (Levine et al. 2014). Interestingly, a prospective RCT
(n = 192) (Vretzakis et al. 2010) in cardiac surgery patients, found
that intraoperative fluid restriction decreased blood transfusion
requirements.
Cell salvage is probably the best alternative to allogeneic blood
transfusion currently available. It has been widely demonstrated to
be a safe and effective intervention. A Cochrane meta-analysis of 75
RCTs (n = 6025) (Carless et al. 2010) demonstrated its efficacy in
reducing allogeneic transfusion requirements, without impacting
adversely on outcomes. However, the authors expressed concern
over the potential for bias as a result of lack of blinding and poor
methodological quality. An adequately powered, well-constructed,
prospective, blinded RCT would probably serve our knowledge in
this area.

Perioperative glycaemic control
It has been recognized that long-term glycaemic control in diabetic
patients impacts positively in lowering morbidity and mortality
rates. The model of tight glycaemic control in critically ill patients
was proposed by Van den Berghe et al. (2001) in their prospective
trial of intensive care patients (n = 1548) randomized to either blood
glucose maintained between 4.4 and 6.1 mmol litre−1 or allowed to
reach 11.9 mmol litre−1, where the tight glycaemic control group
demonstrated a mortality benefit with a decrease in intensive care
unit mortality from 8% to 4.6%. Regrettably these results have not
been duplicated or confirmed by later, multicentre studies.
Additionally, frequent occurrences of hypoglycaemia and
increased mortality in those patients treated with intensive insulin therapy (NICE-SUGAR Investigators et al. 2009) (n = 6104),
have raised valid concerns that have overshadowed the use of this
treatment regimen in critically ill patients. However, the question
of whether short-term tight perioperative glycaemic control can
affect longer-term outcomes is an important one. At the outset, it
is important to note that there does not seem to be a universally

accepted target for blood glucose, and results should be interpreted
with that in mind.
A prospective, randomized study (n = 236) (Subramaniam et al.
2009) demonstrated a decrease in perioperative major adverse cardiovascular events (3.5% vs 12.3%) in non-diabetic vascular patients
receiving tight glycaemic control (blood glucose 5.6–8.3 mmol
litre−1) via continuous infusion, with multivariate analysis showing continuous insulin infusion to be an independent predictor of a
positive outcome. The majority of studies favour continuous insulin
infusion for the maintenance of focused glucose control, whatever
range is studied, suggesting the superiority of this technique of
administration.
A RCT (n = 400) (Gandhi et al. 2007) randomized cardiac surgery patients to receive either tight intraoperative glycaemic control
(maintenance of blood glucose 4.4–5.6 mmol litre−1) or conventional treatment (treatment if blood glucose > 11.1 mmol litre−1)
and demonstrated a statistically significant increase in the incidence
of stroke in the tight glycaemic control group, and a trend towards
increased mortality. Importantly, this trial included both diabetic
and non-diabetic patients. However, there is growing evidence that
stress-induced hyperglycaemia in the perioperative period is detrimental (Lena et al. 2011). Endara et al. (2013) demonstrated that
perioperative hyperglycaemia was associated with increased rates
of dehiscence of surgical wounds in their retrospective analysis of
prospectively collected data (n = 79). An analysis of patients, diabetic and non-diabetic, undergoing general surgery (n = 11633)
(Kwon et al. 2013) demonstrated perioperative hyperglycaemia to
be associated with greater adverse outcomes, including mortality.
A retrospective case series (n = 833) (Reategui et al. 2015) demonstrated that hyperglycaemia was associated with increased medical
complications, irrespective of diabetic status.
A prospective RCT (n = 483) (Bilotta et al. 2009) studied the
effects of tight glycaemic control in non-diabetic neurosurgical
patients and demonstrated a significantly increased incidence of
hypoglycaemia with tight glycaemic control. However, patients
with tight glycaemic control exhibited a reduced incidence of
infections, echoing the findings of a prospective trial (n = 2467)
(Furnary et al. 1999) which previously demonstrated that perioperative tight glycaemic control by continuous insulin infusion was
associated with a two-thirds reduction in deep sternal wound infections, although it has been proposed that this benefit arose more
from decreased intraoperative glucose variability rather than an
absolute reduction in blood glucose concentrations. Retrospective
analysis (n = 614) (Schmeltz et al. 2007) also demonstrated postoperative hyperglycaemia to be an independent risk factor for
SSIs. Reategui et al. (2015) demonstrated an association between
hyperglycaemia and infectious complications in both diabetic and
non-diabetic patients. Confusingly, the literature has given rise to
conflicting analyses. For example, one meta-analysis (Sathya et al.
2013) failed to demonstrate an improvement in wound infection
with glycaemic control, while another meta-analysis (Hua et al.
2012) demonstrated a decreased risk of infection.
Perioperative hyperglycaemia is a consistent problem; however,
there is inconsistency in its definition. A retrospective analysis of
prospectively collected data (n = 4302) (Duncan et al. 2010) analysed the effect of perioperative blood glucose concentrations on
the risk of postoperative adverse outcomes in diabetic and non-
diabetic patients undergoing cardiac surgery. Intraoperative hyperglycaemia (>11.1 mmol litre−1) was associated with increased
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mortality and overall morbidity, with non-diabetic and diabetic
patients equally adversely affected. An increase in postoperative glycaemic variability was linked to a higher risk of adverse
outcomes. However, mild intraoperative hyperglycaemia (blood
glucose 7.8–9.4 mmol litre−1) was associated with the lowest risk
of mortality and overall morbidity. A meta-analysis of five RCTs
(Hua et al. 2012) failed to demonstrate an advantage in intensive or
focused glycaemic control on mortality or cardiovascular events.
Secondary analysis of data from a previous RCT (n = 93) (Li et al.
2014) demonstrated that, while increased glycaemic variability did
not affect clinical outcomes, hypoglycaemia was associated with
increased risk of allograft rejection in renal transplant patients. The
role of tight perioperative glycaemic control in the long-term neurological outcome in patients who have experienced, or are at risk
of, ischaemic brain injury remains to be demonstrated (Kavanagh
and Buggy 2012).
A review by Lipshutz and Gropper (2009) concluded that there
was insufficient evidence to support the routine use of tight glycaemic control perioperatively, despite hyperglycaemia clearly being
detrimental. However, more recently a meta-analysis of six RCTs
(Sathya et al. 2013) demonstrated that moderate glycaemic control
(blood glucose 5.6–8.3 mmol litre−1) was associated with decreased
postoperative mortality and stroke. Abdelmalak and Lansang
(2013) have noted that tight glycaemic control may be more beneficial in non-diabetic patients, and have advantages related more to
sepsis than mortality, suggesting that tight glycaemic control may
yet have a role if appropriate glycaemic targets are used for appropriate patient populations. Likewise, Dell’Aquila and Ellger (2013)
noted that focused glycaemic control at a more appropriate blood
glucose concentration may improve patient outcomes. Indeed,
Pezzella et al. (2014) suggested no detriment in patients with glucose tightly controlled between 6.7 and 10 mmol litre−1 compared
with those tightly controlled between 5 and 6.7 mmol litre−1, and
found that the more liberal glycaemic control strategy was associated with improved glucose control and target range management.
While more appropriately powered RCTs are required to evaluate
the optimum glycaemic control range, it would seem that outcomes
may be enhanced by the avoidance of both hyper-and hypoglycaemia in both diabetic and non-diabetic patients and that the administration of insulin via continuous infusion may be advantageous.

Cancer recurrence
The challenge of managing cancer patients, either for surgical
intervention or the treatment of chronic pain (disease or treatment related), is having an ever increasing impact on anaesthesia
services. Surgical excision of a primary tumour performs a pivotal
role in multimodal cancer management, especially offering a prognostic benefit in the treatment of solid tumours. However, surgical intervention may inadvertently facilitate the metastatic process
(Neeman and Ben-Eliyahu 2013).
The process of metastasis is complex, arising from the detachment of cells from the primary tumour and culminating in proliferation of metastatic deposits in distant organs. It depends on
two essential processes, angiogenesis and evasion of the immune
defences of the host (Talmadge and Fidler 2010). Angiogenesis is
determined by the balance between pro-angiogenic factors, including vascular endothelial growth factor (VEGF), fibroblast growth
factor, transforming growth factor β, prostaglandin E2 (PGE2),
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and anti-angiogenic factors (including endostatin and angiostatin). Matrix metalloproteinases (MMPs) facilitate penetration of
the basement membrane and extracellular matrix. Cell-mediated
immunity forms the primary defence against tumour invasion. Its
principal components controlling tumour development include
natural killer (NK) cells, cytotoxic T cells, and dendritic cells.
How perioperative factors influence these processes may determine the outcome of cancer surgery. The persistence of circulating cancer cells or minimal residual disease, whether previously
dormant micro-metastases or cells disseminated unintentionally at
surgery, is associated with increased cancer recurrence (Ash and
Buggy 2013).
Several perioperative factors, other than anaesthesia, are thought
to affect the fate of minimal residual disease postoperatively (Ash
and Buggy 2013; Cata and Kurz 2013; Mao et al. 2013; Niwa et al.
2013; Cata et al. 2014a; Das et al. 2014; Divatia and Ambulkar 2014;
Fodale et al. 2014; Forget and De Kock 2014; Juneja 2014; Meserve
et al. 2014).
Firstly, surgery itself may increase the risk of recurrence. Both
in vitro and in vivo cancer models have demonstrated the surgical augmentation of tumour growth and facilitation of metastases.
Simplistically, tumour emboli may be inadvertently disseminated
even when surgery is histologically successful in removing a primary tumour. However, the effects exerted by surgery extend
beyond basic mechanical distribution. The surgical stress response
suppresses cell-mediated immunity (especially NK cells), increases
pro-angiogenic factors, decreases anti-angiogenic factors, and has
even been associated with increased MMP activity.
Secondly, contemporaneous factors may have an impact on
recurrence. Female gender, advanced age, and positive lymph node
status have been associated with shorter recurrence-free survival.
Depression and anxiety have an impact on the neuroendocrine
stress response, and a history of depression may predict a poor
prognosis. Intraoperative factors, including hypoxia, hyperglycaemia, hypotension, allogeneic blood transfusion, and hypothermia,
have also been implicated in cancer recurrence.
There is abundant evidence in the literature for anaesthetic
and analgesic drugs and techniques affecting inflammation and
immune function perioperatively. Unfortunately, the majority of
clinical evidence is retrospective, or in small study populations,
or both. Volatile agents have been shown to potentially increase
metastasis through deleterious effects on cell-mediated immunity
and direct effects on cancer cells. Direct effects may include altered
gene expression, with variable effects. Volatile agents may upregulate hypoxia-inducible factor α, which increases angiogenesis.
Conversely, volatiles have been associated with decreased MMP
release. Induction agents have been associated with the suppression
of cell-mediated immunity, with ketamine and thiopental associated with increased metastasis. Alternatively, propofol has been
shown to have a potential anticancer effect in experimental models
(in vitro and in vivo). However, Enlund et al. (2014) have suggested
that anticancer effects may be cancer specific, and emphasized the
need for RCTs. Local anaesthetic agents, including lidocaine and
bupivacaine, have been associated with antiangiogenic, antiproliferative, and direct cytotoxic effects on cancer cells. Anaesthetic
adjuncts, including clonidine, have been associated with pro-
proliferative effects in vitro.
The most topical, and indeed controversial, seems to be the
anaesthetist’s approach to perioperative or procedural analgesia.
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Opioid analgesia remains the mainstay of treatment for cancer pain
and perioperative analgesia. However, morphine has been associated with effects on tumour progression for more than five decades
(Sobel and Bonorris 1962).
The evidence surrounding the effects of opioids is conflicting.
Tumour cell growth has been both inhibited and promoted. Opioid-
induced immunosuppression, of both humoral and cell-mediated
immunity, has been documented in vitro and in vivo. Endogenous
opioid pathways (including β-endorphin) seem to reflect predominantly anticancer effects, favouring anti-inflammatory cytokines,
augmenting NK cell cytotoxicity, and reducing the stress response.
Conversely, exogenous opioids seem to exert pro-cancer effects.
Polymorphisms of the μ-opioid receptor, and expression of the
same, appear to have effects on tumour growth and metastasis.
Morphine has been associated with increased cancer cell proliferation and migration, and increased pro-angiogenesis factors.
However, while single-dose or low-dose opioid regimens have
been found to potentially promote tumour growth, high concentrations over an extended period may suppress tumour growth, having been shown to attenuate angiogenesis. Morphine has also been
linked to potentially nitric oxide-mediated decreases in MMP and
nitric oxide pathways have been associated with the induction of
apoptosis in cancer cells. A small study (n = 901) in non-small cell
lung cancer patients has suggested that opioid consumption had
no effect on overall survival in patients with stage II or III disease,
concluding that opioids should continue to be a key component of
balanced anaesthesia care (Cata et al. 2014b).
As there may be a rationale for the avoidance or minimization
of opioid use, studies have been conducted as to whether non-
steroidal anti-inflammatory drugs (NSAIDs) and regional anaesthesia may exert an anticancer effect through their opioid-sparing
effects. NSAIDs may have a potential anticancer role through their
effects on cyclooxygenase (COX)-2 and PGE2, both mediators of
cancer progression. Suppression of PGE2 increases the cytotoxicity
of NK cells and cytotoxic T cells. COXs are often over-expressed
or de-regulated in tumour progression, and COX-2 specifically
has been linked to multiple parts of the tumourigenic or metastatic process. These include tumourigenicity and clonogenicity,
increased migration, and resistance to chemotherapeutic agents.
COX-2 expression has been associated with increased recurrence
and is prognostic of a poor outcome. A meta-analysis of 17 observational studies (n = 1892) (Lee et al. 2013) suggested that COX-2
expression is an independent risk factor for poor prognosis in ovarian cancer.
Aspirin has been the most studied NSAID with regard to effects
of COX-2 inhibition on cancer outcomes. It has been associated
with decreased cancer-specific mortality, lower recurrence, and
improved post-radiation outcomes. A pooled analysis of six RCTs
(n > 30 000) (Rothwell et al. 2012) demonstrated a significant
decrease in overall cancer mortality associated with daily aspirin use. A retrospective analysis of a pooled cohort (n > 100 000)
(Jacobs et al. 2012) also demonstrated an association between daily
aspirin use and decreased cancer mortality. However, no RCTs exist
that examine aspirin or any NSAID effect on cancer recurrence as
a primary outcome.
The perioperative role for NSAIDs in the potential prevention
of cancer recurrence is unclear, and the use thereof is limited by
concerns over adverse effects associated with chronic use. More
prospective research is required, focusing on both non-specific

and COX-2-specific NSAIDs. The optimum timing and duration
of treatment and the use of safer enteric and non-enteric delivery
mechanisms need to be evaluated.
Whether regional anaesthesia is superior to general anaesthesia or the avoidance of opioid analgesia through regional analgesia provides an advantage in terms of cancer outcome and cancer
recurrence remains to be definitively demonstrated. Theoretical
benefits include the direct potential anticancer effects of local
anaesthetic agents and indirect effects, including reduced surgical stress response, decreased volatile and opioid requirements,
and optimized analgesia. Regional anaesthesia techniques have
been shown to alter perioperative cytokine expression in favour of
anticancer immunity and preserve NK cell function, but a meta-
analysis has failed to demonstrate preservation of NK function
and regional anaesthesia has not been associated with decreased
pro-angiogenic factor concentrations (Conrick-Martin and Buggy
2013). A translational study of the effect of serum from women
receiving propofol–paravertebral anaesthesia found that it preserved NK cell function and cytotoxicity to breast cancer cells in
vivo, compared with patients receiving standard general anaesthesia (Buckley et al. 2014). Further, immunohistochemical analysis
of the breast cancer tissue of patients randomized in the same trial
found higher expression of NK cells within breast cancer tissue
of patients who had received propofol–paravertebral anaesthesia
(Desmond et al. 2015), suggesting that this technique may provide
immunological or direct effects that resist cancer cell metastasis or
enhance patient immune function or both, by mechanisms currently unknown.
A retrospective study (n = 129) (Exadaktylos et al. 2006) examined the outcomes between breast cancer patients undergoing mastectomy and axillary clearance under general anaesthesia receiving
paravertebral analgesia vs those receiving traditional morphine
analgesia techniques. It demonstrated an association between
regional anaesthesia and decreased cancer recurrence, renewing
interest in the impact of regional anaesthetic techniques on cancer outcomes. However, subsequent retrospective studies have
provided conflicting results. While decreased recurrence, lowered
recurrence risk, and improved survival have been demonstrated
in several cancers, the opposite has been equally demonstrated in
the same or other cancers. The results of these studies pre-2014 are
summarized in Table 39.2.
A large retrospective database study of colon cancer patients
(n = 42 151) (Cummings et al. 2012) demonstrated an association
between improved 5-year survival and the addition of epidural
analgesia, but failed to show a difference in cancer recurrence.
Wuethrich et al. (2010, 2013) have failed to demonstrate improved
recurrence-free, cancer-specific or overall survival in prostate
cancer patients in two retrospective studies (n = 261, n = 148).
Retrospective cohort studies by Ehdiae et al. (2014) (n = 929) and
Sprung et al. (2014) (matched, n = 486) failed to demonstrate an
association between regional anaesthesia and improved cancer
outcomes in patients with prostate cancer. However, a similar
retrospective matched cohort study (n = 1642) (Scavonetto et al.
2014) concluded that a possible benefit to neuraxial anaesthesia
existed in prostate cancer despite not reaching statistical significance. A retrospective study in gastro-oesophageal cancer patients
(n = 153) (Heinrich et al. 2015) failed to demonstrate an advantage
to epidural analgesia. Conversely, a similar study (n = 148) (Hiller
et al. 2014) suggested a benefit to epidural analgesia.
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Table 39.2 Summary of retrospective clinical evidence of an association between regional anaesthesia and cancer recurrence
Type of study

Reference

Surgery

Anaesthesia/analgesia

Major outcome

Retrospective case–
control study

Exadaktylos et al. 2006

Mastectomy and axillary
clearance for breast
cancer

General anaesthesia (GA) +
paravertebral anaesthesia and
analgesia (PVAA) (n = 50)
GA + opioids analgesia (n = 79)

4-fold decrease in cancer recurrence in
PVAA group
2.5-4 year follow-up

Retrospective control
study

Biki et al. 2008

Radical prostatectomy
for prostate carcinoma

GA + thoracic epidural analgesia
(n = 102)
GA + opioid analgesia (n = 123)

57% reduction in cancer recurrence in
epidural group, P = 0.012
Recurrence defines as increase in
prostate-specific antigen

Retrospective case–
control study

Wuethrich et al. 2010

Radical prostatectomy
for localized prostate
carcinoma

GA + thoracic epidural (n = 103)
GA + ketorolac + opioid analgesia
(n = 158)

Significant increase in clinical
progression-free survival (P = 0.009) in
epidural group
No difference in biochemical
recurrence-free survival (P = 0.42),
cancer-specific survival (P = 0.9), or
overall survival (P = 0.97)

Retrospective analysis
of randomized
controlled trial

Tsui et al. 2010

Radical prostatectomy

GA and epidural analgesia (n = 49)
GA + opioid analgesia (n = 50)

No difference in disease-free survival
(P = 0.44)
4.5-year follow-up

Prospective
randomized
controlled trial
(retrospective
subgroup analysis)

Myles et al. 2011

Major abdominal surgery,
subgroup analysis of
patients with colorectal
cancer

GA + epidural analgesia (n = 230)
GA + opioid analgesia (n = 216)

No significant difference in cancer
recurrence (P = 0.61)
or recurrence-free survival (P = 0.61)
Recurrence and mortality rates at
5 years also similar

Retrospective case–
cohort study

Cummings et al. 2012

Open colectomy
for non-metastatic
colorectal cancer

Epidural analgesia (n = 9 670)
vs
‘traditional pain management’

Significantly improved 5-year survival
rate in epidural group
(P <0.001)
No difference in cancer recurrence
(P = 0.28)

Prospective
randomized
controlled trial
(retrospective
subgroup analysis)

Christopherson et al. 2008

Open colectomy for
colorectal cancer

GA + epidural analgesia (n = 85)
GA + opioid analgesia (n = 95)

Early survival benefit (for up to
1.46 years) in epidural group
(P = 0.012)
No benefit if metastatic disease
present

Retrospective clinical
study

Gottschalk et al. 2010

Open colectomy

GA + epidural group (n = 256)
GA + opioid analgesia (n = 253)

No significant difference in cancer
recurrence
Possible benefit in patients >64 years
Follow-up 1.8 years

Retrospective clinical
study

Gupta et al. 2010

Open colectomy

GA + epidural
GA + opioid analgesia

GA + opioid group had significantly
higher mortality rate—rectal cancer
(P = 0.049)
No significant difference with
colon cancer
(P = 0.23)

Retrospective cohort
study

Ismail et al. 2010

Brachytherapy for
cervical cancer

Neuraxial anaesthesia (n = 69)
GA (n = 63)

No difference in tumour recurrence
(P = 0.526)
or survival
(P = 0.537)
(continued)
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Table 39.2 (continued)
Type of study

Reference

Surgery

Anaesthesia/analgesia

Major outcome

Retrospective clinical
study

De Oliveira et al. 2011

‘Debulking’ surgery for
ovarian cancer

Epidural (n = 55)
Opioid analgesia (n = 127)

Intraoperative epidural analgesia
associated with significantly reduced
risk of cancer recurrence

Retrospective clinical
study

Lai et al. 2012

Radiofrequency ablation
of hepatocellular
carcinoma

Epidural (n = 80)
GA (n = 78)

GA associated with increased
recurrence-free survival
No difference on overall survival

Retrospective clinical
study

Lin et al. 2011

Laparotomy for ovarian
carcinoma

Epidural anaesthesia + analgesia
(n = 106)
GA + opioid analgesia
(n = 37)

Epidural group had significantly
improved 3-year and 5-year
survival rates
(P = 0.043)

Data from various sources, see References.

An ongoing prospective, randomized trial designed to examine
the effect of anaesthetic technique on breast cancer outcomes was
evaluated for its effect on perioperative analgesia outcomes. Patients
randomized to receive a propofol–paravertebral anaesthetic–
analgesic technique unsurprisingly received less volatile agent and
opioids and had better early postoperative analgesia than those
receiving standard balanced anaesthesia with opioid analgesia.
This demonstrates that the trial has, as intended, effectively created differences between the two arms of the trial (Wu et al. 2015).
Whether this will be sufficient to create conditions conducive to
causing differences in recurrence or metastasis remains to be seen
from the long-term results of this and other similar trials in different tumour types.
Ultimately, the multidisciplinary nature of cancer management,
multiple possible variations during the perioperative period, failure to adequately control confounders, and heterogenous patient
groups make interpretation of retrospective data difficult. These
data are useful, through the identification of associations, for the
formulation of hypotheses and little more. If a causal link does in
fact exist, prospective RCTs are required to confirm this. A recent
consensus statement called for funding to deliver such prospective
RCTs, particularly evaluating NSAIDs and amide local anaesthetics
(Buggy et al. 2015).

Perioperative pain management and
the development of chronic persistent pain
Chronic postsurgical pain (CPSP) is a potentially serious common
postoperative complication. No universal standardized definition
exists for CPSP, with many epidemiological studies applying the
International Association for the Study of Pain (IASP) definition
for chronic pain. However, the definition proposed by Macrae
and Davies (1999) is widely accepted. Their definition proposed
four defining features: pain must be preceded by surgery, pain
should persist for greater than 2 months, other causes for pain are
excluded, and pre-existing disease has been excluded as a cause of
the pain. While the first two features are relatively simple to assess
(acknowledging that the duration of 2 months is shorter than that
recommended by the IASP), disentangling the impact of pre-
existing disease and other aetiological factors can prove difficult.
Nevertheless, this forms the best existing working definition.

The overall prevalence of CPSP is thought to be 10–30% (Bruce
and Quinlan 2011), although certain surgical procedures are
associated with higher incidences, including limb amputation,
breast cancer surgery, thoracotomy, and coronary bypass surgery
(Chaparro et al. 2013).
Putative risk factors can be subdivided into patient, surgical,
and anaesthetic factors. Patient factors may include gender, age,
psychological factors, obesity, genetic predisposition, and pre-
existing pain. Surgical factors may include invasiveness of surgical
approach or technique, previous injury or surgery at the surgical
site, and intraoperative nerve handling. Anaesthetic factors may
include type of anaesthesia, acute postoperative pain, and postoperative management. While the evidence is inconsistent and the
mechanism remains unclear, younger patients appear more likely
to develop CPSP. An age-related reduction in peripheral nociception has been suggested. Proposed psychological factors include
preoperative anxiety, depression, catastrophizing attitude, and
fear of long-term consequences, all of which have been associated with increased susceptibility to acute pain and incidence of
chronic pain. Genetic polymorphisms and phenotypic variation
have been implicated in pain susceptibility and the transition from
acute to chronic pain and their impact on CPSP may be similarly
significant (Macrae and Davies 1999; Katz and Seltzer 2009; Bruce
and Quinlan 2011; VanDenKerkhof et al. 2013; Bruce et al. 2014;
Mauck et al. 2014).
Acute postoperative pain intensity has been positively linked to
the development of CPSP (Steyaert and De Kock 2012; Gjeilo et al.
2014; Ravindran 2014). Indeed, it has been suggested that only
adequate acute postoperative pain management, irrespective of
method, prevents CPSP (Gjeilo et al. 2014).
No large, adequately powered, prospective RCTs exist to demonstrate that any explicit anaesthetic intervention minimizes the risk
of CPSP, although a number of small trials have shown promising
results. Due to their small numbers, it seems logical that the effects
of anaesthetic interventions be assessed by meta-analysis and pooling of data.
A Cochrane review and meta-analysis of 40 RCTs (Chaparro
et al. 2013) assessed pharmacological interventions in preventing
chronic pain after surgery. It demonstrated a significant reduction,
albeit small, in chronic pain associated with the use of intravenous
ketamine (14 RCTs). However, it failed to show benefit with the use
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of other analgesics including pregabalin or gabapentin (10 RCTs),
despite these drugs being widely accepted as decreasing immediate
postoperative pain (Schmidt et al. 2013). Similarly, Andreae and
Andreae (2013) conducted a Cochrane systematic review to assess
the effect of local and regional anaesthesia on chronic pain after surgery. Their analysis of 23 RCTs demonstrated that epidural anaesthesia and paravertebral block may decrease CPSP. Importantly,
both Cochrane reviews noted the caveat that even their positive
findings were synthesized from small sample sizes and thus potentially subject to overestimation of treatment effect.
A more recent review of 32 RCTs assessing interventions for CPSP
after amputation, thoracotomy, and mastectomy (Humble et al.
2015) concluded that appropriate treatment regimens of gabapentinoids, antidepressants, local anaesthesia, and regional anaesthetic
techniques may reduce chronic pain. Interestingly, in contrast to
Chaparro et al. (2013), it found that ketamine did not affect chronic
pain. The effect of opioids was unclear, but the authors suggested
that total intravenous anaesthesia may have a positive impact
(despite conflicting evidence regarding remifentanil).
Recent small randomized trials continue to evidence similar
findings to the existing meta-analyses. A prospective, double-blind,
placebo-control RCT (n = 40) (Joshi and Jagadeesh 2013) demonstrated that while perioperative pregabalin reduced acute
postoperative pain, it had no impact on CPSP in patients after
cardiac surgery. Similarly, a prospective RCT (n = 40) (Onan et al.
2013) failed to demonstrate a benefit of epidural anaesthesia for
the prevention of CPSP in cardiac surgery patients, even though
acute postoperative pain was reduced. Of particular interest for
future study, a prospective double-blind RCT (n = 80) (Ogurlu
et al. 2014) compared propofol vs sevoflurane for the maintenance
of anaesthesia at abdominal hysterectomy. It demonstrated that
the propofol group had significantly lower early acute postoperative pain and CPSP. However, a prospective observational study
(n = 3112) looking at a variety of surgical procedures (Duale et al.
2014) concluded that anaesthetic techniques appeared unlikely to
prevent neuropathic CPSP.
While every effort should be made to prevent acute postoperative
pain, probably through a multimodal, multidisciplinary approach,
and the adequate treatment of existing acute postoperative pain is
obligatory, large-scale, prospective studies are needed. Whether
these clarify the role of regional anaesthesia or further assess the
ameliorative effect of perioperative pharmacological interventions,
their results are urgently required to guide our approach to addressing this complication.

Postoperative cognitive dysfunction
Postoperative cognitive dysfunction (POCD) is a documented
clinical phenomenon, defined as the onset of new cognitive impairment following surgery and anaesthesia. With subtle and diverse
cognitive domain-dependent manifestations, it is a temporary disturbance (Abildstrom et al. 2000) first described over six decades
ago (Bedford 1955). While the majority of the literature focuses on
post-cardiac surgery patients, POCD can affect patients of any age
and its relevance in an era of ambulatory surgery should not be disregarded, given the most common manifestations include impaired
intellectual task performance and memory impairment. With differential diagnoses including akinetic crisis, central anticholinergic
syndrome, delirium, and dementia, its diagnosis depends on psychometric testing both pre-and postoperatively. The diagnosis of
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POCD has not yet entered either DSM-IV or ICD-10, due to the
lack of agreed criteria for the assessment and considerable inconsistencies in the literature (Strom et al. 2014).
The incidence of POCD varies according to definition used,
patient group studied, diagnostic tests, and their timing (Funder
et al. 2010; Krenk and Rasmussen 2011; Rundshagen 2014;
Strom et al. 2014). However, it is more common in the elderly
with approximately four in ten surgical patients over 60 years
old exhibiting POCD on discharge. POCD’s effects are also more
severe and last longer in those over 60, with more than 10% continuing to exhibit symptoms 3 months later (Monk et al. 2008;
Krenk et al. 2010). Elderly patients are also more likely to exhibit
pre-existing subclinical dementia and coronary atherosclerosis, where the likelihood of POCD is greater (Selnes et al. 2008,
2012; Evered et al. 2011; Kline et al. 2012). Interestingly, POCD
has been associated with increased mortality (Monk et al. 2008;
Steinmetz et al. 2009).
Comprehensive psychometric testing can take longer than 2 h
and is impractical for the preoperative assessment clinic or recovery
room. Unfortunately, no single test can adequately assess cognitive
function and composite testing has low sensitivity and specificity. The additional need for a preoperative baseline may always be
an obstacle (Silverstein et al. 2007). Erzigkeit’s Short Cognitive
Performance Test is suitable for perioperative use, an alternative
that can be administered in about 15 min (Erzigkeit 1989; Dressler
et al. 2007). Contemporaneous assessment of anxiety, depression,
postoperative pain, opioid use, and sleep disturbances is required,
as these all might affect cognitive performance. Importantly, the
Mini-Mental Status Examination, while intended as a screening test
for dementia, is unsuitable for quantification of POCD (Helkala
et al. 2002). It may, however, be used preoperatively for the detection of subclinical dementia, identifying patients at increased risk.
A history of alcohol abuse or low educational level have also been
linked to increased risk of POCD (Ancelin et al. 2001; Hudetz et al.
2007; Ghoneim and Block 2012).
The pathogenic mechanisms resulting in POCD remain
unclear. A postsurgical immune or inflammatory response, or
both, has been suggested by experimental animal models. An
inflammatory pathogenesis has also been indicated by clinical
observational studies (Rundshagen 2014). Terrando et al. (2011)
demonstrated impaired integrity of the blood–brain barrier consequent to cytokine release. In their postsurgical murine model,
increased macrophage migration to the hippocampus was associated with memory impairment. Prevention of pro-inflammatory
cytokine secretion prevents this impairment. Similarly, Lin and
Zuo (2011) have demonstrated a correlation between hippocampal damage and cognitive dysfunction in rats. Demonstration of
decreased hippocampal volume in humans by magnetic resonance imaging may be useful in predicting POCD (Kline et al.
2012; Chen et al. 2013). Ng et al. (2011) indicated a synergistic
interaction of inflammatory changes in cerebral ischaemia and
surgery, and cerebral ischaemia (silent or manifest) has been
linked to increased risk of POCD (Ito et al. 2012). The development of POCD has been related to patterns of diurnal salivary
cortisol excretion (Rasmussen et al. 2005) and serum levels of
a biomarker of cerebral damage, S-100 protein, are significantly
increased in patients who develop POCD after abdominal and
vascular surgery (Linstedt et al. 2002). Indications for surgery
and risk–benefit analysis in the elderly population should take
into account the risk of cognitive impairment (albeit normally
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Table 39.3 Summary level of evidence
Anaesthetic technique/intervention

Postoperative outcome advantage

Level of evidence

Proposed recommendation from
currently available data

Maintenance of intraoperative normothermia

Reduced postoperative surgical site
infection rates

Level A

Class I

Level B

Class IIb

Level B

Class I

Avoiding perioperative hyperglycaemia in both
diabetic and non-diabetic patients

Level B

Class IIa

Administering insulin via a continuous intravenous
infusion thereby avoiding large swings in blood
glucose values

Level A

Class IIa

Regional anaesthesia
Supplemental perioperative oxygen (FIO2 80%)

Regional anaesthesia

Level C

Class IIb

Avoidance of nitrous oxide

Reduced cancer recurrence rates

Level C

Class IIb

Use of perioperative NSAIDs

Level C

Class IIb

Propofol anaesthesia

Level C

Class IIb

Avoidance of allogenic blood transfusion

Level C

Class IIb

Avoidance of allogenic blood transfusion

Reduced postoperative infections

Level A

Class IIa

Preoperative treatment with iron and erythropoietin

Reduced blood transfusion
requirements

Level B

Class IIa

Level B

Class IIb

Intraoperative fluid restriction pre-cardiopulmonary
bypass

Level C

Class IIb

Antifibrinolytic agents

Level A

Class IIa

Cell salvage

Level A

Class I

Hypotensive anaesthesia

Level B

Class IIb

Level C

Class IIb

Level C

Class IIa

Maintenance of intraoperative normothermia

Propofol anaesthesia
Epidural anaesthesia commenced pre incision

Reduced occurrence of chronic
surgical pain

‘Levels of Evidence’ column based on the AHA/ACC Manual for Guideline Writing Committees at http://my.americanheart.org/idc/groups/ahamah-public/@wcm/@sop/
documents/downloadable/ucm_319826.pdf

transient). The extent of surgery also has an impact on the incidence and severity of POCD. While no systematic research has
been conducted investigating the impact of minimally invasive
surgery, the associated decreased inflammatory response may
have a positive impact (Gameiro et al. 2008; Monk et al. 2008).
Interestingly, POCD does not appear to be affected by cardiopulmonary bypass circuits, intraoperative hypoxaemia, or hypotension (Moller et al. 1998; van Dijk et al. 2007; Rudolph et al. 2010).
While the effect of anaesthesia itself on POCD depends on the
pharmacokinetics and pharmacodynamics of the anaesthetic agent
used, no definitive evidence has been demonstrated that anaesthesia prolongs the cognitive impairment. Indeed, putative neurotoxicity of anaesthetic agents remains unproven and the incidence
or severity of POCD appears independent of regional vs general
anaesthesia (Mason et al. 2010; Hudson and Hemmings 2011;
Stratmann 2011; Strom et al. 2014). However, premedication with
midazolam has been linked to memory impairment 1 day after
surgery (Dressler et al. 2007). While in vivo animal models have
demonstrated that inhaled anaesthetics cause sustained memory
dysfunction and induce cellular neurodegenerative changes (Strom
et al. 2014), whether choice of anaesthetic agent affects POCD

outcomes is unclear; however, volatile agents (including sevoflurane and desflurane) may be superior to propofol (Royse et al. 2011;
Schoen et al. 2011). Neuroprotective effects of xenon on cerebral
ischaemia have been demonstrated in in vivo animal models, but
RCTs have failed to demonstrate superiority over propofol, sevoflurane, or desflurane (Rasmussen et al. 2006; Coburn et al. 2007;
Hocker et al. 2009; Cremer et al. 2011). The intraoperative use of
electroencephalography, Bispectral Index™, or both, to limit exposure to anaesthetic agents by targeting appropriate anaesthetic
depth has demonstrated conflicting evidence, with no conclusive
impact on POCD (Farag et al. 2006; Ballard et al. 2012; Chan et al.
2013). POCD is unlikely to benefit from pharmacological intervention (Strom et al. 2014).
Whether POCD is a prodromal form of Alzheimer’s disease has
been a recent focus of research, although the evidence is inconclusive. Anaesthetic agents appear to enhance the cerebral build-up of
β-amyloid and tau proteins, which are pathognomonic features of
Alzheimer’s disease. Anaesthetic agents also potentiate tau phosphorylation and the cytotoxicity of β-amyloid proteins (Xie et al.
2006; Fodale et al. 2010). These processes may be independently
influenced by surgery (Wan et al. 2010).
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The clearest role for the anaesthetist in limiting POCD is the
tight intraoperative management of homeostasis (including perioperative fluid, electrolyte, and glycaemic balance) and prevention
of cardiovascular, respiratory, hepatic, or renal dysfunction, all of
which can impact on cognitive performance (Puskas et al. 2007;
Reijmer et al. 2012; Rundshagen 2014).
Further research in the form of appropriately powered and targeted RCTs is required to further elucidate whether or not anaesthesia may have a direct impact on POCD.

Conclusion
Conventional wisdom maintains that multiple aspects of surgical
technique and management may affect postoperative outcome,
while anaesthetic technique has little long-term effect on patient
outcomes. There is accumulating evidence that on the contrary,
anaesthetic management may in fact exert a number of longer-
term effects on postoperative outcome. Table 39.3 summarizes the
current level of evidence supporting the influence of anaesthesia
techniques on specific outcomes.
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CHAPTER 40

Preoperative assessment
and optimization
Felix van Lier and Robert Jan Stolker
Basic concepts
The health status of every patient should be assessed preoperatively by an anaesthetist according to local, national, and international guidelines. Normally, patients scheduled for elective
surgical procedures will be screened in the outpatient clinic, several days or weeks in advance before surgery. However, in case of
urgent surgery (e.g. trauma patients or patients with intracranial
haemorrhage), little or no time may be available for a detailed
preoperative evaluation. This chapter will deal with the basic concepts of preoperative assessment and optimization. Details, with
regard to specific organ function, will be discussed in separate
chapters.

Preoperative assessment
In our ageing populations, there is a clear trend that each year a
rising number of surgical procedures are performed and that they
are often performed on more elderly patients. This leads to more
complex cases, requiring more time for preoperative risk assessment and modification. The main goal of the preoperative visit
is to optimize risk for the patient, through planning preoperative
optimization, tailoring the anaesthetic technique, and setting up a
postoperative management plan. At the beginning of this century,
it was considered ‘normal’ that the anaesthetist met the patient who
was scheduled for surgery the next day, the evening before surgery.
If a specific patient was considered not fit for surgery, or consultation was needed, the surgical case was often delayed or cancelled.
The alternative was to accept an inappropriately prepared patient.
Therefore, it is preferable that patients scheduled for elective surgery should be evaluated at the anaesthesia outpatient clinic well
in advance. This has several important advantages. First, a detailed
anaesthesia record can be started, tailored to specific needs regarding the co-morbidity of the patient and the type of procedure.
Second, if optimization of the patient’s health status is required,
there is time for consultation with other medical specialties. Third,
if multiple anaesthesia techniques are possible, the patient has time
to evaluate which technique he or she prefers. Finally, potential
hazards and risks of the procedure should be compared with the
intentional improvement of the health status. As in most cases the
anaesthetist at the outpatient clinic will not be the same person
providing the anaesthesia in the operation room, a standardized
approach in the preoperative assessment and documentation is
required.

Past medical history and history-taking
The patient’s past medical history and actual complaints will obviously be one of the most important items discussed during a preoperative visit. Questionnaires filled out by patients at home, through
the Internet, or at the outpatient clinic can give the anaesthetist
insight into the patient’s past medical history and actual status.
These questionnaires are a good help in getting a quick view on
the patient’s medical history, vital status, and medication use, but
are sometimes limited by the patient’s own medical knowledge.
Electronic patient record-keeping may be extremely helpful. In
patients with an extensive past medical history, one must try to
complete the past medical history and actual complaints regarding
what are relevant for that specific case. Past medical history that
will not have any effect on the anaesthesia, the surgery itself, or outcome does not have to be taken into account.

Laboratory investigations
Preoperative laboratory testing should be directed by a targeted
history and physical examination. The relevance of any tests should
be considered in light of the type of procedure that is planned, particularly type of surgical procedure, the haemodynamic changes,
and blood loss involved (Benarroch-Gampel et al. 2012). Before
ordering a test, physicians should be sure that there is a good reason
for the test, that it is consistent with established or local guidelines,
or both, and that the results will be useful (i.e. have the potential
to change management). Untargeted routine testing should be
avoided. An unexpected result will probably not be clinically significant for the surgery and will only lead to more needless testing
and costs, unnecessary anxiety for the patient, and delays in proceeding to the operating room. The fact is that the more tests are
ordered, the higher the likelihood of having an abnormal result by
chance: for a test with 95% specificity, results for 1 out of 13 ordered
tests will likely show an abnormal value without there being a true
underlying physiological abnormality. As a lot of preoperative testing depends on personal taste, changes in policy between various hospitals are common with regard to preoperative laboratory
investigations.

Cardiovascular screening and ECG
Once again, the prior (cardiovascular) history of the patient is
the foundation of the perioperative assessment. Because the incidence of perioperative cardiovascular events varies according to
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the patient’s risk profile, risk of the proposed surgery, and the
patient’s functional capacity, all of these elements should be parts
of the preoperative history. Apart from the past medical history,
two other important items should be reviewed: what type of surgical procedure is planned and what is the functional capacity
of the patient. Low-risk procedures (e.g. superficial reconstructive surgery, ENT surgery, and eye surgery) will not have major
haemodynamic effects on the patient, so in most cases the surgery can take place without major delays. For all other procedures, the functional capacity is the most vital information, as
exercise capacity is a reliable predictor of future cardiac events.
This is usually expressed in metabolic equivalents (METs), where
1 MET is defined as the oxygen consumption of a 70 kg man at
rest. Greater than 7 METs of activity tolerance is considered excellent, whereas less than 4 METs is considered poor activity tolerance. Although quite arbitrary, most guidelines agree that patients
should be able to perform more than 4 METs, which is equivalent
to climbing at least one flight of stairs (without pause), if they are
planned for anything beyond minor surgery. A preoperative electrocardiogram (ECG) should not be made routinely but only be
performed if there is an indication: new symptoms of heart failure
or angina, a suspicion of ‘new’ arrhythmias, or in patients with an
unknown heart murmur. A Dutch study assessed the added value
of a preoperative ECG in predicting myocardial infarction (MI)
and death after non-cardiac surgery among 2422 patients older
than age 50 years (van Klei et al. 2007). This study showed that
ECG findings were no more predictive of complications than findings from the history and physical examination and the patient’s
activity level. A preoperative ECG does, however, have a value in
the postoperative phase, where it is helpful to know whether the
observed ECG abnormalities are ‘new’ or were already present in
the preoperative period.

Pulmonary function tests
Atelectasis, hypoxaemia, pneumonia, and respiratory failure are a
group of pulmonary diseases that can follow surgical procedures
and are often grouped under the name of postoperative pulmonary complications (PPCs). These PPCs are common in patients
after upper abdominal surgery, thoracotomy, and in patients with
pre-existing lung diseases. Apart from medical history-taking
and a thorough physical examination with special attention to
the pulmonary system, there are several tests available for preoperative assessment of pulmonary function; these include chest
X-ray, spirometry, lung volumes, diffusing capacity, oximetry, and
arterial blood gases. These additional function tests are considered standard in case of major thoracic surgery or lung volume
reduction surgery, but are not considered standard in most non-
cardiac surgeries. In non-cardiac surgery one should realize that,
apart from history-taking and physical examination, most other
tests are only useful if it is expected that the specific test will show
an abnormal value and that optimization is possible in order to
reduce the chance of PPCs. Those patients in whom prophylactic
measures may reduce the risk of postoperative complications need
to be identified and if required, sent to a respiratory physician
(pulmonologist) for preoperative optimization. Effective strategies
for reduction of postoperative events include cessation of smoking, optimization of bronchodilator therapy, consideration of the
use of systemic corticosteroids, optimal pain management, and
early postoperative (and potentially, preoperative) physiotherapy
(Qaseemet al. 2006).

Medication and optimization
The majority of surgical patients (especially the elderly) use some
form of medication. Many medications interact with anaesthetics or
affect (or are affected by) surgery itself (e.g. anticoagulants affecting
blood loss). The anaesthetist should be familiar with all medications
taken by the patient and manage (dis)continuation of certain drugs.
It largely depends on the type of surgical procedure whether anticoagulant medication is discontinued. In intracranial and some spinal
procedures, minimal blood loss can have enormous effects on outcome and therefore an adequate level of coagulation is of the utmost
importance. Therefore, all anticoagulant drugs are usually discontinued in neurosurgical procedures. This sometimes leads to conflicting situations, for example, how to manage the patient presenting
for intracranial surgery with recent coronary stents. Continuation
of aspirin throughout the perioperative period has been associated
with increased intraoperative blood loss, but will probably not affect
outcome. The effect on cardiovascular morbidity of stopping aspirin
is still unclear, therefore most of the anticoagulant drugs are continued throughout the perioperative period in patients at a high risk
for adverse cardiovascular events (i.e. vascular surgery). Literature
on starting new medications has predominantly focused on two
classes of cardiovascular drugs: β-blockers and statins. Though
widely discussed in recent literature, both statins and β-blockers are
some of the few drugs that are prescribed in high-risk cardiovascular patients to reduce cardiac morbidity by anaesthetists (Le Manach
et al. 2011; London et al. 2013).

Anaesthesia plan and informed consent
Finally, based on all information available to the anaesthetist with
regard to the patient’s health status, the type of procedure, possible
risks, and individual preferences of the patient, a plan should be
made for anaesthesia and perioperative care. All relevant factors
should be taken into account:
◆

Is discontinuation of certain drugs necessary?

◆

Do ‘new’ drugs need to be started?

◆

Is consultation with other specialties needed in order to optimize
health status?

◆

What anaesthesia technique is most appropriate?

◆

What type of monitoring is needed during anaesthesia?

◆

Are the patient and the surgery suitable for day-stay surgery?

◆

Does the patient need to be admitted to the intensive care unit
postoperatively?

All of these factors need to be addressed before the patient can be
planned for surgery. Sometimes consultation with the surgeon is
needed in order to discuss technical issues the surgeon faces that
might affect the length of the procedure or blood loss. Finally, all
relevant risks should be discussed with the patient and informed
consent should be obtained.

Beyond the basics: optimizing risk via
preoperative assessment and preparation
Preoperative management of the apparently healthy
patient
The assessment of clinical risk factors is the first step in the quantification of the perioperative risk and offers a unique opportunity
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for physicians to identify risk factors that might have been under-
appreciated, under-treated, or both. After all, the secondary aim of
preoperative risk assessment is to ensure that the patient will live
long enough after surgery to enjoy the benefits of the procedure.
In clinical practice, two types of clinical risk scores are used: a
generic summing up of the number of risk factors to compose a risk
score and a Bayesian model, modifying the risk of a specific procedure in a specific hospital using a patient’s individual risk index.
Generic risk scores include Goldman’s multifactorial index, the
Revised Cardiac Risk Index (RCRI) of Lee, Gilbert and Larsen indices, ASA classification, and POSSUM score (Goldman et al. 1977;
Owens et al. 1978; Larsen et al. 1987; Copeland et al. 1991; Lee
et al. 1999; Gilbert et al. 2000; London et al. 2013). More recently,
a combined score including risk factors and ASA classification was
developed to overcome the limitations of previous scores which
were developed in the last century (Gupta et al. 2011). Nowadays,
because of progress in medical, surgical, and anaesthesiological
care, the impact of co-morbidities and procedures has changed
dramatically, necessitating revisions of the old risk scores. These
scores estimate a patient’s risk by summation of risk factors, that
is, ischaemic heart disease, heart failure, stroke, diabetes mellitus (DM), renal dysfunction, general condition, liver disease, and
abnormalities at physical examination. In general, each abnormal
finding is scored as a point, and the more points a patient scores in
total, the worse the prognosis. From a theoretical view, the Bayesian
model is attractive; it integrates individual information about the
patient with the outcome of procedures in a specific hospital.
The cardiac risk index of Goldman et al. (1977) was the first
multifactorial model to be widely used specifically for perioperative cardiac complications. This risk index was developed in a
non-cardiac surgical population and identified nine independent
risk factors correlated with postoperative serious or fatal cardiac
complications using multivariate analysis: (1) preoperative third
heart sound or jugular venous distention; (2) MI in the preceding
6 months; (3) greater than 5 premature ventricular contractions
per minute documented at any time before operation; (4) rhythms
other than sinus rhythm or the presence of premature atrial contractions on preoperative ECG; (5) age older than 70 years; (6) an
intraperitoneal, intrathoracic, or aortic operation; (7) emergency
operation; (8) important valvular aortic stenosis; and (9) poor
general medical condition. General medical condition was scored
using combined information of pulmonary and renal function,
liver disease, functional capacity, and bedridden from non-cardiac
cause. Points were assigned to each of the nine variables according
to their discriminate function coefficient. Subsequently, patients
were separated into four categories (by their total score) of increasing risk. The index is characterized by a high specificity, but low
sensitivity to predict postoperative cardiac events. Why? The major
shortcoming is the definition of MI and the absence of angina as
a risk factor. Nowadays, not only the history of MI is considered
important, but also the extent of infarction and the presence of
residual ischaemia. Patients who have suffered a small MI without
stress-induced ischaemia during tests or angina have a relatively
benign outcome, compared with those with left main coronary
artery disease (CAD) and incomplete revascularization. In addition, the number of patients with severe or even unstable angina
was small (Dupuis et al. 1991).
This index was modified by Detsky et al. (1986), who added and
changed variables in the index. The presence and severity of angina
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or unstable angina within 6 months was added to the index. Also
signs of heart failure at physical examination were replaced by history of pulmonary oedema, which might define left ventricular
(LV) dysfunction better. In addition, they used a Bayesian approach
involving pre-test probabilities, and presented the modified cardiac
risk index in a simple normogram. The scoring system was validated in their institution. Before introducing this type of risk index
in any institution, the first step is to determine the local pre-test
probabilities. These may be very different from one institution to
another and depend on many factors such as the patient population
to which the index is applied, surgical and anaesthetic experience,
perioperative care facilities, and the nature of the institution itself
(e.g. secondary or tertiary care centre). This prerequisite might prevent a more widespread use. Because of this limitation, a regular
update of risk scores, addressing changes in perioperative care, in a
large number of patients with a mix of teaching and non-teaching
hospitals is recommended.
Lee et al. (1999) developed the largest and currently most widely
used model of risk assessment, the RCRI. This index identifies six
predictors of major cardiac complications: (1) high-risk type of surgery, (2) history of ischaemic heart disease, (3) history of congestive
heart failure, (4) history of cerebrovascular disease, (5) DM with
insulin treatment, and (6) preoperative serum creatinine greater
than 2.0 mg dl−1. Based on the presence of none, 1, 2, or 3 or more
predictors, the rate of major cardiac complications in the validation cohort (n = 1422) was estimated to be 0.4%, 0.9%, 7%, and
11%, respectively. Until recently, the RCRI was the best validated
and most accurate predictive generic risk index, and simple to use
in clinical practice. However, it should be recognized that the RCRI
is a population-derived risk index and cannot be used to predict
a patient’s individual risk. Importantly, the RCRI has insufficient
predictive power in vascular surgery patients, and those with multiple cardiac risk factors. Similar to the previous scores, it couples a
high specificity with a low sensitivity for the prediction of adverse
cardiac outcomes.
In order to improve the performance in vascular surgery patients,
a modification of the RCRI was studied. A Dutch study identified
comparable independent clinical risk factors associated with major
vascular surgery: a history of MI, angina, congestive heart failure,
diabetes, renal dysfunction, cerebrovascular events, and age greater
than 70 years. Kertai et al. (2005) developed a Bayesian model for
the prediction of all-cause perioperative mortality in 1537 patients
undergoing all types of open vascular surgery. Risk factors associated with postoperative all-cause death included ischaemic heart
disease, congestive heart failure, cerebrovascular events, hypertension, renal dysfunction, chronic pulmonary disease, and type of
vascular surgery, that is, ruptured aneurysm of the abdominal aorta
(AAA), elective AAA, lower extremity, and carotid vascular surgery.
The final logistic regression model with nine independent predictors (including β-blocker and statin use) of perioperative mortality was used to create a variable-weight index, the Customized
Probability Index, where scores were assigned based on parameter
estimates of individual predictors. The sum of scores of surgical risk
(0–46 points), medical history (0–67 points), and cardioprotective
medication (statins −10 points and β-blockers −15 points) was calculated for an overall cardiac risk. Eight of the nine predictors of
the customized probability model were significantly associated with
increased risk of perioperative mortality. The predictor variable of
hypertension also showed a positive association with perioperative
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mortality, but this was statistically not significant. Compared with
the RCRI, the C-statistic (0.78) for the prediction of perioperative mortality increased from 0.78 to 0.82 when the Customized
Probability Index was used. The addition of age and the urgency of
surgery to the index improved the prognostic accuracy of the RCRI
for vascular surgery patients.
The prognostic accuracy of the RCRI in patients with multiple
risk factors was addressed in a large meta-analysis of 24 studies,
including 792 740 patients. Events noted after surgery were cardiac
death, MI, non-fatal cardiac arrest, and death in the hospital or
within 30 days of surgery (Ford et al. 2010). To summarize the data,
the area under the receiver-operating characteristic curve (AUC),
also known as the C-statistic was used. This represents the percentage and reflects the probability that a positive test will experience
an event when compared with a negative test. The study showed
that the RCRI discriminated moderately between patients at low
vs high risk for cardiac events after surgery (AUC 0.75; 95% confidence interval (CI): 0.72–0.79) with a positive likelihood ratio, 2.78
(95% CI 1.74–4.45) and a negative likelihood ratio, 0.45 (95% CI
0.31–0.67). In conclusion, the RCRI performs best in patients with
no risk factors, but only moderately in those with multiple risk factors or scheduled for high-risk surgery.
Why does the RCRI perform imperfectly in the preoperative
setting?
1. The definitions of the risk factors or risk markers of atherosclerotic disease are dichotomous and not quantified.
2. Postoperative cardiac events were initially scored as clinical end-
points (i.e. complaints, ECG changes, and creatine kinase (CK)/
CK-MB abnormalities). With the introduction of sensitive assays
for myocardial damage (i.e. high-sensitive troponins) the detection of subclinical events is feasible.
The definitions of risk factors and risk markers are based on clinical grounds. Good examples are DM, MI, and heart failure. The
presence of DM is commonly captured as the use of antidiabetic
medication (e.g. insulin). However, a large fraction of patients
with DM before surgery are unaware of their disease. In one study,
patients scheduled for major vascular surgery were screened for
DM (Dunkelgrun et al. 2008). In those patients without a history
of DM, a fasting glucose measurement and an oral glucose tolerance test (OGTT) were performed. In 404 consecutive patients,
new-onset DM was detected in 43 patients (10.6%). Importantly,
preoperative glucose concentrations significantly predicted the risk
for perioperative cardiac ischaemia assessed by Holter monitoring: odds ratios (ORs) for DM 3.2 (95% CI 1.3–8.1). The use of
insulin therapy only as a marker of DM underestimates the burden of DM, and patients unaware of DM have an increased risk of
perioperative ischaemia.
A history of MI and heart failure are important risk factors.
Their presence is scored on medical history. Similar to DM, it was
shown that objective screening increased the number of patients
with risk factors. To detect the presence of LV dysfunction, routine
echocardiography was performed preoperatively in 1005 consecutive vascular surgery patients (Flu et al. 2010). All patients were
screened for the presence of LV dysfunction using New York Heart
Association criteria. Systolic LV dysfunction was defined as LV
ejection fraction less than 50%. In addition to systolic dysfunction, diastolic function was assessed in all patients using the ratio
of mitral-peak velocity during early and late filling, pulmonary

vein flow, and deceleration time. LV dysfunction was diagnosed in
506 (50%) patients of whom 80% were asymptomatic. Importantly,
both asymptomatic systolic and isolated diastolic LV dysfunctions
were associated with 30-day cardiovascular events (OR 2.3, 95% CI
1.4–3.6 and OR 1.8, 95% CI 1.1–2.9, respectively). Flu et al. (2010)
demonstrated that asymptomatic LV dysfunction occurred commonly in vascular surgery patients and was predictive for 30-day
cardiac death and MI. Feringa et al. (2007) studied a cohort of 1092
patients before vascular surgery. All patients underwent routine
dobutamine stress echocardiography (DSE). The prevalence of
unrecognized MI and silent myocardial ischaemia were 23% and
28%, respectively. During follow-up, all-cause mortality occurred
in 45% and major cardiac events in 23% of patients. In multivariate
analysis, unrecognized MI and silent myocardial ischaemia were
significantly associated with increased risk of mortality [hazard
ratio (HR) 1.86, 95% CI 1.53–2.25 and HR 1.74, 95% CI 1.46–2.06,
respectively] and major cardiac events (HR 2.15, 95% CI 1.59–2.92
and HR 1.86, 95% CI 1.43–2.41, respectively). The authors conclude that in patients undergoing major vascular surgery, unrecognized MI and silent myocardial ischaemia are highly prevalent
(23% and 28%) and associated with increased long-term mortality
and major cardiac events.
Clinical risk factors and risk markers play an important role in
the preoperative screening process, providing a cheap and readily
accessible tool, but their discriminative power is limited. How can
we solve this problem? The introduction of objective risk markers
and risk factors could assist. Recently, the use of age as a risk factor
was discussed, but the use of biomarkers and non-invasive testing
could also be of help.
The use of age as a risk factor was assessed in a large number
of patients who underwent surgery (Gupta et al. 2011). Of the
211 410 patients, 1371 (0.65%) developed perioperative MI or cardiac arrest. A large number of risk factors and risk markers were
studied including age, sex, smoking, alcohol use, renal dysfunction, angina, MI, prior coronary revascularization, heart failure,
hypertension, peripheral vascular disease, pulmonary disease, sepsis, liver disease, neurological event or disease (stroke, transient
ischaemic attack), DM, disseminated cancer, chronic corticosteroid
use, weight loss (>10% in the 6 months before surgery), bleeding
disorders, and open wound. In addition, ASA class, functional status, dyspnoea, body mass index, pregnancy, prior operation within
30 days, preoperative transfusion of more than 4 units of packed red
blood cells, neoadjuvant chemoradiation, and emergency surgery
was assessed. The advantage of this large data set was the presence
of a large number of different procedures, including vascular and
emergency surgery. Using multivariate logistic regression analysis,
five predictors of perioperative MI or cardiac arrest were identified: type of surgery, dependent functional status, renal dysfunction, ASA class, and increasing age. The risk model based on the
2007 data set was subsequently validated on the 2008 data set consisting of 257 385 patients. The model performance was very similar between the 2007 and 2008 data sets, with AUCs of 0.884 and
0.874, respectively. The risk factor score, implemented in a risk calculator, performed superiorly to the RCRI score. In the data set the
RCRI yielded a relatively lower C-statistic (0.747). The introduction
of additional risk factors, risk markers, and a large number of different surgical procedures improved preoperative risk prediction.
The discriminative value of risk indices has also been ‘strengthened’ by the addition of non-invasive tests for the assessment of LV

61

Chapter 40

function and CAD. This was evaluated in a study by Beattie et al.
(2006). In 271 082 patients, 22 991 (8.9%) underwent preoperative
stress testing. A propensity analysis was used to reduce important
differences between patients who did or did not undergo preoperative stress testing and assemble a matched cohort (n = 46 120).
Testing was associated with improved 1-year survival (HR 0.92,
95% CI 0.86–0.99, P = 0.03). In an analysis of subgroups defined by
RCRI class, testing was associated with harm in low-risk patients
(RCRI 0 points: HR 1.35, 95% CI 1.05–1.74), but with benefit in
patients who were at intermediate risk (RCRI 1–2 points: HR 0.92,
95% CI 0.85–0.99) or high risk (RCRI 3–6 points: HR 0.80, 95%
CI 0.67–0.97). The benefits of additional testing in patients with
multiple risk factors are explained by changes in perioperative
management, that is, intensified medical therapy and postoperative
surveillance. Ideally, the non-invasive tests should mimic the pathophysiological process of perioperative cardiac events. However, as
half of all cardiac fatalities are related to coronary plaque instability,
tests that focus on ‘fixed’ coronary lesions will not provide the ultimate answer. Even patients with a negative test can experience perioperative cardiac events. Until tests become available that identify
both fixed coronary abnormalities and unstable plaques, we will
have to accept the moderate predictive value of the current tests.
The variation in end-points of adverse postoperative cardiovascular events precludes the comparison of the different risk indices.
Even more importantly, the introduction of ‘soft’ cardiac events
such as pulmonary oedema might be a result of excessive perioperative fluid management, which can never be predicted by using preoperative risk indices. Unfortunately, by studying relatively small
populations, the number of ‘hard’ cardiac events (i.e. cardiac death
and MI) is often insufficient. In order to analyse the predictive
value of a specific risk index, additional ‘soft’ end-points are introduced. This policy might hamper the predictive value of preoperative tests. Postoperative cardiac events defined by the American
College of Cardiology (ACC)/American Heart Association (AHA)
and European Society of Cardiology (ESC) are cardiac death and
non-fatal MI within 30 days of surgery. Additional cardiovascular
events considered are fatal and non-fatal stroke, cardiac arrhythmias, and heart failure. Originally, the World Health Organization
defined MI by a combination of two of three characteristics: typical
symptoms (i.e. chest discomfort), enzyme rise, and a typical ECG
pattern involving the development of Q waves (The Joint European
Society of Cardiology/American College of Cardiology Committee
2000). In 2000, the ESC/ACC modified the criteria defining MI by
measurements of cardiac specific biomarkers, that is, cardiac troponin (cTn) (The Joint European Society of Cardiology/American
College of Cardiology Committee 2000). For postoperative care,
the introduction of cTn was a major improvement, as surgical incisions itself caused CK release, not related to myocardial necrosis.
Although cTn release has become synonymous with cardiac damage, it is important to note that not all release of cTn is related to MI.
Assays of cTn detect coronary syndrome pathologies that cause
myocardial cell death, giving rise to increased cTn T concentrations
that are not the result of MIs. These abnormalities are a challenge for
clinicians confronted with many positive troponins without a clinical explanation. A number of other secondary ischaemic and non-
ischaemic conditions have been identified that also result in cTn
release: (1) a surge of catecholamines inducing increases in myocardial sarcolemmal permeability that might facilitate the release
of cytosolic cTn and dysfunction of myocardial tissue as occurring
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in stroke, sepsis, heart failure, and heavy exercise; (2) renal dysfunction; (3) pulmonary embolism; (4) myocardial contusion; and
(5) states of transient myocardial ischaemia without necrosis as
seen in patients with cardiac arrhythmias.
The widespread use of postoperative cTn measurements, might
detect ‘false-positive’ cTn release (i.e. without evidence of MI).
Well-known pitfalls in the postoperative period leading to ‘false-
positive’ MIs are heart failure as a result of excessive perioperative
fluid management, embolism, and arrhythmias. In order to increase
the sensitivity for the detection of postoperative MI, quantification
of cTn using AUC with serial sampling was studied. In a group of
513 vascular surgery patients, serial cTn sampling was performed
on postoperative days 1, 3, 7, and 30 or at discharge (or both), or
whenever clinically indicated (Winkel et al. 2009). The cTn-AUC
was quantified and divided in tertiles. The study end-point was the
composite of cardiac death and MI within 30 days after surgery.
During the first 30 days after surgery, 19/513 (4%) deaths were as
a result of cardiovascular causes. During the first 30 days after surgery, abnormal cTn concentrations were detected in 81/513 (16%),
and 54 (11%) experienced a MI. When cTn-AUC values were considered, patients with a postoperative ST segment elevation myocardial infarction (STEMI) experienced a significantly higher value
compared with patients with a non-STEMI. Using routine cTn sampling after surgery, and especially high-sensitivity cTn, an increased
number of patients will be labelled as suffering adverse cardiac
events. Repeated measurements will enable the treating physician
to identify the pattern and quantification of cTn release. Patients
with a ‘classic’ increase and decrease of cTn and a large AUC represent a high-risk population, with a poor postoperative outcome.
In addition to the immediate postoperative outcome, perioperative
cardiac events are also associated with adverse long-term outcome.
This has been shown using continuous Holter recording (Raby et al.
1999). Fourteen studies, enrolling 3318 patients (with 459 deaths),
demonstrated that an increased cTn measurement after surgery was
an independent predictor of mortality (OR 3.4, 95% CI 2.2–5.2)
(Levy et al. 2011). An increased cTn measurement after surgery is
an independent predictor of mortality, particularly within the first
year. Monitoring troponin measurements after non-cardiac surgery may allow physicians to better risk stratify and manage their
patients. For the development and evaluation of the consistency of
risk indices, the use of well-defined postoperative cardiac events is
vital. With the introduction of cTn the number of events is likely
to be increased. High-sensitivity cTn assays show great promise for
earlier diagnostic accuracy for detection of MI, leading to an earlier
identification of patients with a perioperative MI. The use of absolute concentration change, instead of relative change, significantly
improves the ability to define an MI. In a large study evaluating
patients with suspected MI, the introduction of absolute change of
cTn concentrations resulted in a clinical sensitivities for MI between
89% and 93% at 2 h after presentation using both cTn T as measured by the Roche high-sensitivity assay and cTn I as measured by
the Siemens sensitive assay (Reichlin et al. 2011). The use of absolute changes of cTn for the diagnosis of a perioperative MI might
be preferred because of the following explanations: the improved
sensitivity of novel cTn assays enabling measurement of very small
amounts of cTn even in the normal range, many patients without a
MI might have low baseline cTn concentrations, and large relative
cTn changes because of non-ischaemic conditions. The introduction of a relative change cut-off value of 113% or 235%, as proposed
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recently, might not be reached in patients with a perioperative MI
and will decrease the diagnostic accuracy of the cTn test. In conclusion, absolute changes of cTn concentrations are to be preferred
for the diagnosis of a perioperative MI. Additional studies are indicated to clarify the interaction with confounders as renal dysfunction and age for the timely diagnosis of perioperative MI.

Preoperative pharmacological therapy
The occurrence of MI during surgery is frequently preceded
by prolonged or recurrent episodes of myocardial ischaemia
(Landesberg et al. 2009). The stress of surgery and anaesthesia may
trigger ischaemia through an imbalance between myocardial oxygen demand and supply; coronary plaque instability, rupture and
thrombosis; arrhythmias; and heart failure. Besides specific risk-
reduction strategies adapted to patient characteristics and the type
of surgery, preoperative evaluation is an opportunity to check and
optimize the control of all cardiovascular risk factors. The strategy of pharmacological therapy is based on secondary prevention
guidelines for atherosclerotic risk factors and risk markers, in order
to improve both immediate postoperative outcome and long-term
survival (Poldermans et al. 2009).

β-blockers
β-blockers are widely used in general practice for secondary prevention of cardiac events in patients with ischaemic heart disease,
heart failure, and arrhythmias, all major risk factors for postoperative cardiac events. The classic concept of the benefit of β-blocking
agents in the perioperative period is via their effect on restoring
the oxygen supply/demand mismatch (Mangano 1990). Myocardial
oxygen demand is reduced by reduced heart rate and myocardial
contractility, while supply is increased through an increased diastolic perfusion time. Additional cardioprotective effects are redistribution of coronary blood flow to the subendocardium, plaque
stabilization, and an increase in the threshold for ventricular
fibrillation.
The first randomized trial evaluating β-blockers was published
by Mangano et al. (1990). A total of 200 patients with known CAD
or established risk factors were enrolled before non-cardiac surgery. Patients were allocated to atenolol orally and intravenously or
placebo in the immediate perioperative period. The effect of therapy was assessed using continuous ECG recordings and survival.
Fewer patients in the atenolol group died in the first 6 months after
hospital discharge (0 vs 8%, P < 0.001), the first year (3% vs 14%,
P = 0.005), and the first 2 years (10% vs 21%, P = 0.019). Although
there was no difference in short-term clinical outcomes, there was
a 50% reduction in ischaemia detected with continuous three-lead
Holter monitoring during the first 48 h after surgery. This might
have been related to the improved late survival. However, the study
excluded patients who died in the immediate postoperative period.
If these patients had been included in the analysis, the difference in
late survival would not have been statistically significant.
In order to assess the effect of β-blockers in a high-risk population, Poldermans et al. (1999) studied a group of 112 patients
selected from a larger cohort of 1351 patients on the basis of high-
risk clinical features and abnormal results on DSE. Patients were
allocated to oral bisoprolol or placebo. Bisoprolol was started
at least 1 week before surgery (range 7–89 days, mean 37 days),
and the dose was titrated aiming at a heart rate of 60 beats min−1.

Bisoprolol was continued after for 30 days. The study showed a 10-
fold reduction in the incidence of perioperative cardiac death and
MI with perioperative bisoprolol use compared with placebo (3.4%
vs 34%; P < 0.001). The cardioprotective effect of bisoprolol was
assessed in patients with multiple risk factors and a positive stress
test. Dunkelgrun et al. (2009) evaluated the effect of β-blockers in a
lower risk population, with an estimated cardiac event rate after surgery between 1% and 6%. This study confirmed that intermediate-
risk participants (n = 533) who received perioperative bisoprolol
titrated to heart rate and blood pressure had a lower incidence of
cardiac death or myocardial infarction at 30 days than did control
participants not receiving this treatment (2.1% vs 6.0%; HR 0.34,
CI 0.17–0.67, P = 0.002).
However, several trials showed no evidence of supporting the use
of perioperative β-blockade. The MAVS (Metoprolol After Vascular
Surgery) trial randomized 496 patients to metoprolol or placebo
starting 2 h before surgery until hospital discharge or a maximum
of 5 days after surgery (Yang et al. 2006). The combined end-point
of death, MI, heart failure, arrhythmias, or stroke at 30 days did
not differ between the metoprolol and the placebo groups (10.2%
and 12% respectively, P = 0.057). In the POBBLE (PeriOperative β-
BLockadE) trial, only low-risk patients (history of ischaemic heart
disease was an exclusion) scheduled for vascular surgery were studied (Brady et al. 2005). In total, 103 patients were randomized to
receive either metoprolol 25 mg or 50 mg or placebo starting the
day before until 7 days after surgery. There was no difference in the
incidence of perioperative cardiovascular events between the placebo and metoprolol groups (34% vs 32%; relative risk (RR) 0.87,
95% CI 0.48–1.55). The duration of hospitalization, though, was
shorter for those patients receiving metoprolol vs placebo (10 days
vs 12 days). The DIPOM (Diabetic Postoperative Mortality and
Morbidity) trial also showed no differences in 30-day morbidity
and mortality (21% vs 20%; P = 0.66) (Juul et al. 2006). In this study,
921 diabetic patients were randomized to 100 mg metoprolol or
placebo started the evening before major non-cardiac surgery.
In a large retrospective cohort study of 782 969 patients undergoing major non-cardiac surgery, a relationship between the effect of
β-blocker use and the patient risk profile was observed (Lindenauer
et al. 2005). β-blocker use was associated with a significant beneficial
effect in high-risk patients but showed no effect or possible harm
in low-risk patients. The authors admitted that their study had a
number of limitations, including a retrospective design and the use
of an administrative database for information regarding risk index
conditions and co-morbidities. In addition, because they assumed
that any patient who received a β-blocker in the first 2 hospital days
was receiving appropriate perioperative treatment, they may have
incorrectly estimated the number of patients who actually received
these drugs as a risk-reduction strategy. For instance, some patients
at low risk could have received β-blockers for treatment of a specific
event, which would be reflected as an increase in event rates for
this group. They also had no data on what medications the patients
received before they were hospitalized or whether the dose was
titrated effectively. The study excluded all patients with congestive heart failure and chronic obstructive pulmonary disease, who
may be candidates for β-blockers in actual practice. In fact, a recent
observational study in patients with severe LV dysfunction suggested that these drugs substantially reduced the incidence of death
in the short term and the long term. Finally, half the surgeries were
non-selective, which makes extrapolation of their risk profile by the
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RCRI difficult, as Lee et al. (1999) excluded patients undergoing
emergency surgery from the cohorts from which they derived and
validated their index criteria.
The Perioperative Ischemic Evaluation (POISE) study was
designed to provide the ultimate answer on perioperative β-blocker
therapy (Devereaux et al. 2008). A total of 8351 patients were randomized to controlled-release oral metoprolol succinate or placebo.
Patients older than 45 years were included if they had known cardiovascular disease, at least three out of seven clinical risk factors,
or should undergo major vascular surgery. The POISE trial initiated randomized treatment of controlled-release metoprolol just
before surgery, and the maximum recommended therapeutic dose
(400 mg) could already be achieved within the first day of surgery.
The primary end-point of cardiac death, MI, or cardiac arrest was
reduced in the metoprolol group, compared with placebo (5.8%
vs 6.9%, HR 0.83, 95% CI 0.70–0.99, P = 0.04). However, the 30%
decrease in non-fatal MI (3.6 vs 5.1%, P = 0.0008) was accompanied
by a 33% increase in total mortality (3.1% vs 2.3%, P = 0.03) and a
two-fold increase risk in stroke (1.0 vs 0.5%, P = 0.0005). Stroke
was associated with perioperative bradycardia, hypotension, and
bleeding in patients randomized to metoprolol with a diseased cerebrovascular tree. Post hoc analysis also showed that hypotension
had the largest population-attributable risk for death and stroke.
The major contributor to the higher mortality rate was sepsis. The
association of β-blocker use with sepsis is difficult to explain. The
authors offered two possible explanations: perhaps β-blocker-
induced hypotension predisposes patients to infection and sepsis,
or perhaps the slower heart rate and lower force of contraction
induced by β-blockers could mask normal responses to systemic
infection, which in turn could delay recognition and treatment or
impede the normal immune response.
Importantly, the aforementioned randomized trials assessing the
effect of β-blocker use in the perioperative period differ in the population of surgical patients at risk. The MAVS trial and DIPOM trial
both included many patients at low risk for complications, while
other studies randomized vascular surgery patients with stress-
induced ischaemia during DSE.
There are also other explanations regarding the divergent results
of the perioperative β-blocker studies that are related to the β-
blocker treatment protocol.
First, the use of a fixed vs individualized dose titrated to the
patient’s heart rate is of significant importance. In a study of 150
patients, Raby et al. (1999) assessed the heart rate threshold for
myocardial ischaemia before surgery using Holter monitoring.
Patients with myocardial ischaemia (n = 26) were then randomized
to receive intravenous esmolol titrated to aiming at tight heart rate
20% less than the ischaemic threshold but greater than 60 beats
min−1 or placebo. Of the 15 patients receiving esmolol, 9 had mean
heart rates below the ischaemic threshold and none experienced
postoperative ischaemia. Four of 11 patients receiving placebo had
a mean heart rate below the ischaemic threshold, and 3 of the 4 had
no postoperative ischaemia. Together, of the 13 patients with heart
rates below the ischaemic threshold, 1 (7.7%) had postoperative
electrocardiogram myocardial ischaemia vs 12 of 13 (92%) patients
with heart rates exceeding the ischaemic threshold. Feringa et al.
(2006) found similar results in a study of 272 patients receiving β-
blocker therapy and undergoing vascular surgery. In that study, it
was shown that higher doses of β-blockers and lower heart rate were
associated with reduced Holter monitoring-detected perioperative
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myocardial ischaemia (HR 2.49, 95% CI 1.79–3.48) and cTn release
(HR 1.53, 95% CI 1.16–2.03). These data suggest that monitoring
of the heart rate and consequent β-blocker dose adjustment is of
critical importance in determining the likelihood that a patient will
receive benefit from β-blockade.
Second, there was a variation in the starting time and duration of
therapy. In contrast to the instant effect on heart rate control, the
effect of β-blockers on plaque stabilization may be achieved only
after prolonged treatment. This can be argued by the pathophysiology of a perioperative MI. The DECREASE I trial showed the largest effect of perioperative β-blocker treatment (Poldermans et al.
1999). In this trial, the mean time between initiation and surgery
was 37 days. In contrast, the DIPOM, POBBLE, and POISE trials
started β-blocker therapy only the day before surgery. As mentioned previously, in the study by Mangano et al. (1990) the benefits
of atenolol were observed in the months after surgery. These supposed long-term beneficial effects of β-blockers were recently confirmed by a pooled analysis of four intravascular ultrasonography
trials showing a decreased progression of coronary atherosclerosis.
Further, withdrawal of β-blocker therapy shortly before surgery,
or in the immediate postoperative period, might contribute to
adverse myocardial effects resulting from a ‘rebound’ effect resulting in increased arterial blood pressure, heart rate, and plasma
noradrenaline concentrations (Hoeks et al. 2006). Redelmeier et al.
(2005) have shown that the long-acting agent atenolol was superior
to the short-acting drug metoprolol when given perioperatively,
probably as the result of acute withdrawal effects from missed doses
of short-acting β-blockers.
β-blockers reduce perioperative ischaemia, but the benefit may be
only in high-risk patients undergoing high-risk surgery. Currently,
the best evidence supports their use in two groups: patients undergoing vascular surgery who have known ischaemic heart disease
or multiple risk factors for it, and patients who are already on
β-blockers.
Results of the use of β-blockers in the real world have been published by Wallace et al. (2010). They reported the effects of the
implementation of a hospital protocol for the addition or continuation of perioperative β-blocker therapy in almost 40 000 patients at
risk for myocardial ischaemia and operated on between 1996 and
2008. A propensity analysis was performed to correct for differences
in clinical characteristics. The addition of perioperative β-blockers
in eligible patients was associated with a significant reduction in
30-day and 1-year mortality. Similar to the DECREASE study population, continuation of existing β-blocker therapy in these patients
also was beneficial, whereas withdrawal was reported to be associated with increased mortality (almost 400% increased 30-day mortality and almost 200% increased 1-year mortality). The favourable
results for perioperative β-blocker therapy should be interpreted
with some caution. For instance, the data were collected over a
period of 12 years, in which a considerable progression of anaesthesiological, medical, and surgical care occurred. For instance the
widespread use of aspirin, statins, and clonidine might have created
a bias in outcome of patients.
Are all β-blockers equal? There is a widespread discussion about
the effect of different β-blocker agents. A meta-analysis, comparing bisoprolol, atenolol, and metoprolol showed comparable
effect of postoperative cardiac events, however, there was a significant difference in the incidence of stroke, in favour of bisoprolol
(Bangalore et al. 2008; Wallace al. 2010). Though all β-blockers are
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considered as cardioselective agents (i.e. β1-receptor selective) the
degree of their selectivity differs considerably. Compared with bisoprolol, metoprolol has a relatively low β1-receptor selectivity and
a higher β2-receptor selectivity. The β1/β2-receptor affinity ratios
range from 13.5 for bisoprolol to 4.7 for atenolol and 2.3 for metoprolol (Poldermans 2009). This might explain some of the adverse
effects observed in patients treated with metoprolol immediately
before surgery. β2-receptor blockade impairs the vasodilation
response in sepsis, reducing the oxygen delivery (Baker 2005). This
was studied in an animal model (Ragoonanan et al. 2009). The vasodilatory dose responses to β-adrenergic agonists were measured
in anesthetized mice before and after acute treatment with metoprolol. Pre-treatment of metoprolol increased the systemic vascular
resistance. This effect might also be responsible for the induction
of cerebral ischaemia by blocking cerebral vasodilation. An animal
study has addressed the effects of metoprolol during acute anaemia
(Mitsakakis and Hare 2010). Without metoprolol, brain oxygenation was preserved during acute anaemia but kidney oxygenation
fell. However, during β-blockade with metoprolol, acute anaemia
led to loss of both cerebral and kidney oxygenation. These data
support the hypothesis that acute administration of metoprolol
can reduce tissue oxygen delivery by impairing the vasodilatory
response to β2-adrenergic agonists (Chen et al. 2005). In addition to
the difference in β2 receptor selectivity of metoprolol and bisoprolol, the metabolism rate of metoprolol differs within the population
(Fux et al. 2005; Lanfear et al. 2006; Shin and Johnson 2007; Zaugg
et al. 2007). Metoprolol is metabolized by the CYP2D6 isoenzyme
of cytochrome P450. There is individual variation in CYP2D6
activity, as a result of inheritance and drug interactions. This difference in metabolism may cause both insufficient and excessive
β-blockade. Among European and American subjects, 5–10% have
reduced function of CYP2D6, leading to increased circulating drug
concentrations of metoprolol. These mechanisms may contribute to
the observed increase in mortality associated with acute administration of metoprolol in perioperative patients.

Statins
Statins are widely prescribed in patients with or at risk for cerebrocardiovascular disease because of their effectiveness in
lowering serum cholesterol concentrations through 3-hydroxy-
3-methylglutaryl coenzyme A reductase inhibition. Reduction of
low-density lipoprotein (LDL) cholesterol is one of the primary
objectives of cerebrocardiovascular disease prevention. Beyond
the lipid-lowering effect of statins alone, evidence suggests that the
more immediate benefits are related to the so-called pleiotropic
effects of statins (Davignon et al. 2004). These pleiotropic effects
are thought to include improved endothelial function, enhanced
stability of atherosclerotic plaques, decreased oxidative stress,
and decreased vascular inflammation. Reduction in inflammation might, independently of patients’ cholesterol concentrations,
prevent destabilization of coronary plaque induced by the stress
of surgery. Anti-inflammatory effects of statins have been confirmed in patients with local inflamed atherosclerotic lesions. In
a randomized trial, two doses of atorvastatin were compared for
anti-inflammatory effect on atherosclerotic lesions using 18F-FDG
uptake assessed by a hybrid positron emission tomography/computed tomography technique as a reference (Ogawa et al. 2004).
After 6 months, the 20 mg atorvastatin group had significant reductions in 18F-FDG uptake compared with baseline in the ascending

aorta (change, −7.9%; P = 0.007) and the femoral artery (change,
−9.9%; P = 0.012). The corresponding changes from baseline were
not statistically significant in the 5 mg group. In addition to the
plaque stability effect, antiplatelet effects are observed with statin
therapy. Platelet reactivity, using ADP-induced platelet aggregation, was assessed after 4 days of statin treatment in patients with
an acute MI (Matetzky et al. 2011). Of 120 patients with an acute
MI, 80 (67%) received statins while 40 (33%) did not. Statins significantly lowered ADP-induced platelet aggregation on the 4th day
(56 ± 18% vs 64 ± 17%, P = 0.02), compared with non-users. The
extent of platelet inhibition was unrelated to patient characteristics,
including lipid profile and type of statin administered. These early
effects of statins may consequently prevent plaque rupture and subsequent MI in the proinflammatory and prothrombotic environment of the perioperative period.
Published trials have provided strong evidence that statins
improve outcome after vascular surgery. Two randomized controlled
clinical trials have been performed. Durazzo et al. (2004) performed
the first prospective randomized controlled trial in a small population carried out at a single centre. One hundred patients scheduled
for vascular surgery were randomized to either 20 mg atorvastatin or placebo. Patients received treatment for 45 days and at least
2 weeks before surgery. On average, statins were prescribed around
1 month before surgery. The outcome of this trial was the combined
end-point of cardiac death, non-fatal MI, stroke, or unstable angina
pectoris. After 6 months, cardiovascular events had occurred in 26%
of the placebo group but only in 8% of the statin group (P = 0.03).
Though not powered to assess 30-day postoperative outcome, there
was a clear trend for the beneficial effect of statins (OR 0.23, 95%
CI 0.09–1.30). Lindenauer et al. (2004) performed a large retrospective cohort study of 780 591 patients undergoing major non-cardiac
surgery at 329 hospitals. The authors concluded that the 70 159 statin
users had a 1.4-fold reduced risk of in-hospital mortality (OR 0.62,
CI 0.58–0.67). The meta-analysis by Hindler et al. (2006) including
the randomized trial of Durazzo et al. and six other observational
studies (n = 5373) demonstrated in the vascular surgery subgroup
that preoperative statin therapy reduced the risk of short-term
mortality significantly by 59% (1.7% vs 6.1%, P <0.001). Although
this confirmed the observed beneficial effect of perioperative statin therapy in large systematic reviews, the authors concluded that
evidence was insufficient to recommend routine statin treatment.
A study by Schouten et al. (2009) was the first adequately powered
randomized controlled trial which could address the role of statins
in the perioperative period. This trial randomized 497 vascular
surgery patients to either fluvastatin extended-release 80 mg once
daily or placebo. The primary end-point was the occurrence of myocardial ischaemia, defined as transient ECG abnormalities, release
of cTn, or both, within 30 days after surgery. The secondary end-
point was the composite of death from cardiovascular causes and
MI. The incidence of the primary end-point in the fluvastatin and
placebo allocated groups respectively was 10.8% vs 19.0% (OR 0.55,
95% CI 0.34–0.88). The incidence of the secondary end-point was
4.8% vs 10.2% (OR 0.47, 95% CI 0.24–0.94). In this study, fluvastatin
therapy was initiated a median of 37 days before the planned vascular surgery. However, in other settings when patients are admitted
on the eve of surgery this time is lacking. Therefore, the question
remains whether acute statin exposure also enhances perioperative
outcome. Data from coronary intervention studies are encouraging. A randomized placebo-controlled trial (n = 668: 338 statin and
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330 placebo) explored the outcome effects of a single loading dose
of statin therapy in elective percutaneous coronary intervention.
A single-dose statin therapy significantly reduced the risk of MI in
this setting (9.5% vs 15.8%; OR 0.56, 95% CI 0.35–0.89, P = 0.014)
(Briguori et al. 2009).
In addition to the cardioprotective effect of statins during surgery,
the outcome of non-cardiac complications was assessed in an observational study from Canada (Le Manach et al. 2011). A total of 1674
patients undergoing aortic surgery were prospectively assessed for
serious adverse events, comparing chronic statin therapy with no
statin therapy. A propensity score and multivariable analysis were
used to compare the two groups. Statin use was associated with an
almost three-fold reduction in the risk of death in patients undergoing major vascular surgery (OR 0.40, 95% CI 0.28–0.59) and an
almost two-fold reduction in the risk of postoperative MI (OR 0.52,
95% CI 0.38–0.71). Statins did not significantly reduce the risk of
pneumonia, multiple organ dysfunction syndrome, and surgical
complications; however, in the case of postoperative multiple organ
dysfunction syndrome (OR 0.34, 95% CI 0.12–0.94) and surgical
complications (OR 0.39, 95% CI 0.17–0.86), reduced mortality was
observed. Obviously, statin therapy cannot prevent surgical complications, but it was associated with an improved outcome, if these
complications occurred in this vascular surgery population.
An important issue in the perioperative setting is the use of concomitant medical treatment. The risk of myopathy might increase
with concomitant drugs that are myotoxic or increase serum statin
concentrations (Schouten et al. 2005). Besides concomitant medication use, numerous other factors such as renal impairment in
the perioperative setting might increase the risk of statin induced
myopathy. Considering that the risk of cardiovascular complications is far greater than the risk of statin-induced myopathy and
rhabdomyolysis in the perioperative period, the potential benefits
of perioperative statin use seem to outweigh the potential hazards.
Immediately after surgery, oral medication is often not feasible
because of bowel dysfunction. Because of the unavailability of an
intravenous formula of statins and the not readily appreciated pleiotropic effects of statins, statin withdrawal is a well-known phenomenon in the immediate postoperative period. From patients
with CAD it is known that sudden withdrawal of statin therapy
can be harmful (Heeschen et al. 2003; Spencer et al. 2004), and it
has been demonstrated in vascular surgery patients that statin discontinuation was associated with an increased risk for postoperative cTn release (HR 4.6, 95% CI 2.2–9.6) and the combination of
MI and cardiovascular death (HR 7.5, 95% CI 2.8–0.1) (Schouten
et al. 2007). This increased postoperative risk associated with the
withdrawal of statins was also observed by Le Manach et al. (2011).
However, in one out of four patients included in the DECREASE
III trial, prescribed extended-release fluvastatin, statins had to be
interrupted for a median of 2 days after surgery, but this did not
result in a significant increase in adverse outcome (adjusted OR 1.1,
95% CI 0.48–2.52) (Schouten et al. 2009). These findings suggest
that statins with a prolonged half-life time or with an extended-
release formula might be preferred and that statins should be
restarted after surgery as soon as possible.
The therapeutic possibility that the cardiovascular protective effects
of perioperative statins might apply to intermediate-risk patients
undergoing non-cardiovascular surgery remains to be determined.
A randomized prospective trial (n = 1066 intermediate cardiac risk surgical patients) showed that, in contrast to β-blockade with bisoprolol,
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statin therapy with fluvastatin did not significantly improve perioperative protection against adverse myocardial outcome (Dunkelgrun
et al. 2009). In this trial, intermediate perioperative risk was defined
as an estimated risk of perioperative cardiac death and MI of 1–6%
based on clinical risk factors and type of surgery. The trial’s primary
end-point was defined as a composite of 30-day cardiac death and MI.
Patients randomized to fluvastatin experienced a lower incidence of
the primary end-point than those randomized to fluvastatin-control
therapy (3.2% vs 4.9% events; HR 0.65, 95% CI 0.35–1.10), but statistical significance was not reached (P = 0.17). This study was, however,
limited by its lack of power.
Besides cardiovascular protection, perioperative statin exposure offers the possibility of renal protection after vascular surgery. A large observational trial, evaluating 2710 vascular surgery
patients of which 27% were on statin therapy, showed that in multivariate analysis, statin exposure significantly improved the incidence of complete renal recovery (OR 2.0, 95% CI 1.0–3.8) (Welten
et al. 2008). In this trial, postoperative kidney injury was defined
as a greater than 10% decrease in creatinine clearance within the
first 48 postoperative hours. Renal recovery was defined as a creatinine clearance greater than 90% of the baseline within the first 72
postoperative hours. The risk of renal injury was similar regardless
of statin exposure (29% vs 25%, OR 1.15, 95% CI 0.9–1.5). Besides
enhancing the recovery of renal function, statin exposure significantly improved long-term survival regardless of changes in renal
function (HR 0.60, 95% CI 0.48–0.75). These results extend the
findings of an earlier study (n = 2126) where it was shown that the
level of renal function is an independent predictor of outcome after
vascular surgery and that this increased outcome risk is reduced
significantly by statin exposure (Welten et al. 2007). A temporary
perioperative decline in renal function remains important because
it is an independent predictor for long-term mortality and chronic
kidney disease. The beneficial effect of statins on postoperative
renal function was confirmed in a large retrospective study including 213 347 patients (Molnar et al. 2011). During the first 14 postoperative days, 1.9% (4020 patients) developed acute kidney injury
and 0.5% (1173 patients) required acute dialysis. Before surgery,
32% of patients were taking a statin. After correction for baseline
characteristics, including type of surgery, statin use was associated
with 16% lower probability of acute kidney injury (OR 0.84, 95% CI
0.79–0.90), 17% lower probability of acute dialysis (OR 0.83, 95%
CI 0.72–0.95), and 21% lower probability of mortality (OR 0.79,
95% CI 0.74–0.85). Propensity score matching produced similar
results. These data suggest that statins may protect against renal
complications after major elective surgery and reduce perioperative mortality. These results are in line with renal protective effect
of statins, observed after contrast exposure in patients admitted for
coronary angiography.

Long-term effects of statins after surgery
As stated previously, patients should live long enough to enjoy the
benefits of the procedure. In vascular surgery patients in particular this is important, as 5-year mortality of patients with critical
limb ischaemia is 50%. Twine and Williams (2011) performed a
meta-analysis to evaluate the effect of statins on late outcome of
patients with an abdominal aortic aneurysm disease. Long-term
postoperative mortality was evaluated. Twelve cohort studies were
selected for inclusion involving 11 933 individuals. Meta-analysis
of four studies examining all-cause postoperative mortality showed
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a significant improvement with statin therapy at 5 years (OR 0.57,
95% CI 0.42–0.79, P < 0.001). The lower mortality rate in statin users
may reflect the known effect of statins in reducing both vascular
and non-vascular mortality. A reduction in serum LDL cholesterol
of 1 mmol L−1 significantly reduced death rates from all vascular
events (OR 0.83, 95% CI 0.79–0.87) and non-vascular causes such
as cancer and respiratory disease (OR 0.88, 95% CI 0.84–0.91) at
1 year in a large meta-analysis of randomized clinical trials.

Side-effects during surgery
The pleiotropic effect of statins might have an effect on haemostasis
during surgery. Hypercholesterolaemia increases platelet aggregation and statins normalize platelet function in familial hypercholesterolaemia. This effect might be related to the type, dose, and
duration of statin therapy. A short 4-week course of pravastatin had
no effect on thromboxane B2 but at 8 and 12 weeks, ADP-induced
platelet aggregation, thromboxane B2, and expression of P-selectin
were all reduced (Williams and Harken 2008). Fluvastatin, like
pravastatin, required a longer pre-treatment period before reduced
platelet procoagulant activity than did simvastatin, and atorvastatin. The effect on haemostasis occurs before the changes in lipid
profile.
Statins have an antithrombotic effect through down-regulation
of the coagulation cascade. A 2011 study warrants concern about
increased blood loss in patients on statins. This study evaluated
the impact of statins on blood loss during robot-assisted radical
prostatectomy and open radical prostatectomy (Truesdale et al.
2011). Patients were categorized as statin-users or non-users at
the time of surgery. A total of 3578 patients underwent prostatectomy for prostate cancer, of whom 676 men were on statin therapy. Patients using statins undergoing open radical prostatectomy
experienced an increased blood loss, compared with non-users.
The change in haematocrit was 20.7% for users vs 18.6% for non-
users, (P < 0.001). In patients undergoing robot-assisted radical
prostatectomy, no difference in blood loss was observed. When
controlling for potential confounders such as age, differentiation of the tumour, surgeon, date of surgery, and prostate-specific
antigen level, statin use was associated with increased blood loss
(P = 0.04).
Which statin should you choose for perioperative care? Statin
therapy (i.e. timing, type and dose) should balance the potential
protective effect and the risk of side-effects. In addition, guidelines
on treatment targets for secondary prevention of atherosclerosis
can be adjusted at discharge, and not necessarily before surgery.
Importantly, it should be realized that perioperative side-effects
might go unnoticed during surgery, as myopathy complaints are
concealed during anaesthesia. The most serious side-effect associated with statins is rhabdomyolysis (Thompson et al. 2003). The
highest risk for this complication was associated with cerivastatin
(3.16 per million prescriptions), which is no longer on the market. The risk for other statins per million prescriptions is as follows: 0.19 for lovastatin, 0.12 for simvastatin and pravastatin, 0.04
for atorvastatin, and 0 for fluvastatin. In the United States, there
are presently six statins available: lovastatin, pravastatin, and simvastatin—all available generically and by brand name; and atorvastatin, lovastatin, and rosuvastatin which are available by brand
name only. The risk for rhabdomyolysis is associated with factors
that increase serum concentrations of statins, such as small body
size, older age, pre-existing renal or hepatic dysfunction, DM,

hypothyroidism, and drugs that interfere with statin metabolism,
such as ciclosporin, antifungal agents, calcium-channel blockers,
and amiodarone. High-dose atorvastatin has been associated with
few side-effects. In 44 atorvastatin trials, adverse events, such as
liver dysfunction and myopathy, occurred with equal frequency
in the placebo group and at each atorvastatin dose (Newman et al.
2003). In contrast, 80 mg of simvastatin is associated with a low but
definitive increased risk of myopathy (0.4%).
In general, rosuvastatin, atorvastatin, and simvastatin are considered to be the most potent statins and fluvastatin, pravastatin,
and lovastatin less potent. For perioperative care no randomized
trials comparing different type, timing, and dose of statins are available. The DECREASE III trial showed a favourable effect of statins
irrespective of baseline LDL cholesterol concentration. In the two
randomized trials using atorvastatin and fluvastatin extended-
release the safety profile was excellent. On theoretical grounds one
could state that a statin for perioperative care should show a clear
pleiotropic effect with a long half-life time to bridge the early non-
oral period immediately after surgery with the lowest incidence of
side-effects, as these might not be noted during surgery. Of the less
potent statins, fluvastatin extended-release and of the more potent
statins, rosuvastatin would be recommended.

Aspirin
Aspirin might have a specific role for the prevention of perioperative MIs by its effects on atherosclerotic plaques and the prevention
of platelet activation during surgery (Mangano et al. 1990). Aspirin
irreversibly inhibits platelet cyclooxygenase-1, thereby blocking the
generation of thromboxane A2, a potent vasoconstrictor and platelet agonist, resulting in decreased platelet aggregation in response
to thrombogenic stimuli such as collagen, adrenaline, and adenosine diphosphate. The benefit of aspirin in patients with symptomatic cardiovascular disease is well established (Antithrombotic
Trialists’ Collaboration 2009). Meta-analyses of randomized trials
have shown that long-term treatment with aspirin reduces the risk
of serious vascular events in a variety of clinical conditions, such as
MI, stable angina, peripheral arterial disease, or atrium fibrillation
(Bartolucci et al. 2011). The preventive role of aspirin in patients
at risk for, but without recognized signs or symptoms of, coronary
or other atherosclerotic disease, is also studied and recommended
in people whose 10-year risk of coronary heart disease is greater
than 10%.
Although antiplatelet agents such as aspirin are adopted worldwide into everyday clinical practice, randomized studies addressing
the efficacy of aspirin in the perioperative period were previously
limited to vascular and cardiac surgery (Lindblad et al. 1993; Taylor
et al. 1999). Substantial data exist regarding aspirin’s protective effect
on early and late saphenous vein bypass patency after coronary
artery bypass grafting. Additional research exists in non-cardiac
vascular surgery. In a randomized trial of 232 patients undergoing
carotid endarterectomy, aspirin was shown to be effective in preventing intraoperative and postoperative stroke, though no effect
on death or MI was noted (Lindblad et al. 1993). An analysis of 11
randomized controlled trials exploring the efficacy of antiplatelet
therapy, mostly with aspirin, on peripheral vascular graft patency
showed a highly significant reduction in occlusion over 19 months
(Taylor et al. 1999). A meta-analysis in 2001 also demonstrated a
reduction in serious vascular events and vascular death in vascular
surgery patients (Robless et al. 2001).
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Few data exist regarding the efficacy of aspirin preventing cardiovascular events in general surgery. The only published randomized
placebo-controlled trial comparing the cardiovascular risk of pre-
procedural aspirin withdrawal against aspirin continuation is the
randomized placebo-controlled trial of Oscarsson et al. (2010).
A total of 220 patients undergoing elective, high-or intermediate-
risk non-cardiac surgery having at least one cardiac risk factor
as defined by the RCRI were enrolled. A significant reduction in
major adverse cardiac events (including MI, severe arrhythmia,
cardiac arrest, or cardiovascular death) within 30 days of surgery was observed in the group receiving aspirin (1.8% vs 9.0%).
There was no difference in severe bleeding complications between
both groups; two patients in the aspirin group undergoing prostatic surgery had bleeding which required reoperation. The surgeons’ assessment of preoperative bleeding tendency did not show
any significant difference between the groups (bleeding tendency
scaled 2 in both groups on a scale of 1 to 5). As during enrolment
new guidelines were published, recommending continuation of
aspirin in the perioperative period, and thus requiring exclusion
of patients with intracoronary stents, the trial ended prematurely.
Furthermore, 90% of patients were taking aspirin before surgery, so
it is impossible to be certain whether the effects seen are a consequence of aspirin treatment or aspirin withdrawal.
The effect of aspirin withdrawal before surgery: several observational studies report on the frequency of aspirin withdrawal preceding cardiovascular events such as MI and stroke. Collet et al. (2000)
investigated 475 consecutive patients, all with MI and all previously
on chronic aspirin for symptomatic CAD. Eleven of these 475 MIs
(2.3%) occurred shortly after aspirin discontinuation. Ferrari et al.
(2005) investigated 1236 consecutive patients with acute coronary
syndromes (500 of them on chronic aspirin). A total of 51 MIs
occurred 10 days (range 8.1–11.9) after aspirin withdrawal (4.1% of
all patients, 10.2% of patients previously on chronic aspirin). Many
cases involved late uncoated-stent thrombosis. Reasons for aspirin
withdrawal included minor surgery, fibroscopy, dental treatment,
bleeding, and non-compliance for recommended treatment. The
third study reported on a cohort of 181 consecutive patients admitted for acute lower limb ischaemia (Albaladejo et al. 2004). Eleven
of these patients (6.1%) had stopped aspirin recently before the key
event. In the fourth study the frequency of stroke after antiplatelet
drug discontinuation was studied and found that 4.49% of strokes
were related to a recent antiplatelet drug discontinuation (Sibon
and Orgogozo 2004). All cases occurred between 6 and 10 days
after withdrawal, in which the temporal pattern has biological
plausibility because the inhibited platelets circulate in the blood for
about 10 days. These combined studies showed that aspirin withdrawal proceeds up to 10.2% of acute cardiovascular syndromes.
A systematic review of studies of non-adherence or discontinuation
of aspirin in several conditions including surgery in 50 279 subjects
at risk of or with CAD demonstrated that aspirin non-adherence/
withdrawal was associated with a three-fold higher risk of major
adverse cardiac events (OR 3.14, 95% CI 1.8–5.6) (Biondi-Zoccai
et al. 2006). Available guidelines on perioperative management of
antiplatelet therapy are scarce.
An increased adherence to these guidelines is to be expected
as more study results become available for aspirin use in general
surgery. The STRATAGEM (Strategy for Managing Antiplatelet
Therapy in the Perioperative Period of Non Coronary Surgery) trial
was completed in December 2008. This was a French multicentre,
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randomized, double-blind, placebo-controlled trial comparing
perioperative low-dose aspirin therapy vs placebo in the perioperative period in patients with documented symptomatic stable
atherothrombotic disease taking antiplatelet therapy and undergoing non-coronary surgery (Mantz et al. 2011). The aim of this
randomized, placebo-controlled trial was to compare the effect of
maintenance or interruption of aspirin before surgery, in terms
of major thrombotic and bleeding events. Study patients enrolled
were those on antiplatelet agents for secondary prevention scheduled for intermediate-or high-risk non-cardiac surgery. Aspirin
(75 mg daily) or placebo was started 10 days before surgery. A total
of 291 patients (n = 145, aspirin group, and n = 146, placebo group)
were enrolled. The most frequent surgical procedures were orthopaedic surgery (52.2%), abdominal surgery (20.6%), and urological
surgery (15.5%). No significant difference was observed either in
the primary outcome score (mean values (sd) = 0.67 (2.05) in the
aspirin group vs 0.65 (2.04) in the placebo group, P = 0.94) or at
day 30 in the number of major complications between groups. This
randomized trial showed no benefit or increased risk of bleeding
of aspirin therapy continuation, nor interruption in patients using
aspirin for secondary cardiovascular prevention therapy.
Recently the results from the POISE-2 trial (PeriOperative
ISchemic Evaluation-2 Trial) were published (Devereaux et al.
2014). POISE-2 was a large international study to test if aspirin and
clonidine can prevent perioperative mortality and non-fatal myocardial infarction in patients undergoing non-cardiac surgery who
are at risk of perioperative cardiovascular events. As patients with
a history of symptomatic cardiovascular disease were included,
who were on aspirin preoperatively, the trial also evaluated the
withdrawal effects instead of purely aspirin effects. The trial separately randomized 10 010 patients at 135 centres in 23 countries to
receive low-dose clonidine (n = 5009) vs placebo (n = 5001) and
low-dose aspirin (n = 4998) vs placebo (n = 5012). The primary
end-point was death or non-fatal MI at 30 days for both randomizations. Clonidine was given as 0.2 mg day−1 2–4 h before surgery
and continued for 72 h after surgery. Aspirin was given as 200 mg
before surgery; postoperative aspirin consisted of 100 mg day−1 for
30 days for patients who had not been on long-term aspirin before
the trial, and 100 mg day−1 for 7 days for patients on previous long-
term aspirin. For aspirin vs placebo, the 30-day HRs (95% CI) for
outcomes included HR 0.99 (0.86–1.15) for death or non-fatal MI;
HR 0.98 (0.84–1.15) for MI; HR 1.23 (1.01–1.49; P = 0.04) for major
bleeding; and HR 0.84 (0.43–1.64) for stroke. Patients randomized
to clonidine did not show a reduction in the primary end-point.
However, an increased risk, HR 1.32 (1.24–1.40), for clinically
important hypotension and an increased risk for clinically important bradycardia, HR 1.49 (1.32–1.69), was noted. In conclusion,
the POISE-2 trial showed that neither aspirin nor low-dose clonidine reduced the composite incidence of death or non-fatal MI
in patients undergoing non-cardiac surgery, regardless of whether
they were already taking aspirin. These findings suggest that it is
probably safe as well to stop aspirin before surgery.
Other studies focused on the safety of aspirin in the perioperative period: Burger et al. (2005) reviewed 41 studies reporting
on 49 590 patients (14 981 on aspirin, 34 609 controls) regarding
periprocedural bleeding risks. Increased blood loss was reported
in non-cardiac surgery including dermatological procedures,
orthopaedic surgery, tonsillectomy, ophthalmological operations,
endoscopic polypectomia, orthopaedic surgery, biopsy procedures,
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urological operations, vascular surgery, and in dermatological surgery. The definition of increased blood loss varied per study. For
example, lid ecchymosis, rectal bleeding and haematuria, the need
for transfusion, or reintervention for bleeding. Most of the listed
studies on aspirin-induced bleeding have low statistical power,
taken together, low-dose aspirin may result in increased frequency
of periprocedural bleeding without an increase in the severity of
bleeding complications or perioperative mortality as a result of
bleeding complications. Possible exceptions were intracranial surgery and prostatectomy, where bleeding-related fatalities after aspirin ingestion were reported. The authors recommend that aspirin
should only be discontinued if the known bleeding risks are similar
or more severe than the observed cardiovascular risks of aspirin
withdrawal.
One large international randomized trial that reported on aspirin
preventing venous thromboembolism in hip surgery gives us some
information on bleeding risks. A group of 13 356 elderly patients
undergoing surgery for hip fracture were randomized to 160 mg
aspirin or placebo to explore the effects on reduction of deep vein
thrombosis and or pulmonary embolism (PEP Trial Collaborative
Group 2000). Allocation to aspirin produced proportional reductions in pulmonary embolism of 43% (95% CI 18–60) and in symptomatic deep vein thrombosis of 29% (95% CI 3–48). Fatal bleeds
including fatal intracranial haemorrhage were rare and similar
in both treatment groups (0.2% in both groups). Gastrointestinal
bleeding requiring transfusion did not significant differ between
groups, but there was a significant excess of less severe gastrointestinal bleeding with a 9 per 1000 excess in the aspirin group
(P = 0.0005). Regarding local complications, there was no difference between the groups. Any postoperative bleeding episode
requiring transfusion occurred in 2.9% patients assigned aspirin
and 2.4% assigned placebo, representing a proportional increase of
24% (95% CI 1–53, P = 0.04). The trial was not set up for the prevention of cardiovascular complications and found no differences
in cardiovascular events.
The role of antiplatelet therapy for the prevention of perioperative
cardiac events remains controversial. The possible antithrombotic
benefits of antiplatelet therapy on perioperative cardiac outcome
should be weighed against the possibly increased bleeding risk of its
use. However, in general, it is recommended to continue antiplatelet therapy throughout the perioperative period.

Angiotensin-converting enzyme inhibitors
Angiotensin-converting enzyme inhibitors (ACEIs) are commonly
prescribed for patients with heart failure or hypertension (Krum
2009). Heart failure is a well-known preoperative risk factor, and
a part of all risk indices. There is a clear trend for an increasing
interest in the risk of heart failure on postoperative outcome. In
an analysis of 38 047 patients in Canada, both ischaemic and non-
ischaemic heart failure were associated with an increased risk of
postoperative mortality of 8.5% and 8.1% respectively (van Diepen
et al. 2011). Interesting, CAD was associated with an adverse event
rate of only 2.3% in the same population. Also after surgery, heart
failure occurs commonly in 1–6% of all patients. The risk is further increased by the presence of pre-existing cardiac conditions
such as CAD, arrhythmias, or valvular heart disease. Risk may
also be increased for patients with DM, renal dysfunction, high-
risk surgery, or when an excessive volume of fluid is administered
intraoperatively.

When prescribing perioperative ACEIs, one should balance the
cardioprotective effect in heart failure patients vs the increased
risk of intraoperative hypotension during anaesthesia induction. ACEIs can intensify the hypotensive effects, as circulating
angiotensin-II plays a key role in maintaining circulating volume
in response to stressors and volume deficits. The effect of ACEI
has been assessed in a population of 511 vascular surgery patients
with a reduced LV function (LV ejection fraction <30%) (Feringa
et al. 2006). Preoperatively, all cardiac risk factors were noted and
the presence and extent of stress-induced ischaemia was assessed
by DSE. The study end-point was postoperative in-hospital mortality. Perioperative use of an ACEI was recorded in 215 (48%)
patients. Stress-induced myocardial ischaemia occurred in 82
patients (16%). Sixty-four patients (13%) died within 30 days after
surgery. Perioperative use of ACEIs (OR 0.33, 95% CI 0.12–0.91),
was significantly associated with a reduced incidence of mortality,
after adjusting for cardiac risk factors and DSE results. In addition
to a cardioprotective effect, ACEI use was associated with a renal
protective effect, preserving glomerular filtration rate in patients
undergoing aortic abdominal aneurysm repair. Hypotension with
ACE inhibition is treatable with sympathomimetics, α-agonists,
and intravenous fluids.
In patients treated with ACEIs for hypertension, medication
is usually stopped before surgery. However, in these patients a
rebound postoperative hypertension can occur. In addition, the
probability of postoperative atrial fibrillation is also increased with
ACEI interruption. Perioperative treatment with ACEIs seems to
have beneficial effects on postoperative outcome. In patients with
LV dysfunction who are in a stable clinical condition, it seems reasonable to continue ACEIs during the perioperative period.

Cardiac management in non-cardiac
surgery
When considering a patient for non-cardiac surgery, a careful preoperative clinical risk evaluation and subsequent risk-reduction
strategies are essential to reduce postoperative complications. To
assist physicians with decision-making, clinical guidelines are
developed. The aim of clinical guidelines is to improve patient care
by providing recommendations about appropriate healthcare in
specific circumstances. Development of clinical guidelines is an
important component in improving quality of care. By translating
the best available scientific evidence into specific recommendations, guidelines can serve as useful tools to achieve effective and
efficient patient care. Additionally, successful perioperative evaluation and management of patients undergoing non-cardiac surgery requires careful teamwork and communication between all
involved healthcare professionals.

Guidelines on perioperative care (ESC/AHA/ACC)
In general, the risk of perioperative complications depends on
the condition of the patient before surgery, the prevalence of co-
morbidities, and the severity, type, and duration of the surgical
procedure. The preoperative cardiac assessment of patients undergoing general surgery is common in the daily practice of internists, cardiologists, pulmonologists, anaesthetists, and surgeons.
Considering the population’s increasing life expectancy, the number of patients undergoing non-cardiac surgery worldwide will be
increasing.

69

Chapter 40

This decision-making process of preoperative evaluation integrates clinical markers, early coronary evaluation, functional capacity, and the type of surgery involved. Patients with documented or
hidden CAD undergoing procedures that are associated with prolonged haemodynamic and cardiac stress are especially prone to
cardiac complications.

Step 1
The first step is the assessment of the urgency of the surgical procedure. Patients with acute life-threatening conditions require
emergency surgical intervention proceeding to surgery as soon
as possible without extensive cardiac risk assessment. Examples
include ruptured aortic aneurysm, acute subdural haematoma
with papilloedema, and life-threatening acute trauma. The clinician should provide recommendations for continuation of cardiac
medication, postoperative surveillance for adverse cardiac events,
and appropriate management of pre-existing cardiac conditions.
Further cardiac evaluation and risk factor management must be
deferred to the postoperative period.
Chronic cardiac medication should be continued (i.e. statins, β-
blockers, ACEIs, and calcium antagonists). Special attention should
be given to antiplatelet therapy in patients with (recently placed)
coronary artery stents. In these patients, the overall theme is to continue antiplatelet medication unless absolutely contraindicated, for
instance, for those procedures in which haemostasis is difficult to
control or carries particular risk. There should always be a balance
between the risk of bleeding and potential benefit of preventing in-
stent thrombosis during surgery.

Step 2 (active cardiac disease)
The next step is the identification of active cardiac disease. This
includes recent (within 30 days) MI and residual ischaemia, unstable angina pectoris, acute heart failure, significant cardiac arrhythmias, and symptomatic valvular heart disease (Box 40.1). In case of
active or unstable cardiac conditions, the patient should be referred
immediately for evaluation and treatment before surgery.

Box 40.1 Unstable cardiac conditions

preoperative assessment and optimization

Step 3 (surgical risk)
Surgical procedures can be classified to be associated with low risk
(<1%), intermediate risk (1–5%), or high risk (>5%) for the development of perioperative adverse cardiac events (cardiac death and
MI) within 30 days after surgery (Table 40.1). Patients undergoing
vascular surgery are generally at higher cardiac risk than patients
undergoing any other type of surgery. If the estimated cardiac risk
of the procedure is low, it is recommended to proceed with the
planned surgical procedure and provide recommendations on lifestyle and medical therapy according to the guidelines to improve
long-term outcome.

Step 4 (functional capacity)
The new guidelines recommend assessment of functional capacity
as a pivotal step in preoperative cardiac risk assessment. Functional
capacity is measured in METs. Poor functional capacity (i.e. <4
METs) is equivalent to the inability to climb more than one flight
of stairs or run a short distance. Patients with a moderate or low
functional capacity are at increased risk of postoperative events. In
these patients, the presence and number of cardiac risk factors in
combination with the risk of the procedure should be considered
for further risk stratification and management. Patients scheduled
for intermediate risk might be scheduled for the procedure if functional capacity is not limited. For a long-term reduction strategy, an
ECG can be performed and appropriate medical therapy (i.e. statin,
low-dose titration of β-blockers, and ACEIs for those with systolic
dysfunction) can be initiated. For those patients with a moderate
or poor functional capacity (<4 METs) scheduled for a high-risk
procedure, the identification of cardiac risk factors is the next step.

Step 5 (clinical cardiac risk factors)
In patients with a moderate or poor functional capacity and undergoing high-risk surgery, risk factors that should be taken into consideration are a history of MI, angina pectoris, DM, renal dysfunction,
a history of transient ischaemic attack or cerebrovascular accident,
and congestive heart failure (Box 40.2). In patients with up to two
clinical cardiac risk factors (intermediate clinical cardiac risk),
statins and low-dose titration of β-blockers is recommended before
surgery and ACEIs for those with systolic dysfunction. Additional
cardiac stress-testing is not recommended in this patient group.

1. MI within 30 days
2. Unstable angina pectoris
3. Acute heart failure
4. Significant cardiac arrhythmias

Table 40.1 Surgical risk estimate
Low < 1%

Breast; dental; endocrine; eye; gynaecological;
reconstructive; orthopaedic—minor (knee
surgery); urological—minor

Intermediate 1–5%

Abdominal; carotid; peripheral arterial angioplasty;
endovascular aneurysm repair; head and neck
surgery; neurological/orthopaedic major (hip and
spine surgery); pulmonary renal/liver transplant;
urological—major

High > 5%

Aortic and major vascular surgery; peripheral
vascular surgery

5. Symptomatic valvular heart disease
6. Recent MI and residual myocardial ischaemia.
Reproduced from Kristensen SD et al. 2014 ESC/ESA Guidelines on non-
cardiac surgery: cardiovascular assessment and management. European
Heart Journal, 2014, Volume 35, Issue 35, pp. 2383–2431, by permission
of the European Society of Cardiology. Data from The Joint European
Society of Cardiology/American College of Cardiology Committee
Myocardial infarction redefined—a consensus document of the Joint
European Society of Cardiology/American College of Cardiology
Committee for the Redefinition of Myocardial Infarction, J Am Coll
Cardiol 2000; 36: 959–969.

Reproduced from Kristensen SD et al. 2014 ESC/ESA Guidelines on non-cardiac
surgery: cardiovascular assessment and management. European Heart Journal,
2014, Volume 35, Issue 35, pp. 2383–2431, by permission of the European Society
of Cardiology.
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Box 40.2 Clinical risk factors
1. Previous MI
2. Angina pectoris
3. Prior MI
4. Heart failure
5. Stroke/transient ischaemic attack
6. Renal dysfunction (serum creatinine > 170 μmol litre−1)
7. Diabetes mellitus requiring insulin therapy.
Reproduced from Kristensen SD et al. 2014 ESC/ESA Guidelines on non-
cardiac surgery: cardiovascular assessment and management. European
Heart Journal, 2014, Volume 35, Issue 35, pp. 2383–2431, by permission
of the European Society of Cardiology. Data from Flu WJ, van Kuijk JP,
Hoeks SE, Kuiper R, Schouten O, Goei D, Elhendy A, Verhagen HJ,
Thomson IR, Bax JJ, Fleisher LA, Poldermans D. Prognostic implications
of asymptomatic left ventricular dysfunction in patients undergoing
vascular surgery. Anesthesiology 2010; 112: 1316–24.

Step 6 (additional non-invasive testing)
The need for additional non-invasive testing depends on the sum
of clinical cardiac risk factors and the type of surgery the patient is
scheduled for. If patients have three or more clinical risk factors and
are scheduled for high-risk surgery, non-invasive stress-testing is
recommended. In selected cases one might also consider additional
cardiac testing as a means of patient counselling. If cardiac stress-
testing shows no, or only mild, stress-inducible myocardial ischaemia, additional invasive testing is not recommended and patients
can proceed with the planned surgical procedure. It is probably
recommended that these patients should be prescribed statins and
low-dose titration of β-blockers before surgery, and those with systolic dysfunction should have additional ACEIs.
Patients with extensive stress-inducible myocardial ischaemia
represent a population who require an individualized approach,
taking into account the very high cardiac risk of the planned surgical procedure and the possible harms of not performing surgery
(e.g. risk of rupture in abdominal aortic aneurysm). Optimal medical treatment including β-blockers and statins may not provide
sufficient cardioprotection. If preoperative revascularization is considered after multidisciplinary consultation, it must be taken into
account that the surgical procedure must be postponed at least 2
weeks for balloon angioplasty, 3 months for bare-metal coronary
stent placement, and several months for drug-eluting coronary
stent placement.

Guideline implementation
Until this point, we have summarized the most important points
for perioperative cardiac risk reduction. Preoperative management aims at optimizing the patient’s condition by identification
and modification of underlying cardiac risk factors and diseases.
Systemic medical therapy with β-blockers and statins remains currently one of the cornerstones of individualized perioperative management. It should be realized that the preoperative screening of
patients does not only offer a unique opportunity to modify the

perioperative cardiac risk of patients but also provides us with a
golden opportunity to modify the long-term cardiac risk of our
patients.
Development of clinical guidelines is important for improving
quality of patient care by providing recommendations about appropriate healthcare in specific circumstances. Importantly, guideline
development needs to be completed by evidence-based implementation which should ultimately lead to ‘evidence-based clinical practice’. Unfortunately, there is evidence of disparities in risk
factor management among patients with atherothrombotic disease.
The international prospective Reduction of Atherothrombosis for
Continued Health (REACH) Registry demonstrated a substantial gap between guideline recommendation and clinical practice
throughout the atherothrombotic spectrum (Bhatt et al. 2006).
A peripheral arterial disease survey of 711 patients undergoing vascular surgery in the Netherlands showed that a large proportion
of eligible patients do not receive the cardiovascular care recommended in guidelines (Hoeks et al. 2007). The same survey showed
that implementing practice guidelines regarding medication leads
to improved outcome. The discrepancy between daily clinical practice and guideline recommendations indicates the need for more
initiatives improving quality of care in patients undergoing non-
cardiac surgery. Increased efforts should be focused on implementing guidelines in non-cardiac surgery patients. This can potentially
be achieved by implementing disease management programmes
including critical pathways, patient education, and multidisciplinary hospital teams. Programmes such as the ACC Guidelines
Applied in Practice (GAP) and the AHA ‘Get With The Guidelines’
(GWTG) programme are examples of successful quality improvement programmes that are designed to improve guideline adherence through tools and system redesign strategies (Gibbons et al.
2003; Smaha 2004; Hoeks et al. 2010). Developing evidence-based
guidelines alone does not guarantee improved quality of care.
Effective implementation should ensure guideline adherence in
practice and subsequently lead to improved patient outcomes.
To operationalize the recommendations in clinical practice
guidelines, specific performance measures are generated. These are
recommendations from guidelines that are measurable, actionable,
and strongly associated with improved patient outcome. These performance measures are now increasingly used for public reporting
as assessing quality of care is becoming more and more important
in contemporary medical practice. Establishment of accurate and
valid performance measures in non-cardiac surgery is therefore
highly recommended. Guidelines are continuously updated and
consequently ongoing registries are needed to reflect current clinical practice. In this respect, outcome measures can be used as an
instrument to validate the guidelines. After all, the main goal of
guidelines is to improve patient care and subsequent outcomes.
Improvement of patient outcome per hospital can be achieved by
targeting these performance parameters. Creation of institution-
specific performance feedback reports can be of additional value.
Internal (trends over time) and external (comparison with other
institutions) benchmarking can further facilitate improvements of
care. We would like to encourage initiation of such a large, international, multicentre, ongoing registry in patients undergoing non-
cardiac surgery. In combination with effective quality improvement
programmes including critical pathways, continued physician and
patient education, and multidisciplinary hospital teams, the gap
between guidelines and clinical practice can be closed.

671

Chapter 40

Declaration of interest
None declared.

References
Albaladejo P, Geeraerts T, Francis F, Castier Y, Leseche G, Marty J. Aspirin
withdrawal and acute lower limb ischemia. Anesth Analg 2004; 99: 440–3
Antithrombotic Trialists’ (ATT) Collaboration, Baigent C, Blackwell L,
et al. Aspirin in the primary and secondary prevention of vascular disease: collaborative meta-analysis of individual participant data from
randomised trials. Lancet 2009; 373: 1849–60
Baker JG. The selectivity of beta-adrenoceptor antagonists at the human
beta1, beta2 and beta3 adrenoceptors. Br J Pharmacol 2005; 144: 317–22
Bangalore S, Wetterslev J, Pranesh S, Sawhney S, Gluud C, Messerli FH.
Perioperative beta blockers in patients having non-cardiac surgery: a
meta-analysis. Lancet 2008; 372: 1962–76
Bartolucci AA, Tendera M, Howard G. Meta-analysis of multiple primary
prevention trials of cardiovascular events using aspirin. Am J Cardiol
2011; 107: 1796–801
Beattie WS, Abdelnaem E, Wijeysundera DN, Buckley DN. A meta-analytic
comparison of preoperative stress echocardiography and nuclear scintigraphy imaging. Anesth Analg 2006; 102: 8–16
Benarroch-Gampel J, Sheffield KM, Duncan CB, et al. Preoperative laboratory testing in patients undergoing elective, low-risk ambulatory surgery. Ann Surg 2012; 256: 518–28
Bhatt DL, Steg PG, Ohman EM, et al. International prevalence, recognition,
and treatment of cardiovascular risk factors in outpatients with atherothrombosis. JAMA 2006; 295: 180–9
Biondi-Zoccai GG, Lotrionte M, Agostoni P, et al. A systematic review and
meta-analysis on the hazards of discontinuing or not adhering to aspirin
among 50,279 patients at risk for coronary artery disease. Eur Heart J
2006; 27: 2667–74
Brady AR, Gibbs JS, Greenhalgh RM, Powell JT, Sydes MR, POBBLE trial
investigators. Perioperative beta-
blockade (POBBLE) for patients
undergoing infrarenal vascular surgery: results of a randomized double-
blind controlled trial. J Vasc Surg 2005; 41: 602–9
Briguori C, Visconti G, Focaccio A, et al. Novel approaches for preventing or
limiting events (Naples) II trial: impact of a single high loading dose of
atorvastatin on periprocedural myocardial infarction J Am Coll Cardiol
2009; 54: 2157–63
Burger W, Chemnitius JM, Kneissl GD, Rucker G. Low-dose aspirin for secondary cardiovascular prevention—cardiovascular risks after its perioperative withdrawal versus bleeding risks with its continuation—review
and meta-analysis. J Intern Med 2005; 257: 399–414
Chen ZM, Pan HC, Chen YP, et al. Early intravenous then oral metoprolol in
45,852 patients with acute myocardial infarction: randomised placebo-
controlled trial. Lancet 2005; 366: 1622–32
Collet JP, Himbet F, Steg PG. Myocardial infarction after aspirin cessation in
stable coronary artery disease patients. Int J Cardiol 2000; 76: 257–58
Copeland GP, Jones D, Walters M. POSSUM: a scoring system for surgical
audit. Br J Surg 1991; 78: 355–60
Davignon J. Beneficial cardiovascular pleiotropic effects of statins. Circulation
2004; 109: III-39-43
Detsky AS, Abrams HB, Forbath N, Scott JG, Hilliard JR. Cardiac assessment
for patients undergoing noncardiac surgery. A multifactorial clinical
risk index. Arch Intern Med 1986; 146: 2131–34
Devereaux PJ, Mrkobrada M, Sessler DI, et al. Aspirin in patients undergoing
noncardiac surgery. N Engl J Med 2014; 370: 1494–503
Devereaux PJ, Yang H, Yusuf S, et al. Effects of extendedrelease metoprolol
succinate in patients undergoing noncardiac surgery (POISE trial): a
randomised controlled trial. Lancet 2008; 371: 1839–47
Dunkelgrun M, Boersma E, Schouten O, et al. Bisoprolol and fluvastatin for
the reduction of perioperative cardiac mortality and myocardial infarction in intermediaterisk patients undergoing noncardiovascular surgery: a randomized controlled trial DECREASE-IV). Ann Surg 2009;
249: 921–6

preoperative assessment and optimization

Dunkelgrun M, Schreiner F, Schockman DB, et al. Usefulness of preoperative oral glucose tolerance testing for perioperative risk stratification
in patients scheduled for elective vascular surgery. Am J Cardiol 2008;
101: 526–9
Dupuis JY, Nathan HJ, Wynands JE. Clinical application of cardiac risk indices: how to avoid misleading numbers. Can J Anaesth 1991; 38: 1055–64
Durazzo AE, Machado FS, Ikeoka DT, et al. Reduction in cardiovascular
events after vascular surgery with atorvastatin: a randomized trial. J Vasc
Surg 2004; 39: 967–5
Feringa HH, Bax JJ, Boersma E, et al. High-dose beta-blockers and tight heart
rate control reduce myocardial ischaemia and troponin T release in vascular surgery patients. Circulation 2006; 114(1 Suppl): I344–9
Feringa HH, Bax JJ, Schouten O, Poldermans D. Protecting the heart with cardiac medication in patients with left ventricular dysfunction undergoing
major noncardiac vascular surgery. Semin Cardiothor Vasc Anesthesia
2006; 10: 25–31
Feringa HH, Karagiannis SE, Vidakovic R, et al. The prevalence and prognosis of unrecognized myocardial infarction and silent myocardial ischaemia in patients undergoing major vascular surgery. Coron Artery Dis
2007; 18: 571–6
Ferrari E, Benhamou M, Cerboni P, Baudouy M. Coronary syndromes following aspirin withdrawal: a special risk for late stent thrombosis. J Am
Coll Cardiol 2005; 45: 456–9
Flu WJ, van Kuijk JP, Hoeks SE, et al. Prognostic implications of asymptomatic left ventricular dysfunction in patients undergoing vascular surgery. Anesthesiology 2010; 112: 1316–24
Ford MK, Beattie WS, Wijeysundera DN. Systematic review: prediction of
perioperative cardiac complications and mortality by the revised cardiac
risk index. Ann Intern Med 2010; 152: 26–35
Fux R, Morike K, Prohmer AM, et al. Impact of CYP2D6 genotype on
adverse effects during treatment with metoprolol: a prospective clinical
study. Clin Pharmacol Ther 2005; 8: 378–87
Gibbons RJ, Smith S. American College of Cardiology/American Heart
Association. Clinical Practice Guidelines: Part I. Where do they come
from? Circulation 2003; 107: 2979–86
Gilbert K, Larocque BJ, Patrick LT. Prospective evaluation of cardiac risk
indices for patients undergoing noncardiac surgery. Ann Intern Med
2000; 133: 356–9
Goldman L, Caldera DL, Nussbaum SR, et al. Multifactorial index of cardiac
risk in noncardiac surgical procedures. N Engl J Med 1977; 297: 845–50
Gupta PK, Gupta H, Sundaram A, et al. Development and validation of a risk
calculator for prediction of cardiac risk after surgery. Circulation 2011;
124: 381–7
Heeschen C, Hamm CW, Laufs U, Bohm M, Snapinn S, White HD.
Withdrawal of statins in patients with acute coronary syndromes.
Circulation 2003; 107: e27
Hindler K, Shaw AD, Samuels J, et al. Improved postoperative outcomes
associated with preoperative statin therapy. Anesthesiology 2006;
105: 1260–72
Hoeks SE, Scholte op Reimer WJ, Lenzen MJ, et al. Guidelines for cardiac
management in noncardiac surgery are poorly implemented in clinical
practice: results from a peripheral vascular survey in the Netherlands.
Anesthesiology 2007; 107: 537–44
Hoeks SE, Scholte op Reimer WJ, van Urk H, et al. Increase of 1-year mortality after perioperative beta-blocker withdrawal in endovascular and
vascular surgery patients. Eur J Vasc Endovasc Surg 2006; 33: 13–19
Hoeks SE, Stolker RJ, Poldermans D. Closing the gap between guidelines and
practice in perioperative care. Anesthesiology 2010; 113: 510–11
Juul AB, Wetterslev J, Gluud C, et al. Effect of perioperative beta blockade
in patients with diabetes undergoing major non-cardiac surgery: randomised placebo controlled, blinded multicentre trial. BMJ 2006;
332: 1482
Kertai MD, Boersma E, Klein J, et al. Optimizing the prediction of perioperative mortality in vascular surgery by using a customized probability
model. Arch Intern Med 2005; 165: 898–904
Krum H. Optimising management of chronic heart failure. Lancet 2009;
374: 1808–9

671

672

672

Part 6

management of anaesthesia

Landesberg G, Beattie WS, Mosseri M, Jaffe AS, Alpert JS. Perioperative myocardial infarction. Circulation 2009; 119: 2936–44
Lanfear DE, Spertus JA, McLeod HL. Beta2-adrenergic receptor genotype
predicts survival: implications and future directions. J Cardiovasc Nurs
2006; 21: 474–7
Larsen SF, Olesen KH, Jacobsen E, et al. Prediction of cardiac risk in non-
cardiac surgery. Eur Heart J 1987; 8: 179–85
Le Manach Y, Ibanez Esteves C, Bertrand M, et al. Impact of preoperative
statin therapy on adverse postoperative outcomes in patients undergoing vascular surgery. Anesthesiology 2011; 114: 98–104
Lee TH, Marcantonio ER, Mangione CM, et al. Derivation and prospective
validation of a simple index for prediction of cardiac risk of major noncardiac surgery. Circulation 1999; 100: 1043–9
Levy M, Heels-Ansdell D, Hiralal R, et al. Prognostic value of troponin and
creatine kinase muscle and brain isoenzyme measurement after noncardiac surgery: a systematic review and meta-analysis. Anesthesiology
2011; 114: 796–806
Lindblad B, Persson NH, Takolander R, Bergqvist D. Does low-dose acetylsalicylic acid prevent stroke after carotid surgery? A double-blind,
placebo-controlled randomized trial. Stroke 1993; 24: 1125–8
Lindenauer PK, Pekow P, Wang K, Gutierrez B, Benjamin EM. Lipid-lowering
therapy and in-hospital mortality following major noncardiac surgery.
JAMA 2004; 291: 2092–9
Lindenauer PK, Pekow P, Wang K, Mamidi DK, Gutierrez B, Benjamin EM.
Perioperative beta-blocker therapy and mortality after major noncardiac
surgery. N Engl J Med 2005; 353: 349–61
London MJ, Hur K, Schwartz GG, Henderson WG. Association of perioperative beta-blockade with mortality and cardiovascular morbidity following major noncardiac surgery. JAMA 2013; 309: 1704–13
Mangano DT. Perioperative cardiac morbidity. Anesthesiology 1990;
72: 153–84
Mangano DT, Browner WS, Hollenberg M, London MJ, Tubau JF, Tateo
IM. Association of perioperative myocardial ischaemia with cardiac
morbidity and mortality in men undergoing noncardiac surgery. The
Study of Perioperative Ischaemia Research Group. N Engl J Med 1990;
323: 1781–8
Mantz J, Samama CM, Tubach F, et al. Impact of preoperative maintenance or
interruption of aspirin on thrombotic and bleeding events after elective
non-cardiac surgery: the multicentre, randomized, blinded, placebo-
controlled, STRATAGEM trial. Br J Anaesth 2011; 107: 899–910
Matetzky S, Fefer P, Shenkman B, et al. Statins have an early antiplatelet effect
in patients with acute myocardial infarction. Platelets 2011; 22: 103–10
Mitsakakis N, Hare GM. Acute surgical anemia influences the cardioprotective effects of beta-blockade: a single-center, propensitymatched cohort
study. Anesthesiology 2010; 112: 25–33
Molnar AO, Coca SG, Devereaux PJ, et al. Statin use associates with a lower
incidence of acute kidney injury after major elective surgery. J Am Soc
Nephrol 2011; 22: 939–46
Newman CB, Palmer G, Silbershatz H, Szarek M. Safety of atorvastatin
derived from analysis of 44 completed trials in 9,416 patients. Am J
Cardiol 2003; 92: 670–6
Ogawa M, Ishino S, Mukai T, et al. (18)F-FDG accumulation in atherosclerotic plaques: immunohistochemical and PET imaging study. J Nucl Med
2004; 45: 1245–50
Oscarsson A, Gupta A, Fredrikson M, et al. To continue or discontinue aspirin in the perioperative period: a randomized, controlled clinical trial.
Br J Anaesth 2010; 104: 305–12
Owens WD, Felts JA, Spitznagel ELJr. ASA physical status classifications: a
study of consistency of ratings. Anesthesiology. 1978; 49: 239–43
PEP Trial Collaborative Group. Prevention of pulmonary embolism and
deep vein thrombosis with low dose aspirin: Pulmonary Embolism
Prevention (PEP) trial. Lancet 2000; 355: 1295–302
Poldermans D, Bax JJ, Boersma E, et al. Guidelines for pre-operative cardiac
risk assessment and perioperative cardiac management in non-cardiac
surgery: The Task Force for Preoperative Cardiac Risk Assessment
and Perioperative Cardiac Management in Non-cardiac Surgery of the

European Society of Cardiology (ESC) and endorsed by the European
Society of Anaesthesiology (ESA). Eur Heart J 2009; 30: 2769–812
Poldermans D, Boersma E, Bax JJ, et al. The effect of bisoprolol on perioperative mortality and myocardial infarction in high-risk patients undergoing vascular surgery. Dutch Echocardiographic Cardiac Risk Evaluation
Applying Stress Echocardiography Study Group. N Engl J Med 1999;
341: 1789–94
Poldermans D, Schouten O, van Lier F, et al. Perioperative strokes and -
blockade. Anesthesiology 2009; 111: 940–5
Qaseem A, Snow V, Fitterman N, et al. Risk assessment for and strategies to
reduce perioperative pulmonary complications for patients undergoing
noncardiothoracic surgery: a guideline from the American College of
Physicians. Ann Intern Med 2006; 144: 575–80
Raby KE, Brull SJ, Timimi F, et al. The effect of heart rate control on myocardial ischaemia among high-risk patients after vascular surgery. Anesth
Analg 1999; 88: 477–82
Ragoonanan TE, Beattie WS, Mazer CD, et al. Metoprolol reduces cerebral
tissue oxygen tension after acute hemodilution in rats. Anesthesiology
2009; 111: 988–1000
Redelmeier D, Scales D, Kopp A. Beta blockers for elective surgery in elderly
patients: population based, retrospective cohort study. BMJ 2005;
331: 932
Reichlin T, Irfan A, Twerenbold R, et al. Utility of absolute and relative
changes in cardiac troponin concentrations in the early diagnosis of
acute myocardial infarction. Circulation 2011; 124: 136–45
Robless P, Mikhailidis DP, Stansby G. Systematic review of antiplatelet therapy for the prevention of myocardial infarction, stroke or vascular death
in patients with peripheral vascular disease. Br J Surg 2001; 88: 787–800
Schouten O, Boersma E, Hoeks SE, et al. Fluvastatin and perioperative events
in patients undergoing vascular surgery. N Engl J Med 2009; 36: 980–9
Schouten O, Hoeks SE, Welten GM, et al. Effect of statin withdrawal on
frequency of cardiac events after vascular surgery. Am J Cardiol 2007;
100: 316–20
Schouten O, Kertai MD, Bax JJ, et al. Safety of perioperative statin use in
high-risk patients undergoing major vascular surgery. Am J Cardiol
2005; 95: 658–60
Shin J, Johnson JA. Pharmacogenetics of beta-blockers. Pharmacotherapy
2007; 27: 874–87
Sibon I, Orgogozo JM. Antiplatelet drug discontinuation is a risk factor for
ischemic stroke. Neurology 2004; 62: 1187–9
Smaha LA. The American Heart Association Get With The Guidelines program. Am Heart J 2004; 148(5 Suppl): S46–8
Spencer FA, Fonarow GC, Frederick PD, et al. Early withdrawal of statin
therapy in patients with non-ST-segment elevation myocardial infarction: national registry of myocardial infarction. Arch Intern Med 2004;
164: 2162–8
Taylor DW, Barnett HJ, Haynes RB, et al. Low-dose and high-dose acetylsalicylic acid for patients undergoing carotid endarterectomy: a randomised controlled trial. ASA and Carotid Endarterectomy (ACE) Trial
Collaborators. Lancet 1999; 353: 2179–84
The Joint European Society of Cardiology/American College of Cardiology
Committee. Myocardial infarction redefined—a consensus document
of the Joint European Society of Cardiology/American College of
Cardiology Committee for the Redefinition of Myocardial Infarction. J
Am Coll Cardiol 2000; 36: 959–69
Thompson PD, Clarkson P, Karas RH. Statin-associated myopathy. JAMA
2003 289: 1681–90
Truesdale MD, Polland AR, Graversen JA, et al. Impact of HMG-CoA reductase inhibitor (statin) use on blood loss during robot-assisted and open
radical prostatectomy. J Endourol 2011; 25: 1427–33
Twine CP, Williams IM. Systematic review and meta-analysis of the effects of
statin therapy on abdominal aortic aneurysms. Br J Surg 2011; 98: 346–53
van Diepen S, Bakal JA, McAlister FA, Ezekowitz JA. Mortality and readmission of patients with heart failure, atrial fibrillation, or coronary artery
disease undergoing noncardiac surgery: an analysis of 38 047 patients.
Circulation 2011; 124: 289–96

673

Chapter 40

van Klei WA, Bryson GL, Yang H, et al. The value of routine preoperative
electrocardiography in predicting myocardial infarction after noncardiac surgery. Ann Surg 2007; 246: 165–70
Wallace AW, Au S, Cason BA. Association of the pattern of use of perioperative beta-blockade and postoperative mortality. Anesthesiology 2010;
113: 794–805
Welten GM, Chonchol M, Schouten O, et al. Statin use is associated with
early recovery of kidney injury after vascular surgery and improved
long-term outcome. Nephrol Dial Transplant 2008; 23: 3867–73
Welten GM, Schouten O, Chonchol M, et al. Temporary worsening of renal
function after aortic surgery is associated with higher long-term mortality. Am J Kidney Dis 2007; 50: 219–28
Williams TM, Harken AH. Statins for surgical patients. Ann Surg 2008;
247: 30–7

preoperative assessment and optimization

Winkel TA, Schouten O, van Kuijk JP, Verhagen HJ, Bax JJ, Poldermans D.
Perioperative asymptomatic cardiac damage after endovascular abdominal aneurysm repair is associated with poor long-term outcome. J Vasc
Surg 2009; 50: 749–54
Yang H, Raymer K, Butler R, Parlow J, Roberts R. The effects of perioperative beta-blockade: results of the Metoprolol after Vascular Surgery
(MaVS) study, a randomized controlled trial. Am Heart J 2006;
152: 983–90
Zaugg M, Bestmann L, Wacker J, et al. Adrenergic receptor genotype but not
perioperative bisoprolol therapy may determine cardiovascular outcome
in at-risk patients undergoing surgery with spinal block: the Swiss Beta
Blocker in Spinal Anesthesia (BBSA) study: a double-blinded, placebo-
controlled, multicenter trial with 1-year follow-up. Anesthesiology 2007;
107: 33–44

673

674

675

CHAPTER 41

Choice and interpretation
of preoperative
investigations
Robert Jan Stolker and Felix van Lier
Introduction
Appropriate preoperative risk stratification is a challenge for every
physician. On the one hand, considerable improvements have been
made: the perioperative event rate has declined over the past decades as a result of achievements in anaesthesiological and surgical
techniques. However, on the other hand, the number of patients
referred for surgery with an increasing cardiac co-morbidity has
increased, mainly as a result of increasing population age. The
global phenomenon of population ageing will have a major impact
on perioperative management in future years. The ageing of the
world’s population can be seen as an indicator of improving global
health but also requires a change in healthcare towards the elderly
population. Furthermore, the burden of cardiovascular disease will
increase even further in the coming years. It is estimated from primary care data that in the 75-to 84-year age group, 19% of men and
12% of women have some degree of cardiovascular disease (Carroll
et al. 2003). In contrast to the past, major surgical interventions
are increasingly performed in the elderly. Demographics of patients
undergoing surgery show a trend towards a greater number of preoperative risk factors, including increasing age and co-morbidities
(Ferguson et al. 2002). This forces the treating physician to consider
the use of preoperative testing; however, testing should only be performed if the results could have clinical consequences for perioperative management.
In Europe, with an overall population of approximately
500 million, crude estimates of 7 million major surgical procedures are conducted annually. Patients undergoing non-cardiac
surgery are at risk of adverse perioperative and long-term outcomes. Cardiac events, such as myocardial infarction (MI),
arrhythmias, heart failure [congestive heart failure (CHF)],
and cardiac death, are a major cause of perioperative morbidity and mortality in these patients. For example, data from
the PeriOperative ISchaemic Evaluation trial (POISE), which
enrolled 8351 patients undergoing non-cardiac surgery, showed
a perioperative mortality rate of 2.7%, 1.6% had a cardiovascular
death, whereas non-fatal MI was observed in another 4.4% of
the subjects (Devereaux et al. 2008).
The goal of preoperative assessment is to identify patients at high
risk and discuss whether they should be operated on, or undergo an
alternative (percutaneous) procedure with a lower risk profile, or

continue with conservative treatment. The balance between perioperative risk and potential gain in health and quality of life should
be foremost in the decision about an operation. Furthermore, preoperative assessment provides the opportunity to optimize patients
before surgery, adapt intraoperative anaesthetic management, and
monitor and select patients for postoperative treatment at an intensive care or post-anaesthesia care unit.
Preoperative cardiac investigations should provide answers to
physicians’ questions regarding left ventricular (LV) function, (a)
symptomatic coronary artery disease (CAD), heart valve abnormalities, and the presence of arrhythmias.

Pathophysiology of perioperative
cardiac events
In order to fully appreciate the outcomes of preoperative testing, a
good understanding of the pathophysiology of a perioperative cardiac event is mandatory. The highest incidence of perioperative MI
is within the first 3 days after surgery (plus or minus 5%) (Mangano
1990). Unfortunately, the exact underlying mechanism of a perioperative MI is still not clear, but seems to be the same as in other
settings. Coronary plaque rupture, leading to thrombus formation
and subsequent vessel occlusion, is considered to be an important
cause of acute perioperative coronary syndromes. Surgery itself is a
significant stress factor, including a catecholamine surge with associated haemodynamic stress, vasospasm, reduced fibrinolytic activity, platelet activation, and consequent hypercoagulability leading
to an increased risk of plaque rupture. Two retrospective studies
investigated the coronary pathology of fatal MI. As demonstrated
in the autopsy study by Dawood et al. (1996), 55% of the fatal perioperative MIs had direct evidence of plaque disruption defined as
fissure or rupture of plaque and haemorrhage into the plaque cavity.
Similar autopsy results were found in the study of Cohen and Aretz
(1999): a plaque rupture was found in 46% of patient with postoperative MI. It is thought that in the remainder, MIs arose because
of a sustained myocardial supply/demand imbalance as a result of
tachycardia (Dawood et al. 1996; Cohen and Aretz 1999). As the
exact location of an unstable coronary artery plaque in a diseased
coronary artery tree cannot be identified with commonly applied
stress tests, this significantly reduces the prognostic accuracy of
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preoperative testing for the location of the perioperative MI, as 50%
of all fatalities are related to coronary plaque instability.

Goals of preoperative investigations
1. Identify patients at extremely high risk in whom surgery should
be cancelled, or another less hazardous procedure should be
considered.
2. Identify those patients in whom the optimization of medical
therapy or a coronary revascularization before surgery might
reduce the risk of the surgical procedure.
3. Identify those patients in whom invasive and intensive monitoring might reduce the risk of perioperative events.
4. Assess the long-term risk of a future cardiac event.
The first question arising in preoperative investigations is which
patients are at risk for cardiac events? This is an important issue
as patients with a suspected low cardiac risk can be safely operated on without any delay while patients with an increased cardiac
risk could benefit from preoperative risk reduction strategies. In
this context, adequate risk stratification of patients undergoing
non-cardiac surgery is of utmost importance. Several risk indices
have therefore been developed in the past decades for non-cardiac
surgery patients. Goldman et al. (1977) were the first to develop a
multifactorial risk index specifically for perioperative cardiac complications. This risk index was developed in a non-cardiac surgical
population and included nine independent risk factors correlated
with major cardiac complications. The index was subsequently
modified by Detsky et al. (1986), who added the presence of angina
and a remote history of MI to the original model. Nowadays, the
Lee Index is considered by many clinicians and researchers to be
the best currently available cardiac risk prediction model in non-
cardiac surgery (Lee et al. 1999). This risk index was developed in
1999 on a cohort of 2893 consecutive patients who underwent a
wide spectrum of procedures. The Lee Index consists of six independent predictors of major cardiac complications: high-risk surgery, ischaemic heart disease, CHF, cerebrovascular disease, type 1
diabetes mellitus, and renal failure. All factors contribute equally
to the index with each factor assigned 1 point. The incidence of
major cardiac complications in the validation cohort (n = 1422)
was estimated at 0.4%, 0.9%, 7%, and 11% in patients with an
index of 0, 1, 2, or 3 or more points, respectively. Evidence exists
in 108 593 patients undergoing all types of non-cardiac surgery
that this revised cardiac risk index was indeed predictive of cardiovascular mortality but could be substantially improved by adding
age and an extensive description of the type of surgery (C-statistic
improved from 0.63 to 0.85) (Boersma et al. 2005). The Lee Index
was also included in the algorithm of the 2014 European Society
of Cardiology (ESC) and American College of Cardiology (ACC)/
American Heart Association (AHA) guidelines on perioperative
cardiovascular evaluation. Furthermore, it was shown that the preoperative Lee Index is not only an important prognostic factor for
in-hospital outcome but also for late mortality and impaired health
status in patients with peripheral artery disease (Hoeks et al. 2009).

Surgery
The extent of preoperative cardiac evaluation will also depend on
the type and the urgency of surgery in question (Kristensen et al.

2014). Every operation will elicit a stress response to injury. This
response is initiated by tissue injury and mediated by neuroendocrine factors inducing tachycardia and hypertension. Fluid
shifts in the postoperative period add to the surgical stress. This
stress will influence the balance between myocardial oxygen supply and demand. Surgery will also cause alterations in the balance
between prothrombotic and fibrinolytic factors resulting in hypercoagulability (elevation of fibrinogen and other coagulation factors,
increased platelet aggregation and activation, and reduced fibrinolysis) (Nguyen et al. 1998). This is relative to the extent and duration
of the intervention. Other factors that can influence cardiac stress
are blood loss, perioperative fluid shifts, and body core temperature
(Mangano 1990). These may cause haemodynamic changes, cardiac
depression, or both, and are related to an increased cardiac risk.
Initially, the urgency of the surgery determines the extent of
preoperative investigations. In case of emergency and life-saving
operations, such as ruptured abdominal aortic aneurysm or major
trauma, cardiac evaluation will not change the course and result
of the intervention. However, it can influence the management in
the immediate postoperative period. With regard to cardiac risk,
surgical interventions can be divided into high, intermediate-, and
low-risk groups with an estimated event rate of less than 1%, 1–5%,
and higher than 5%, respectively (Kristensen et al. 2014). In case
of non-emergent but urgent surgical conditions, such as bypass
for acute limb ischaemia or treatment of bowel obstruction, cardiac evaluation may influence the perioperative measures taken to
reduce the cardiac risk but will not influence the decision to perform the intervention or allow for prophylactic coronary revascularization. When cardiac risk evaluation in patients scheduled for
elective surgery demonstrates high cardiac risk, less invasive interventions such as peripheral angioplasty instead of infra-inguinal
bypass can be considered. Moreover, the intended surgical intervention can be delayed or cancelled in case of high estimated risk.

Overview of preoperative evaluation
1. Functional capacity
2. LV function: echocardiography, nuclear scan, and biomarkers
3. Coronary artery disease, treadmill or ergometer test, stress echocardiography, nuclear scintigraphy, coronary computed tomography scan, and coronary angiography
4. Valve abnormalities: echocardiography
5. Arrhythmias: electrocardiography and Holter monitoring.

Functional capacity
In modern times, with the widespread availability of high-
technology cardiac imaging devices, assessment of functional
capacity as an initial screening test is often neglected. However,
determination of functional capacity should be considered as the
key step in preoperative cardiac risk assessment. This will inform
the physician of the patient’s ability to tolerate surgical stress.
Functional capacity is expressed in terms of metabolic equivalents
(METs) (Biccard et al. 2005). One MET is equivalent to the energy
expended (or the oxygen used) in sitting and reading (3.5 ml O2
kg−1 min−1). For a 70 kg person, 1 MET is equal to an oxygen consumption of 245 ml min−1. Multiples of the baseline MET value
can then be used to quantify the aerobic demands posed by specific
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activities, as listed in the Duke Activity Status Index. For instance,
walking 100 m at a speed of 3–5 km h−1 or performing normal daily
activities is the equivalent of 4 METs, while climbing two flights of
stairs, running for a short distance, or participating in strenuous
sports represents up to 10 METs.
The inability to climb two flights of stairs (<4 METs) indicates
poor functional capacity and is associated with an increased incidence of postoperative cardiac events. After thoracic surgery, a
poor functional capacity has been associated with an increased
mortality risk [relative risk (RR) 18.7, 95% confidence interval
(CI) 5.9–59] (Biccard et al. 2005). The integration of cardiac and
pulmonary function and the general medical condition offers a
simple and practical screening investigation. These findings were
confirmed in a study of 5939 patients scheduled for non-cardiac
surgery in which the prognostic importance of preoperative functional capacity was measured in METs (Wiklund et al. 2001). When
functional capacity is high, patients have sufficient cardiovascular
reserve to successfully withstand the stress of surgery. The postoperative prognosis is excellent, even in the presence of stable CAD or
risk factors. In this case, perioperative management will rarely be
changed as a result of further cardiac testing and the planned surgical procedure can proceed. On the other hand, when functional
capacity is poor or unknown, the presence and number of risk factors in relation to the risk of surgery will determine preoperative
risk stratification and perioperative management.
The overall theme is that indications for preoperative testing
should be similar to those proposed for patients in the non-surgical
setting with known or suspected CAD. However, with respect to
the preoperative evaluation, additional indications should be considered, such as patient counselling, change of perioperative management in relation to type of surgery, anaesthetic technique, and
long-term prognosis.

Preoperative investigations for left
ventricular function
Preoperative LV echocardiography is one of the most frequently
ordered tests, though the impact on outcome is ill-defined. The test
has major advantages: widespread use, bedside availability, ease of
examination, low cost, and absence of ionizing radiation. However,
there are also limitations of echocardiography; these include a poor
acoustic window in obese patients and inadequate visual assessment of endocardium that obscures the true LV borders. These
limitations can be overcome by the use of contrast agents; however,
this will increase cost and risk, and they can only be administrated
intravenously. The development of three-dimensional echocardiography might overcome the shortcomings of two-dimensional
echocardiography and improve the accuracy and reproducibility of
volumetric measurement of the LV (Vieira et al. 2010).
The prevalence of LV dysfunction is high in the overall population and continues to increase. Furthermore, it is suggested that
the prevalence of patients with symptomatic CHF is similar to the
prevalence of patients with asymptomatic CHF, which may lead
to an underestimation of the extent of heart failure in the general
population (Lenzen et al. 2005). The effect of CHF on postoperative outcome was first described by Kazmers et al. (1988) who concluded that survival rates are reduced in patients with an impaired
(<35%) LV ejection fraction. Historically, CHF is also part of many
different cardiac risk stratification models (Goldman et al. 1977;

Detsky et al. 1986; Lee et al. 1999). Although previous studies
emphasize ischaemic heart disease as the most important risk factor
for perioperative complications, heart failure has been suggested to
be equally important (Lee et al. 1999). Hammil et al. (2008) demonstrated that elderly patients with heart failure who undergo major
non-cardiac surgery have an increased risk of operative mortality
and hospital readmission compared with CAD patients.
There are no randomized trials evaluating the effect of routine
preoperative LV echocardiography on outcome. Recently, data
from a large observational Canadian study, including 264 823
patients, were published. In this study, a minority of patients
(15%, n = 40 084) scheduled for intermediate-to high-risk procedures such as aortic aneurysm repair, hip or knee replacement,
or nephrectomy underwent LV echocardiography within 6 months
before surgery (Wijeysundera et al. 2011). There were major differences among the two groups: those who had LV echocardiography
were generally older men who had greater burdens of co-morbid
disease. They were also more likely to have had specialist consultations, preoperative cardiac stress testing, and more likely to receive
epidural anaesthesia and intraoperative invasive monitoring.
Propensity score methods were used to correct for baseline clinical
and demographic characteristics differences. LV echocardiography
was associated with increases in 30-day mortality (RR 1.14, 95%
CI 1.02–1.27), 1-year mortality (RR 1.07, 95% CI 1.01–1.12), and
length of hospital stay but no difference in surgical site infections
(RR 1.03, 95% CI 0.98–1.06). LV echocardiography was not associated with any difference in mortality among patients who also had
stress testing or among patients at high risk with three or more clinical risk factors. The authors concluded that preoperative LV echocardiography was not associated with improved survival or shorter
hospital stay after major non-cardiac surgery. However, because
of the study design, a retrospective cohort study and not a randomized trial, causality could not be determined, and the reasons for
the association between LV echocardiography and increased mortality remain unclear.
Why does an independent marker of LV dysfunction such as
echocardiography fail to add prognostic information on top of
common clinical cardiac risk variables?
Firstly, LV echocardiography results lead to the initiation of medical therapy, such as β-blockers, angiotensin-converting enzyme
(ACE) inhibitors, and statins (Hernandez et al. 2004). In the general
population, these interventions in patients with LV dysfunction are
associated with an improved outcome. Although there has been no
randomized trial in perioperative care evaluating these interventions in patients with LV dysfunction, observational studies show
an improved outcome in this subpopulation undergoing surgery.
Feringa et al. (2006) concluded that the use of β-blockers in patients
with heart failure undergoing major vascular surgery was associated with a reduced incidence of in-hospital and long-term postoperative mortality. Statins, ACE inhibitors, and aspirin may also
be of benefit in patients with LV dysfunction because these patients
frequently have CAD co-morbidity. This might mask a (small) beneficial effect of testing, if applied to the majority of patients at risk.
Secondly, although echocardiography can identify asymptomatic
LV dysfunction, this information has relatively poor prognostic accuracy on top of clinical data. In a prospective cohort study
of 393 men who had blinded echocardiography before surgery,
Halm et al. (1996) concluded that LV echocardiography did not
provide additional prognostic information beyond known clinical
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risk factors. These results were confirmed in the study of Flu et al.
(2010) which examined the prognostic value of asymptomatic LV
dysfunction using routine LV echocardiography in 1005 consecutive vascular surgery patients. LV dysfunction was diagnosed in 506
(50%) patients of whom 80% were asymptomatic. In open vascular
surgery (n = 649), both asymptomatic systolic and isolated diastolic LV dysfunctions were associated with 30-day cardiovascular
events (RR 2.3, 95% CI 1.4–3.6 and RR 1.8, 95% CI 1.1–2.9, respectively). However, if less stressful procedures (i.e. endovascular
repairs) were considered, only symptomatic heart failure was associated with 30-day cardiovascular events (RR 1.8, 95% CI 1.1–2.9).
Importantly, patients with CHF symptoms experienced a 30-day
cardiac event rate of RR 9.8 (95% CI 2.9–33). These data show that
asymptomatic LV dysfunction is associated with a likelihood ratio
for predicting 30-day cardiac events of only 1.3, compared with 9.8
for symptomatic CHF, which is a known risk factor associated with
an increased risk of postoperative cardiac events.
Thirdly, normal LV resting echocardiography does rule out the
presence of CAD. It is capable of identifying resting wall motion
abnormalities; however, in the absence of a stressor agent such as
exercise or dobutamine, new, stress-induced wall motion abnormalities are missed.
The current guidelines of the ACC/AHA recommend preoperative LV echocardiography only for patients with dyspnoea of
unknown cause or recent worsening of known CHF (Fleisher et al.
2014). These limited, but validated indications for preoperative
resting LV echocardiography are in contrast to its widespread use.

Biomarkers for left ventricular function assessment
Recent studies showed that an increased plasma concentration of
N-terminal pro-B-type natriuretic peptide (NT-proBNP) or B-type
natriuretic peptide (BNP) is associated with adverse postoperative
outcome (Cuthbertson et al. 2007). NT-proBNP is increased in
patients with LV dilatation caused by fluid overload (e.g. CHF and
renal dysfunction), pressure overload (e.g. aortic valve stenosis),
and myocardial ischaemia, which might explain the excellent correlation with adverse postoperative outcome. Feringa et al. (2006)
reported on the prognostic value of NT-proBNP in 170 patients
scheduled for vascular surgery. Patients with NT-proBNP concentrations greater than 533 pg ml−1 had an independent 17-fold
increased risk for postoperative cardiac events, even after adjustment for preoperative dobutamine stress echocardiography (DSE)
results. More recently, the prognostic value of BNP for postoperative cardiac events was compared with the revised cardiac risk index
in a vascular surgery population. In 267 patients, the net reclassification improvement was 38.3% (95% CI 9.3–67.3%) (Biccard and
Naidoo 2011). A meta-analysis confirmed the potential value of
BNP/NT-proBNP for risk stratification for postoperative cardiac
events after non-cardiac surgery. In a total of 5589 patients, the
diagnostic odds ratio (OR) of BNP/NT-proBNP was 4.97 (95% CI
3.06–8.07) for 6-month mortality (Lurati Buse et al. 2011). The corresponding positive predictive value was 0.24 (0.14–0.38) and the
negative predictive value of 0.94 (0.88–0.97). The excellent negative
predictive value in particular offers a unique opportunity to rule
out significant cardiac disease before surgery. Before embracing the
use of BNP/NT-proBNP for preoperative use, we must consider the
potential pitfalls.
Firstly, what are the thresholds of BNP/NT-proBNP before surgery in different patient populations? For instance, interactions are

reported for renal dysfunction, chronic obstructive pulmonary disease (COPD), and BMI. Secondly, which assay is recommended?
For example, an assay with a longer half-life time such as NT-
proBNP compared with BNP? For screening purposes a prolonged
half-life time is preferred, in contrast to intraoperative use in which
immediate responses to haemodynamic changes are preferred.
Thirdly, will the combination of different biomarkers focusing on
different aspects of cardiac events provide additional information?
For instance, will coronary artery inflammation markers such as
C-reactive protein, in addition to thrombosis markers such as
von Willebrand factor, and markers for myocardial damage such
as (high-sensitive) troponins provide us with full insight into the
risk of future cardiac events? Finally, the result of risk modification treatment before surgery might be guided by the biomarker
response, for instance, after the initiation of ACE-inhibitor therapy
before surgery.
The current ESC and ACC/AHA guidelines recommend that
there is too little evidence for NT-proBNP and BNP measurements
for obtaining independent prognostic information for perioperative and late cardiac events. In addition, routine biomarker sampling to prevent cardiac events is not recommended (Fleisher et al.
2014). However, addition of preoperative proBNP values has been
shown to increase the sensitivity and specificity of the Revised
Cardiac Risk Index (Weber et al. 2013).

Preoperative investigations for coronary artery disease
CAD is the most important risk factor for adverse postoperative outcome. When the preoperative risk assessment identifies a
patient with a high cardiac risk, or if there is a suspicion of CAD
upon examination, further cardiac testing is warranted (Kristensen
et al. 2012). Several non-invasive and (non-)exercise stress tests
are available for preoperative risk assessment. The most commonly
used stress test for detecting myocardial ischaemia is the treadmill
or cycle ergometer test. This test provides an estimate of the functional capacity, haemodynamic response, and detects myocardial
ischaemia by ST-segment changes. The accuracy varies widely
among studies (Eagle et al. 1996). However, important limitations
in patients undergoing non-cardiac surgery are the frequently
limited exercise capacity in the elderly, and the presence of claudication, arthrosis, or COPD (Rose et al. 1993). Consequently, non-
physiological stress tests such DSE and dipyridamole myocardial
perfusion scintigraphy (MPS) are recommended in patients with
limited exercise capacity.

Stress agents
Exercise stress is more physiological than pharmacological stress;
however, in many situations it is not feasible. Pharmacological
stress testing is commonly performed by using dobutamine or vasodilator drugs such as adenosine or dipyridamole. Dobutamine is a
synthetic catecholamine with predominantly β1-receptor stimulating properties (Binkley et al. 1991). A graded dobutamine infusion
starting at 5 μg kg−1 min−1 and increasing at 3 min intervals to 10,
20, 30, and 40 μg kg−1 min−1 is the standard for DSE, mimicking
a physical exercise test. During dobutamine infusion, contractility and heart rate increase, leading to increased myocardial oxygen demand. Myocardial ischaemia leading to systolic contractile
dysfunction occurs in regions supplied by haemodynamically significant stenotic coronary arteries (Sicari et al. 2008). Alternatively,
agents with vasodilator properties such as adenosine and
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dipyridamole are used, inducing a vasodilation of the non-diseased
coronary arteries. This results in a reduced perfusion of the affected
coronary arteries, as their capacity to dilate is hampered, and subsequent ischaemia. This effect is also known as the ‘reverse Robin
Hood effect’ (i.e. stealing from the poor to give to the rich).
The diagnostic end-point for the detection of myocardial ischaemia is the induction of a transient change in regional wall motion
during stress, that is, new wall motion abnormalities (NWMAs)
(Sicari et al. 2008). Myocardial ischaemia results in a typical ‘cascade’ of events: coronary flow abnormalities, regional wall motion
abnormalities, and electrocardiographic changes followed by chest
pain complaints. During the test, NWMAs might be detected without electrocardiographic abnormalities (super silent ischaemia) or
chest pain complaints (silent ischaemia). Although vasodilators (i.e.
dipyridamole or adenosine) may have advantages for assessment of
myocardial perfusion, dobutamine is the preferred pharmacological stressor when the test is based on assessment of regional wall
motion abnormalities. Performing stress–rest tests requires careful patient monitoring, access to antidotes to stress agents, and the
presence of an experienced physician.

Dobutamine stress echocardiography
Many reports have demonstrated that DSE predicts perioperative
events in patients undergoing major surgery. The negative predictive value of DSE is high but the positive predictive value is much
lower. Kertai et al. (2005) reported a weighted sensitivity of 85%
(95% CI 74–97%) and a specificity of 70% (95% CI 62–69%) for
DSE in 850 patients from 8 studies. A meta-analysis by Beattie
et al. (2006) analysed the predictive value of pharmacological stress
testing compared with MPS. This report included 25 studies (3373
patients) of mainly dobutamine and several dipyridamole stress
echocardiography. The likelihood ratio of a perioperative event
with a positive stress echocardiogram was 4.09 (95% CI 3.21–6.56).
Side-effects of DSE occur in 12% of the tested population, but
are usually benign and self-limiting once dobutamine infusion
is stopped, or the antidote β-blockers are administrated, or both.
Picano et al. (1994) reported side-effects of 2949 tests: in 341 tests
(12% of the overall population) the test could not be completed
because of complex ventricular tachyarrhythmias (38%); nausea,
headache, or both (20%); hypotension, bradycardia, or both (17%);
supraventricular tachyarrhythmias (12%); hypertension (7%);
and others (6%). Life-threatening complications are rare; an incidence of 0.07% was reported in a total of 64 542 patients (Sicari
et al. 2008).

Myocardial perfusion scintigraphy
MPS is a widely used technique in the preoperative risk assessment
of patients undergoing major surgery (Hoeks et al. 2007). The technique involves intravenous administration of a small quantity of a
radioactive tracer. The detection of CAD is based on a difference in
blood flow distribution through the LV myocardium. These differences in perfusion can be explained by insufficient coronary blood
flow based on coronary stenosis. Currently, a technetium-99m-
labelled radiopharmaceutical is the most widely used tracer. MPS is
used in combination with exercise or pharmacological stress testing
to diagnose the presence of CAD. If there is a decrease or loss in
regional perfusion after maximal vasodilation with, for example,
adenosine, as seen in haemodynamically significant CAD or in
transmural MI, a reduced radiopharmaceutical signal is observed.

Stress and rest MPS are compared for reversible abnormalities.
A positive MPS is associated with an increased risk of perioperative
and postoperative cardiac complications (Shaw et al. 1996). A meta-
analysis by Etchells et al. (2002) investigated the prognostic value of
semi-quantitative dipyridamole MPS for perioperative cardiac risk
in patients undergoing non-cardiac vascular surgery. They included
9 studies, involving a total of 1179 vascular surgery patients, with a
7% cardiac complication rate. One of the most important findings
in this study was that reversible ischaemia in less than 20% of the
myocardial segments did not change the likelihood of perioperative complications. The previously mentioned meta-analysis which
assessed the prognostic value of six diagnostic tests reported a sensitivity of 83% (95% CI 77–89%) and a much lower specificity of
47% (95% CI 41–57%) for MPS (Kertai et al. 2005).
Previous studies indicate that MPS is highly sensitive in predicting cardiac complications; however, the positive predictive value
of MPS remains less satisfactory. A meta-analysis conducted by
Kertai et al. (2005) reported a sensitivity of 83% (95% CI 77–89%)
and a much lower specificity of 47% (95% CI 41–57%) for thalium-
201 MPS to predict perioperative cardiac events. Although MPS
demonstrated lower diagnostic accuracy compared with DSE, the
study authors concluded that MPS is a valuable test for cardiac risk
assessment, especially in patients with contraindications to DSE.
Using several specific analyses, Beattie et al. (2006) concluded that
DSE has a superior negative predictive value in preoperative cardiac assessment compared with MPS. This meta-analysis identified
75 studies of preoperative non-invasive testing, including 25 MPS
and 50 DSE studies involving vascular surgery patients over a 20-
year period. They demonstrated that the likelihood ratio (LR) of
a postoperative cardiac event was higher for DSE (LR 4.09, 95%
CI, 3.21–6.56, P = 0.001) compared with MPS (LR 1.83, 95% CI
1.59–2.1, P = 0.001). Prognostic variables which increase the positive predictive value of future cardiac events are (1) a large defect
size (>20% of the LV), (2) defects in more than one coronary vascular supply region (suggestive of multivessel CAD), and (3) large
numbers of non-reversible defects (even in the supply region of a
single coronary artery).
Although MPS is a diagnostic tool with low specificity, the negative predictive value derived from a normal scan is high in predicting future MI and cardiac death. A meta-analysis by Shaw et al.
(1996) identified the results of 10 articles describing the use of
dipyridamole-thallium-201 in vascular surgery patients in a time
period of 10 years. They concluded that cardiac death and non-fatal
MI was correlated with the positive predictive value of a reversible
thallium-201 defect. Cardiac event rates were low in patients without a history of CAD compared with (1) patients with CAD and a
normal or fixed defect pattern and (2) patients with one or more
thallium-201 redistribution abnormalities [1% (n = 176), 4.8%
(n = 83), and 18.6% (n = 97), P = 0.0001, respectively] (Shaw et al.
1996). Boucher et al. (1985) evaluated 49 patients scheduled for
peripheral vascular surgery and performed dipyridamole-thallium
imaging preoperatively. Half of the patients with thallium redistribution had cardiac events, whereas no events occurred in patients
with a normal scan or with non-reversible defects only. Husmann
et al. (2008) evaluated the diagnostic accuracy of positron emission tomography (PET) [(13-N) ammonia-PET] and single-photon
emission computed tomography (SPECT) (201-TICI-SPECT and
MIBI-SPECT) imaging using coronary angiography as the standard of reference. PET imaging showed a higher sensitivity for
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locating coronary artery stenosis compared with SPECT (95% and
77% respectively); however, no difference in specificity was found
(84% in both groups). In detecting ischaemia, the specificity of PET
was 91% compared with 74% for SPECT.
Preoperative risk assessment with non-invasive stress tests, such
as MPS and DSE, is indicated only in high-risk patients without
unnecessary delay for vascular surgery. The use of dipyridamole,
in both MPS and stress echocardiography, is contraindicated in
patients (1) receiving theophylline treatment, (2) with bronchospasms, (3) with unstable carotid disease, (4) with second-and
third-degree atrioventricular block, and (5) asthmatic patients. DSE
is contraindicated in patients with severe hypertension and relative hypotension (Tilkemeier and Wackers 2006; Sicari et al. 2008).
When choosing between MPS and DSE, the following advantages
are in favour of DSE: (1) higher specificity, (2) higher versatility,
(3) greater convenience, and (4) lower costs. The advantages of
stress perfusion imaging include (1) higher sensitivity, (2) higher
technical success rate, and (3) better accuracy when multiple resting left wall abnormalities are present. All these factors should be
considered when deciding which non-invasive stress tests to use for
preoperative risk stratification.
In the future, a combination of non-invasive coronary angiography and MPS could provide a new non-invasive strategy focusing
on the physiological processes in the LV myocardium as well as the
anatomy.

Myocardial perfusion magnetic resonance imaging
Currently, myocardial perfusion magnetic resonance imaging
(MRI) has not been tested for preoperative cardiac risk stratification. However, perfusion MRI has been shown to assess CAD and
the extent of injury after MI including the ability to discriminate
viable from non-viable zones (Danias et al. 2004). Cardiovascular
MRI protocols focus on wall motion analysis, wall thickness, tissue
characteristics, and perfusion imaging (Underwood 1995; van der
Vaart et al. 2008). Pharmacological protocols with stress perfusion
MRI have been adapted from stress imaging with echocardiography, PET, or SPECT with the use of adenosine, dipyridamole, and
dobutamine. During stress perfusion MRI, the heart is analysed
after administration of gadolinium chelates, which serves as contrast. Gadolinium chelates are large molecules that rapidly diffuse
from the intravascular space into the interstitium and remain in
the extracellular space of the myocardium, provided that the tissue
cell membranes are intact (Vesely and Dilsizian 2008). Gadolinium
clearance from the normal myocardium is a process dependent on
several factors such as (1) the washout rate of gadolinium contrast
from the myocardium, (2) overall cardiac function, (3) renal function, and (4) the administrated dose of gadolinium. Ischaemic areas
appear as areas with delayed and diminished contrast enhancement, although acutely stunned or chronic hibernating myocardium with a decreased function but intact cell membranes do not
show delayed enhancement on MRI.
Nagel et al. (2003) compared cardiovascular magnetic resonance
(CMR) with digital subtraction magnetic resonance (DSMR) in
patients referred for diagnostic coronary angiography and showed
DSMR provided superior sensitivity and specificity, of 89% vs 74%
and 86% vs 70% respectively, in detecting CAD. Normal stress
CMR predicts good prognosis for cardiac death and non-fatal MI,
with an event rate of 0.07% per year over 2 years after a CMR study.
Jahnke et al. (2010) performed combined stress perfusion CMR

and dobutamine stress CMR in a series of 513 patients with known
or suspected CAD and demonstrated a 97.7% rate of survival free
from cardiovascular death or non-fatal MI at 3 years in patients
with normal perfusion CMR. As already noted, pharmacological
protocols with MRI have been adapted from other imaging methods, therefore contraindications towards stress agents are identical.
Tomlinson et al. (2008) propose a pragmatic approach to deciding which test to choose for additional diagnostic information in
viability assessment (Tomlinson et al. 2008). Resource implications
in terms of personnel and cost favour DSE. If resting echo shows
adequate imaging quality and complete wall motion scoring is possible, the proposed next step should be to perform DSE. Conversely,
when image quality derived from resting echo is poor and complete
wall motion scoring is not possible, CMR is the diagnostic tool of
preference. Future studies will have to evaluate the role of stress
CMR in preoperative risk stratification in patients undergoing
major surgery.

Myocardial computed tomography
Since its introduction in the 1960s, direct visualization using coronary angiography has been considered the gold standard for the
diagnosis of CAD. More recently, visualization of atherosclerosis
has been advocated by means of coronary artery calcium scoring (CACS) and multislice computed tomography (MSCT) coronary angiography (Hamon et al. 2006). Coronary artery calcium
is identified as a dense area in the coronary artery of greater than
130 Hounsfield units. Patients are subsequently categorized as having no calcium (total score 0) or low (total score 1–100), moderate
(total score 101–400), and severe (total score > 400) CACS. MSCT
coronary angiography is scored for the presence of obstructive
CAD (Gerber et al. 2009). Both techniques have been used to rule
out CAD in a low-risk population. For instance, in a group of low-
risk patients defined by the Framingham risk score (age, gender,
diabetes mellitus, systolic blood pressure, total cholesterol and
high-density lipoprotein cholesterol concentrations, and smoking
history) both CACS and MSCT coronary angiography showed a
high prevalence of normal coronary arteries in patients with a low
Framingham-risk score (70% and 61%, respectively) (Nucifora
et al. 2009). An increase in the prevalence of a CACS score greater
than 400 (4% low vs 19% intermediate vs 36% high Framingham
risk score), CAD (39% low vs 79% intermediate vs 91% high
Framingham risk score), and obstructive CAD (15% low vs 43%
intermediate vs 58% high Framingham risk score) was observed
across the Framingham risk score categories (P < 0.0001 for all
comparisons). For preoperative evaluation, screening for CAD is
attractive (Pouleur et al. 2007). The MSCT coronary angiography is
recognized as a valuable alternative. Results in the literature show
a high degree of diagnostic accuracy in detecting significant coronary lesions and, particularly, an excellent capability of excluding
them, as a result of negative predictive values ranging from 96% to
99%. By combining information regarding LV function and coronary vessel by MSCT coronary angiography, this test may become a
valuable tool in preoperative risk assessment.

Invasive testing
Coronary angiography is a well-established, invasive diagnostic procedure for the evaluation of cardiac patients. However, in patients
scheduled for non-cardiac surgery there is a paucity of information
focusing on the efficacy of this procedure. Nevertheless, as already
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extensively discussed, the majority of the patients scheduled for
non-cardiac surgery present with underlying ischaemic heart disease. Invasive testing should only be performed if test results will
alter preoperative or perioperative management. In patients with
known CAD, indications for perioperative coronary angiography
and revascularization should be similar to angiography indications
for the non-operative setting.

Prophylactic coronary revascularization
before surgery
The effect of preoperative coronary revascularization was initially
based on retrospective data, evaluating outcome after surgery in
patients who had previously undergone coronary revascularization. In most of the studies, revascularization was performed by
coronary artery bypass graft (CABG) years before surgery, without any knowledge of future non-cardiac surgery. However, implementation of these results in current practice does not work; firstly,
patients are screened immediately before surgery and the time to
surgery is much shorter—weeks instead of years; secondly, revascularization is frequently performed by percutaneous coronary intervention (PCI) with specific complications such as stent thrombosis
during surgery necessitating antiplatelet therapy.
Now, we will attempt to answer the question as to whether immediate preoperative coronary revascularization is beneficial in cardiac stable patients.
Biccard and Rodseth (2009) performed a meta-analysis, including the only two prospective randomized trials (McFalls et al. 2004;
Poldermans et al. 2007). These studies enrolled a total of 7739 high
cardiac risk patients, from which 621 were randomized to receive
preoperative revascularization, or not.
The Coronary Artery Revascularization Prophylaxis (CARP)
trial randomized 510 patients with significant artery stenosis from
5859 screened patients at 18 Veterans Affairs hospitals in the United
States to either revascularization or no revascularization before surgery (McFalls et al. 2004). The main finding of this study was that
there was no difference in the primary outcome of long-term mortality (median follow-up 2.7 years) in patients who underwent preoperative coronary revascularization compared with patients who
received optimized medical therapy (22% vs 23%; RR 0.98, 95% CI
0.70–1.37). To address the issue of generalizability of this trial to
patients with multivessel disease, the CARP investigators studied
the long-term outcome of all screened patients (randomized and
registry) who underwent coronary angiography before vascular
surgery from the original population. No long-term survival benefit was observed in patients with two-and three-vessel disease. In
contrast, in the cohort of 48 patients (4.6%) with left main coronary
artery stenosis, patients who had undergone preoperative revascularization did seem to have an improved 2.5 year survival (84% vs
52%) (Garcia et al. 2008).
In the DECREASE-V pilot study, vascular surgery patients were
evaluated with predominantly three-vessel disease, and similar
findings were obtained (Poldermans et al. 2007). Cardiac-stable,
elective vascular surgery patients were screened for risk factors,
and those with three or more clinical risk factors underwent cardiac stress testing. All patients with extensive stress-induced
ischaemia were randomly assigned for additional revascularization. All patients received optimized medical therapy including β-
blockers aiming at a heart rate of 60–65 beats min−1 and continued
antiplatelet therapy. Of 430 high-risk patients, 101 (23%) showed

extensive ischaemia and were randomly assigned to revascularization (n = 49) or no-revascularization (n = 52). Coronary angiography showed two-vessel disease in 12 (24%), three-vessel disease
in 33 (67%), and left main disease in 4 (8%). Revascularization did
not improve perioperative outcome, the incidence of cardiac death
and MI was 43 vs 33% (OR 1.4, 95% CI 0.7–2.8, P = 0.30). Also, no
benefit during 1-year follow-up was observed after coronary revascularization, 49 vs 44% (OR 1.2, 95% CI 0.7–2.3, P = 0.48).
The two studies differed for the severity of underlying CAD and
the type of stent used for PCI (Biccard and Rodseth 2009). In both
studies, coronary intervention delayed the index surgical procedure.
Both studies recruited elective major vascular surgical patients, but
baseline characteristics for the severity of CAD differed. Eligibility
for coronary revascularization in the CARP trial included coronary
artery stenosis of 70% or higher, with exclusion of patients with left
main stem stenosis of 50% or higher. In the DECREASE-V pilot
study, patients were eligible for randomization if they had extensive
regional wall motion abnormalities, defined as 5 or more ischaemic
segments on a 17-segment DSE test or 3 or more ischaemic walls on
a 6-wall stress MPS. As a result of the inclusion criteria, the patients
recruited in the DECREASE-V pilot study had a higher risk profile
than those in the CARP trial. Sixty-seven per cent of the patients in
the DECREASE-V pilot study revascularization group had three-
vessel CAD in contrast to 31% in the CARP trial. In addition, 8%
of the revascularized patients in DECREASE-V pilot study had significant left main stem disease.
The type of stent used for PCI differed in the two studies. In the
CARP trial, 90% of the patients who had PCIs received bare-metal
stents and none had drug-eluting stents. In the DECREASE-V pilot
study, 30 patients had drug-eluting stents and two patients had
bare-metal stents. In the DECREASE-V pilot study, antiplatelet
therapy (aspirin and clopidogrel) was continued in the perioperative period.
The time from randomization to non-cardiac surgery was significantly increased in the group randomized to coronary revascularization in the CARP trial (median 54 vs 18 days, P < 0.001).
However, there was no difference in the time to non-cardiac surgery between the patients who had preoperative CABG or PCI.
Non-cardiac surgery followed at 50 days [interquartile range (IQR)
35–75] after CABG, 42 days (IQR 22–62) after PCI in the CARP
trial, and 29 days (range 13–65) and 31 days (range 19–39) after
CABG and PCI respectively in the DECREASE-V pilot study.
The meta-analysis concluded that there is no advantage with
pre-emptive revascularization, and there may even be considerable
harm, as preoperative PCI was associated with increased 30-day MI
and the composite end-point of death and MI (Biccard and Rodseth
2009). When comparing CABG and PCI, CABG showed a trend
of less deleterious effects on the composite outcome of death and
non-fatal MI at 30 days when compared with PCI, which was subsequently statistically significant for the late composite outcome.
A post hoc analysis was performed of the CARP trial to test
the impact of preoperative coronary artery revascularization in a
high-risk subset of patients undergoing aortic surgery. The study
cohort was a subset of 109 CARP patients with myocardial ischaemia on nuclear imaging randomized to a strategy of preoperative
revascularization (n = 52) or no revascularization (n = 57) (Garcia
et al. 2008). The clinical indications for vascular surgery were an
expanding aneurysm (n = 62) or severe claudication (n = 47). The
composite end-point of death and MI was determined at 2.7 years
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following randomization. The probability of an event-free survival
after revascularization was 0.65 compared with 0.55 without revascularization (P = 0.08, OR 1.67, 95% CI 0.93–2.99). Although in
the main study no difference was observed after revascularization
compared with no revascularization, there might be subpopulations that benefit from this intervention. Patients scheduled for
high-risk aortic surgery in combination with an abnormal stress
test, especially when showing anterior ischaemia, might benefit
from prophylactic revascularization before surgery.
Another subgroup that might benefit from preoperative revascularization is patients with left main disease. In the CARP trial, left
main coronary artery stenosis was present in 48 (4.6%) patients.
By log-rank test, preoperative revascularization was associated with
improved survival in patients with a left main coronary artery stenoses (0.84 vs 0.52, P <0.01) but not those with either two-vessel (0.80
vs 0.79, P = 0.83) or three-vessel (0.79 vs 0.71, P = 0.15) disease.
In order to test the hypothesis that preoperative revascularization
might have its place in patients with proven CAD, based on routine coronary angiography, Monaco et al. (2009) tested 208 patients
at medium to high risk scheduled for abdominal aortic surgery.
Patients with a revised cardiac risk index higher than 2 points were
randomly allocated to either a ‘selective strategy’ group (Group A),
in whom coronary angiography was performed based on the results
of non-invasive tests, or to a ‘systematic strategy’ group (Group B),
consisting of patients who systematically underwent preoperative
coronary angiography. As expected, the myocardial revascularization rate in Group B was higher than in Group A (58.1% vs 40.1%;
P = 0.01). In-hospital major adverse cardiovascular event rate was
low in both groups without differences; however, late outcome was
improved in patients who underwent revascularization before surgery. The main shortcoming of the study is the information regarding the clinical significance of the lesions. ‘Fixing’ all lesions before
surgery, in the absence of symptoms, might be hazardous. However,
if preoperative non-invasive imaging tests are used, again, the magnitude of the perfusion defects is related to outcome. Similar to
the CARP trial, revascularization seemed to favourably affect late
outcome in patients with large perfusion defects (OR 3.96, 95% CI
0.82–19).
Why does immediate preoperative revascularization fail to
improve immediate postoperative outcome, compared with the
previous reported observational data by Landesburg, Hassan,
Hertzer, Fleisher, Eagle, and colleagues, as well as older prospective
studies by Hertzer and Back, which on the whole showed a reduction in late cardiac mortality (Biccard and Rodseth 2009)? The vast
majority underwent a CABG long before surgery. In contrast to
the two recent studies, patients were included with a recent stent
placement, sub-optimal antiplatelet therapy as a compromise to the
bleeding risk during the procedure, and the stress of the surgical
procedure inducing both stent thrombosis as well as plaque instability. What is the evidence?
The relation between the preoperatively assessed coronary lesion
using non-invasive testing and the location of intraoperative cardiac events has been addressed in post-mortem studies and a study
by Galal et al. (2010). In a group of 54 vascular surgery patients, the
relation between a preoperatively assessed significant culprit lesion
by DSE was matched with intraoperatively observed NWMAs
using transoesophageal echocardiography (TOE). For comparison, a similar 7-segment score of the LV was used in both tests
(i.e. preoperative DSE and intraoperative TOE). During 30-day

follow-up, troponin release occurred in 14 patients (26%), MI in
6 (11%), and cardiac death in 3 (6%). Stress-induced NWMAs
during DSE occurred in 17 patients (31%), whereas intraoperative NWMAs were observed by TOE in 23 patients (43%), κ value
on patient base = 0.65. However, the agreement for location of
NWMAs was poor, κ range = 0.26–0.44. In contrast to the preoperative DSE results for the prediction of the location of the intraoperative ischaemic events was the excellent match of intraoperative
NWMAs with postoperative electrocardiographic locality of MI. In
all six patients who experienced a postoperative MI, the location
of electrocardiographic changes matched with the intraoperatively
observed NWMAs by TOE, whereas in two (33%), there was an
agreement with the preoperatively induced ischaemia during DSE.
These results are in line with previous observational studies investigating the coronary pathology of fatal perioperative MI using
autopsy results. As demonstrated in the autopsy study by Dawood
et al. (1996), 55% of the fatal perioperative MI have direct evidence
of plaque disruption defined as fissure or rupture of plaque and
haemorrhage into the plaque cavity. Similar autopsy results were
found in the study of Cohen and Aretz (1999): a plaque rupture was
found in 46% of patient with postoperative MI.
The effect of antiplatelet therapy on postoperative cardiac events
after stent placement should also be considered. Newly placed stents
are highly thrombogenic as a result of insufficient endothelialization, necessitating vigorous antiplatelet therapy. This therapy can
be tapered down once complete endothelialization has occurred,
though this may take up to 4 years. The current guidelines recommended postponing surgery for at least 6 weeks after bare-metal
stent placement and for more than 1 year after drug-eluting stent
placement. After this time, dual-antiplatelet therapy, aspirin, and
clopidogrel can be replaced by aspirin only, thereby reducing the
risk of postoperative bleeding. However, much debate has ensued
about these intervals. Van Kuijk et al. (2009) assessed the influence
of different time intervals between stenting and surgery and the
use of dual-antiplatelet therapy on the occurrence of perioperative adverse cardiac events. In a retrospective study, 550 patients
were identified: 376 with a drug-eluting stent and 174 with a bare-
metal stent. The following intervals between bare-metal stent placement (<30 days, <3 months, and >3 months) or drug-eluting stent
placement (<30 days, <3 months, 3–6 months, 6–12 months, and
>12 months) and surgery were studied. Cardiovascular events were
noted after surgery, including death, MI, and repeated revascularization. In the bare-metal stent group, the rate of cardiovascular events
during the intervals of less than 30 days, 30 days to 3 months, and
greater than 3 months was 50%, 14%, and 4%, respectively (overall
P < 0.001). In the drug-eluting stent group, the rate of cardiovascular events changed significantly with the interval after PCI (35%,
13%, 15%, 6%, and 9% for patients undergoing surgery <30 days,
30 days to 3 months, 3–6 months, 6–12 months, and >12 months,
respectively, overall P < 0.001). Of the patients who experienced a
cardiovascular event, 45% and 55% were receiving single-and dual-
antiplatelet therapy at the time of surgery, respectively (P = 0.92).
The risk of severe bleeding in patients with single and dual therapy
at non-cardiac surgery was 4% and 21%, respectively (P < 0.001).
There was an inverse relation between the interval from PCI to surgery and postoperative cardiac events. Unfortunately, continuation
of dual-antiplatelet therapy until surgery did not provide complete
protection against cardiovascular events. In a recent prospective
observational study in 5031 patients, brief disruption (for surgery)
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of dual-antiplatelet therapy within a year after PCI was not associated with an increased risk of major adverse events (Mehran et al.
2013). The 2014 ESC/ESA guidelines recommend dual-antiplatelet
therapy for 6 months after new-generation drug-eluting stent
implantation (Kristensen et al. 2014). After third-generation stents
even a 3-month period can be considered.
The concept of the beneficial effect of preoperative coronary
revascularization has changed over the past years after the results of
two prospective randomized studies were published (McFalls et al.
2004; Poldermans et al. 2007; Biccard and Rodseth 2009). Similar to
the finding in the general, non-surgical population, is that revascularization is not superior to optimal medical management in reducing the incidence of postoperative death or MI. The improvement
in outcome of revascularization should be assessed in addition to
improvements in medical, anaesthesiological, and surgical care.
Given the potential detrimental effects of stent use during surgery,
coronary revascularization should be reserved only for those with
proven effect (i.e. left main disease), and probably patients scheduled for high-risk surgery with extensive stress-induced ischaemia.

about the functional capacity (Moonesinghe et al. 2011). As discussed previously, patients with a good functional capacity have a
low risk for perioperative cardiac events, even in the presence of
risk factors for CAD. However, for preoperative testing, the use of
exercise ECG is debated. In a prospective study, 200 patients underwent preoperative exercise testing (Carliner et al. 1985). The test
response was positive for ischaemia in 32 patients (16%), equivocal in 11 patients (5.5%), and negative in 157 patients (78.5%).
Although postoperative cardiac events were more common in those
with exercise-induced ischaemia or an equivocal test (27% vs 14%),
preoperative exercise testing added no additional prognostic value
on top of clinical risk scores. Overall, preoperative exercise testing
has a high negative predictive value, 91–100%, but a low positive
predictive value of 0–81%. For patients scheduled for exercise ECG,
adequate physical exercise capacity is a prerequisite. However, as
shown in the study of Rose et al. (1993), a lack of physical exercise
capacity hampers the diagnostic value of the test as a result of the
inability to reach an ischaemic threshold.

Electrocardiography

In 2012, the Vascular Events in Non-cardiac Surgery Patients
Cohort Evaluation (VISION) study reported the relation between
fourth-generation troponin concentrations within 3 days after
non-cardiac surgery and 30-day mortality (Devereaux et al. 2012).
There was a strong relation between troponin concentrations above
the 95th percentile and 30-day mortality. Furthermore, ranges of
troponin concentrations considered as high–normal were already
associated with an increased mortality rate. Moreover, preoperative
troponin concentrations were associated with long-term mortality and added incremental prognostic information to the revised
cardiac risk index (Nagele et al. 2013; Weber et al. 2013). The addition of preoperative troponin concentrations increased sensitivity
and specificity of the revised cardiac risk index (Weber et al. 2013).
A small matched controlled study showed a clear benefit of treating patients with elevated troponins according to the ACC/AHA
guidelines compared with expectative management (Foucrier
et al. 2014).

The 12-lead ECG is commonly performed as part of cardiac risk
assessment before surgery. In patients with CAD, the preoperative
ECG contains important prognostic information and is predictive
of long-term outcome independent of clinical findings and perioperative ischaemia. However, the ECG may be normal or non-
specific in a patient with either ischaemia or MI. The routine use
of ECG before all types of surgery is subject to increasing debate.
The first study to address this issue randomly assigned 19 557
elective cataract operations to preoperative routine testing or no
testing in addition to a history-taking and physical examination
(Schein et al. 2000). Routine testing included a 12-lead ECG, complete blood count, and measurements of serum electrolytes, urea
nitrogen, creatinine, and glucose. The overall rate of complications
(intraoperative and postoperative events combined) was the same
in the two groups (31.3 events per 1000 operations). There were
also no significant differences between the no-testing group and the
testing group in the rates of intraoperative events (19.2 and 19.7,
respectively, per 1000 operations) and postoperative events (12.6
and 12.1 per 1000 operations). The authors conclude that no benefit
of routine testing was observed in low-risk surgery. A retrospective study investigated 23 036 patients scheduled for 28 457 surgical procedures; patients with abnormal ECG findings had a greater
incidence of cardiovascular death than those with normal ECG
results (1.8% vs 0.3%) (Noordzij et al. 2006). However, in patients
scheduled for low-and intermediate-risk surgery, the absolute difference in the incidence of cardiovascular death between those with
and without ECG abnormalities was only 0.5%.
The ESC guidelines recommend a preoperative ECG for patients
who have risk factor(s) and are scheduled for intermediate-or
high-risk surgery (Kristensen et al. 2014). A preoperative ECG is
not recommended for patients who have no risk factors and are
scheduled for low-risk surgery.

Exercise electrocardiography
Exercise ECG is widely used for the investigation of suspected CAD
in the general population (Noordzij et al. 2006). The sensitivity of
the test for detecting multivessel disease is high, 81%. In addition
to the detection of CAD, the test provides (indirect) information

High-sensitive troponins

Valvular disease
Valvular heart disease is a common finding in patients presenting
for non-cardiac surgery, and can pose a serious risk in the perioperative setting. Differentiation between pathological murmurs and
functional murmurs by medical history and physical examination
is the first step. For further evaluation echocardiographic testing
is commonly ordered. The type (i.e. stenosis vs regurgitation) and
degree of valvular dysfunction, as well as the nature of the planned
surgery, all influence perioperative risk and dictate management.
Aortic stenosis is the most common valvular heart disease in
Europe, particularly among the elderly. Importantly, approximately
50% of patients aged 50 years and older with aortic stenosis have
concomitant coronary heart disease (Soydinc et al. 2006). Severe
aortic stenosis (defined as aortic valve area <1 cm2, <0.6 cm2 m−2
body surface area) constitutes a well-established risk factor for
perioperative mortality and MI. There are few studies evaluating
postoperative outcome in patients with significant aortic valve disease (aortic valve area ≤1.0 cm2). In a group of 32 patients scheduled for surgical repair for hip fracture, no difference in outcome
was observed compared with an age-matched control group (30-
day mortality 6.2 vs 6.8%) (Leibowitz et al. 2009). A group of 108
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patients with moderate (mean gradient 25–49 mm Hg) or severe
(mean gradient ≥50 mm Hg) aortic stenosis were compared with
216 matched controls who underwent non-cardiac surgery between
1991 and 2000 (Kertai et al. 2004). There was a significantly higher
incidence of the cardiovascular events (death and MI) in patients
with aortic stenosis than in patients without aortic stenosis (14%
vs 2%, P < 0.001). This rate of perioperative complications was also
substantially higher in patients with severe aortic stenosis compared
with patients with moderate aortic stenosis (31% vs 11%, P = 0.04).
After adjusting for cardiac risk factors, aortic stenosis remained a
strong predictor of the composite end-point (OR 5.2, 95% CI 1.6–
17). Aortic stenosis is a risk factor for perioperative mortality and
non-fatal MI, and the severity of aortic stenosis is highly predictive
of these complications. In line with previous observations, aortic
valve stenosis carries a 17% risk of cardiac complications and 13%
cardiac mortality. The ACC/AHA recommends that in patients
with severe aortic stenosis, valve replacement should be considered
before elective surgery (Fleisher et al. 2014). In patients who are not
candidates for valve replacement because of high risk associated
with serious co-morbidities or those who refuse, non-cardiac surgery should be performed only if strictly needed. In these patients,
percutaneous balloon aortic valvuloplasty or valve replacement
may be a reasonable therapeutic option before surgery (Kristensen
et al. 2014).
Non-cardiac surgery can be performed with a relatively low
risk in patients with non-significant mitral stenosis (valve area >
1.5 cm2) and in asymptomatic patients with significant mitral stenosis (valve area < 1.5 cm2) and systolic pulmonary artery pressure
less than 50 mm Hg.
Non-significant aortic regurgitation and mitral regurgitation do
not independently increase risk of cardiovascular complications
during non-cardiac surgery. Patients with severe mitral regurgitation and aortic regurgitation may benefit from optimization of
pharmacological therapy to produce maximal haemodynamic stabilization before high-risk surgery.

Continuous electrocardiographic (Holter) monitoring
During the last decades, studies using continuous ECG monitoring
have improved our understanding of the pathophysiology of perioperative cardiac events. Simultaneous assessment of data on heart
rate, ST-segment changes, and arrhythmias, and in particular their
relation in time during the stress of surgery has created new insights
into the possible prevention of perioperative ischaemia and postoperative cardiac morbidity and mortality. Were cardiac arrhythmias
the cause or the consequence of a MI? Also, the effect of new medication strategies for heart rate control, that is, dosing and timing of
β-blockers, clonidine, and ivabradine, can be evaluated.
Holter monitoring started with the assessment of ischaemia
and related outcome. To determine the prognosis of intraoperative and postoperative ischaemia 115 vascular surgery patients
were studied (Raby et al. 1992). Ambulatory ECG monitoring
started preoperatively, intraoperatively, and up to 72 h postoperatively. Monitor recordings were interpreted for ST-segment
depression. The relative risk of suffering a cardiac event was 2.7
in patients with intraoperative ischaemia and 16 in patients with
postoperative ischaemia. Preoperative and postoperative ischaemia preceded cardiac events in 88% of patients. It was concluded
that preoperative ischaemia identifies high-risk patients. To assess
the late outcome of preoperative myocardial ischaemia, assessed

by ambulatory Holter monitoring, 176 vascular surgery patients
were studied (Raby et al. 1989). Thirty-two patients (18%) had a
total of 75 episodes of myocardial ischaemia, 73 (97%) of which
were asymptomatic. During a mean follow-up period of 615 days,
cardiac death and MI were noted. The sensitivity of preoperative
ischaemia was limited to 55%, the specificity was 87%, the positive predictive value was 38%, and the negative predictive value
was 93%. These data show that preoperative ECG monitoring is
a useful method to detect episodes of myocardial ischaemia for
assessing cardiac risk in patients who undergo elective vascular
surgery. In particular, the absence of ischaemia during monitoring indicates a very low risk.
Initially, data were obtained using continuous 3-lead ECG
recordings. The use of continuous 12-lead ECG with ST trend
monitoring has improved the diagnostic accuracy of the detection
of perioperative ischaemia, using troponin release as a reference
(Landesberg et al. 2002). Studies showed that ischaemia duration,
and not only ischaemia per se, was associated with the absolute troponin release after surgery. By using continuous 12-lead ECG with
ST trend monitoring and troponin-I measurements in the first 3
postoperative days in 185 patients undergoing major vascular surgery, it has been shown that ischaemia was preceded in all cases by
an increase in heart rate.
Cardiac arrhythmias are frequent perioperative cardiovascular
abnormalities in patients undergoing surgery (Katz and Bigger
1970). Their significance must be considered in association with
many other factors, especially the presence and severity of underlying heart disease, as their presence alone is usually of little importance. Risk factors and prognosis of new-onset arrhythmias were
studied in a group of 513 vascular surgery patients without a
history of arrhythmias (Winkel et al. 2010). Cardiac risk factors,
inflammatory status, and LV function (NT-proBNP and ECG) were
assessed. Continuous ECG recordings for 72 h were used to identify ischaemia and new-onset arrhythmias: atrial fibrillation (AF),
sustained ventricular tachycardia, supraventricular tachycardia,
and ventricular fibrillation. New-onset arrhythmias occurred in 55
(11%) of 513 patients: AF, ventricular tachycardia, supraventricular tachycardia, and ventricular fibrillation occurred in 4%, 7%,
1%, and 0.2%, respectively. Continuous ECG showed myocardial
ischaemia and arrhythmias in 17 (3%) of 513 patients. Arrhythmia
was preceded by ischaemia in 10 (18%) of 55 cases. Increased age
and reduced LV function were risk factors for the development
of arrhythmias. Multivariate analysis showed that perioperative
arrhythmias were associated with long-term cardiovascular events,
irrespective of the presence of perioperative ischaemia (OR 2.2,
95% CI 1.3–3.8, P = 0.004).
It is estimated that after surgery, 2–10% of patients develop cardiac arrhythmias, of which AF is the most common form (Amar
2002). AF is facilitated by electrolyte disturbances, hypoxia, and
acidosis. Postoperative AF is associated with a prolonged hospital stay, as well as neurological and cardiac complications and
increased healthcare costs. It is estimated that after cardiac surgery atrial tachyarrhythmias increase costs by $6356 per patient
(Hravnak et al. 2002). Patients with recurrent episodes of preoperative AF are probably at the greatest risk for this adverse outcome.
To date, detection of cardiac arrhythmias is most frequently performed with intermittent or daily ECG monitoring and is based on
patients’ complaints. However, this might be insufficient to detect
the true incidence of new-onset AF and its impact on perioperative
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and long-term outcome after surgery. Therefore, in one study of
409 patients after vascular surgery, those with new-onset AF were
followed up (Winkel et al. 2009). During 20 775 patient-hours of
continuous 12-lead ECG monitoring [65.5 h (range 45.3–85.7) per
patient], 13 (4%) patients developed new-onset AF. In all but one
continuous-ECG recording, new-onset AF occurred postoperatively. A vast majority of patients (80%) were without clinical symptoms. All but three patients with new-onset AF returned to sinus
rhythm at 30 days postoperatively. The incidence of myocardial
ischaemia, assessed by ST-segment changes and troponin release
in patients with new-onset AF, was significantly higher compared
with those without new-onset AF (53% vs 21%, P = 0.01). New-
onset AF was preceded by myocardial ischaemia in half of the
cases. After correcting for risk factors, type, and site of surgery,
multivariate regression analysis showed that new-onset AF was still
associated with perioperative cardiovascular events (hazard ratio
6.0, 95% CI 2.4–15.0, P < 0.001). Patients with new-onset AF had
an almost five-fold increased risk for perioperative cardiovascular
complications. This risk persisted in the first year after surgery as
patients with new-onset AF experienced a four-fold increased risk
for late complications.
The majority of studies performed to detect the impact of AF on
postoperative outcome were performed in patients undergoing cardiothoracic surgery. In these studies, the incidence of new-onset
AF is as high as 40%. In the non-cardiothoracic surgical setting,
the risk for perioperative new-onset AF is significantly lower. As
reported by Christians et al. (2001), the incidence of new-onset
AF in an unselected group of 13 696 patients undergoing elective
non-cardiac surgery was as low as 0.37%. The high incidence of
postoperative new-onset AF after aortic surgery has been reconfirmed by Noorani et al. (2009) in a group of 200 patients. New-
onset postoperative AF deserves attention, as it is associated with a
poor outcome. It warrants a specific evaluation of the cause of AF,
and a more rigorous screening for postoperative AF should be considered. Advanced age was a preoperative predictor of new-onset
AF. As the average age of patients scheduled for vascular surgery
is increasing, the incidence of AF after vascular surgery is likely
to increase. Therefore, development of easy-to-use monitoring
devices, which enable a longer continuous monitoring period, is
important.
Current guidelines do not provide a clear strategy for asymptomatic transient AF after non-cardiac surgery. As stated in the 2014
ACC/AHA/ESC guidelines, administration of atrioventricular-
nodal blocking agents is recommended to achieve rate control
in patients who develop postoperative AF (Fleisher et al. 2014;
Kristensen et al. 2014). β-blockers have the benefit, compared with
calcium channel blockers, that they may accelerate the conversion to sinus rhythm. Furthermore, it is considered reasonable to
(1) treat underlying causes first; (2) restore sinus rhythm by pharmacological cardioversion with amiodarone or flecainide, or electrical cardioversion, or both, in patients who develop postoperative
AF as advised for non-surgical patients, especially if patients are
haemodynamically compromised; (3) administer anti-arrhythmic
medications in an attempt to maintain sinus rhythm in patients
with recurrent or refractory postoperative AF, as recommended
for other patients who develop AF; and (4) administer antithrombotic medication in patients who develop postoperative AF, as
recommended for non-surgical patients. The benefits of anticoagulants must be balanced against the increased bleeding risk in

postoperative patients. Whether these guidelines are also applicable
to patients with transient new-onset postoperative AF remains to
be investigated.
In order to improve the quality and the length of recordings,
an internal loop recorder can be implanted for continuous heart
rhythm monitoring to detect perioperative arrhythmias (Winkel
et al. 2011). This device functions as a 2-lead electrode and can be
left in place for months. In addition to the detection of arrhythmias, the development of new software will enable the detection of
ST-segment changes as well.
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CHAPTER 42

Management of anaesthesia
Iain Moppett
General principles
Safety
The most fundamental role of the anaesthetist is to keep the patient
safe. All of the knowledge and wisdom presented in this textbook
count for little unless the anaesthetist practices safe anaesthesia.
The text that follows must all be read in this context and anaesthetists must always ask themselves whether they are following a safe
course of action. This applies equally to the preoperative, intraoperative, and postoperative phases. For the overwhelming majority
of patients this will involve routine anaesthetic practice, working to
the policies and procedures of the local setting. For some patients,
more complex decision-making and planning will be required,
which will reflect the interplay of patient, surgery, and anaesthesia.

Comfort
Closely coupled with the provision of safe care is comfort for the
patient. Traditionally, this has been defined in terms of analgesia,
anaesthesia, and, where appropriate, amnesia. More recently, the
link between anaesthetic and practice and postoperative complications has been questioned.

Analgesia

involve patients who are responsive to their external environment
during the procedure. With appropriate counselling this appears to
be acceptable to most patients, though the recent UK 5th National
Audit Project (NAP5) results suggested that ‘awareness’ during
sedation may be distressing to some patients (Pandit et al. 2014).

Postoperative complications
With the passage of time, the focus on postoperative complications
has shifted. In the early days of anaesthesia, intraoperative and early
postoperative mortality was of great concern. As anaesthesia and
surgery became safer, quality outcomes such as pain, nausea, and
vomiting received greater prominence. The impact of anaesthesia
technique on healthcare productivity is increasingly recognized,
particularly with the co-development of improved surgical and
anaesthesia techniques to facilitate day-case and short-stay surgery.
Following studies demonstrating associations between postoperative complications and longer-term outcome (Khuri et al. 2005),
there is increased recognition that intra-and early postoperative
management may have far-reaching consequences for the patient.
There is continued debate about the relationship between anaesthesia, surgery, and postoperative cognitive decline, covered in detail
in Chapters 81 and 86.

Most surgical procedures are associated with at least some degree
of pain or discomfort during or after the procedure. The anaesthetist must therefore plan his/her anaesthetic around providing safe
analgesia. Pain is a common and distressing complaint of patients.
European studies (Gramke et al. 2007; Sommer et al. 2008; Rockett
et al. 2013) have demonstrated a prevalence of moderate to severe
postoperative pain in both inpatients and day-surgery patients of
14–40%.

Efficiency

Anaesthesia

Operating room

Anaesthesia, complete lack of sensation, is not an absolute requirement for surgical procedures, whether local or general anaesthesia is planned. However, it is a common expectation of patients.
The aim of the anaesthetic technique chosen is to provide patient
comfort in a safe, efficient manner. With regional anaesthesia, the
patient may well be aware of some sensations during the procedure,
but provided pain is controlled, this is not usually a problem.
There is continued debate about whether paralysed patients
under general anaesthesia are ‘aware’ of some aspects of their surroundings (Sanders et al. 2012; Russell 2013). However, at present,
patients seem not to suffer ill-effects if they remain unaware after
the event, that is, they have no recall, however it is provoked, of
events during anaesthesia and surgery. Patient expectations need
to be appropriately managed; sedation techniques, by definition,

The anaesthetist has traditionally been viewed as being responsible
for one patient at a time. While this is an important principle, in
practice, the actions of the anaesthetist have important ramifications for many other patients. These may be the other patients on
the anaesthetist’s operating list who may have operations postponed
through lack of time or patients on other lists affected by patients
requiring long stays in the post-anaesthesia care unit (PACU).
The way an anaesthetist manages individual patients, and how he or
she facilitates smooth running of the operating list can have a significant impact on operating room efficiency. The organization of
operating room suites and anaesthetist room allocation are beyond
the scope of this chapter. However, it is clear that there can be significant differences in patient throughput and costs between inefficient and efficient organizations.

PACU
Most PACUs (‘post-anaesthesia care units’, commonly-termed
‘recovery rooms’) do not have infinite capacity either in terms of
bed-spaces or staff to look after the patients. As a simplification,
capacity will be exceeded when the number × ‘complexity’ of
patients coming in consistently exceeds the number × ‘complexity’
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of those returning to the ward (Marcon et al. 2003; Schoenmeyr
et al. 2009). Pain and postoperative nausea and vomiting (PONV)
are the commonest clinical reasons for prolonged recovery stay and
are strongly influenced by the practice of the anaesthetist.

Communication and team work
The anaesthetist is an integral part of the team that provides conditions for the safe conduct of surgery. Numerous studies have
explored the importance of so-called non-technical skills (Fletcher
et al. 2003) in anaesthesia. Team working and leadership are cited
as key components of these skills and are recognized as markers of
excellence (Larsson and Holmström 2013).

Briefings
Discussion and exchange of information have always been a part
of good anaesthetic practice, though often at a relatively informal level. More recently, the concept of a formal pre-list briefing
has become more widespread. They are encouraged by the World
Health Organization (WHO) as part of best practice of the WHO
Checklist (see ‘Theatre checklists’). Team training programmes,
such as Medical Team Training (Neily et al. 2010) emphasize their
importance and have shown encouraging improvements in team
communication and efficiency.

Theatre checklists
The concept of a simple checklist to ensure appropriate communication and checking of key details before and after surgery has been
borrowed by the surgical arena from other high risk industries such
as aviation, nuclear power, and construction. The WHO developed
and trialled the WHO Safer Surgery Checklist (Haynes et al. 2009).
Initial evidence of its effectiveness in reducing postoperative mortality and complications was strongly supportive of its benefit in
both high-and low-income healthcare systems. Subsequent evidence for both the WHO Checklist (Haugen et al. 2015) and for
the SURPASS system (de Vries et al. 2010) (which uses a checklist
approach across the whole surgical admission episode), has provided more evidence of the benefits of these approaches to patient
outcome. The benefit appears to relate to how well the checklists
are performed, rather than a simple binary yes/no outcome. More
information on this topic is found in Chapters 44 and 45.

Distractions
Anaesthetists do not work in isolation; they work as part of a team
which may have competing priorities and requirements for concentration. They undertake routine tasks such as drug preparation
(Webster et al. 2001; Fraind et al. 2002) which can be catastrophic
if performed incorrectly (Toft 2007). They also perform technically
and cognitively demanding procedures such as difficult airway
management. Recent research has demonstrated that anaesthetists,
in common with other staff in the operating room, work in an environment full of distractions (Savoldelli et al. 2010; Campbell et al.
2012). Many of these are external, but a significant number come
from the anaesthetic team itself (Jothiraj et al. 2013). The anaesthetist must therefore learn to minimize these distractions as well as
having robust techniques to provide safe care when distractions do
occur. There has been interest in taking the aviation ‘sterile cockpit’ concept (Sumwalt 1993) (no activities except those essential for
safe flight during certain phases of flight such as landing, and take
off) and applying it to phases of anaesthesia, particularly induction
(Broom et al. 2011).

Infection prevention and control
In common with all healthcare professionals, anaesthetists have a
duty to practise in a way which minimizes the risk of infection of
patients, themselves, and other staff members. Local policies differ
in details, but the basic principles of effective, frequent hand hygiene
as the cornerstone of infection prevention and control are global.
There is reasonable evidence that anaesthetists are poor at complying with hand-hygiene policies (Krediet et al. 2011). Furthermore,
there is an association between hand-hygiene practice and bacterial contamination of the anaesthesia workplace (Loftus et al. 2008),
drug syringes, and injected drugs (Gargiulo et al. 2012).

Choice of anaesthesia technique
In order to provide a safe anaesthesia technique, the anaesthetist
will make a series of decisions (Fig. 42.1).
First and probably most important, is the decision whether
to proceed or not. In most situations this is straightforward.
Traditionally, anaesthetists have focused on the (important)
question of the acute and chronic physiology of the patient, and
whether the risks of surgery and anaesthesia are outweighed by
their potential, realistic benefits. The role and purpose of preoperative assessment is discussed more fully in Chapter 40.
Techniques and procedures offered to patients have become more
specialized, and older, frailer patients are being offered more radical and complex surgery. The importance of ensuring that the
whole system is set-up to provide safe care for the patient cannot
be over-emphasized. Inexperienced staff (including the surgeon
and anaesthetist), and lack of key equipment or critical care facilities probably have a bigger impact on patient safety than many
acute or chronic diseases.
If the team feel that it is not in the best interests of the patient
to proceed, then a clear plan needs to be agreed, documented, and
discussed with relevant parties, particularly the patient. In most
cases, it will be safe to proceed at a future time once the issues
have been addressed. This may be a matter of minutes for simple
equipment malfunction or absence; it may be days or weeks if the
patient requires further assessment or investigation. Sometimes,
the patient will require care in an alternative environment such
as a regional or national specialist centre. Rarely, the decision will
be that surgery and anaesthesia are inappropriate for a particular
patient and alternative management plans will need to be agreed
with the patient.
Broadly, there is a choice between the patient having their procedure awake or under general anaesthesia. Sedation is a ‘grey’
area between the two, but the same principles apply. The decision between awake and general anaesthesia is influenced by the
same factors as whether to proceed or not. There are relatively few
conditions where there is very strong evidence in favour of local
anaesthetic techniques over general anaesthesia, but in adults and
older children, topical/infiltration local anaesthetic techniques are
very well tolerated for superficial surgery. The commonest operation performed in high-income countries, cataract extraction, is
almost universally performed under local anaesthesia. There is a
strong preference for neuraxial anaesthesia for Caesarean section
for clinical and social reasons (see Chapter 66). With the improved
success and more rapid onset times of ultrasound-guided regional
anaesthesia, many units are moving towards a default position of
regional anaesthesia (with or without sedation) for much upper
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Figure 42.1 Outline of decision-making regarding choice of anaesthesia. There is clear overlap between regional and general anaesthetic techniques, with each used to
supplement the other.

limb and lower limb surgery. However, this is strongly dependent
on the local setting and the experience/skills of the anaesthetists
and surgeons.
Most gynaecological surgery can be performed under neuraxial
or general anaesthesia; local traditions, and the expectations of
the patient and staff are probably more relevant than any clinical
differences.
There are some studies suggesting that volatile-based anaesthesia techniques may be associated with worse oncological outcomes
after (breast) cancer surgery, leading to an increased interest in the
use of regional anaesthesia techniques in this field.
A fuller discussion of the benefits and risks of local anaesthetic
techniques is given in relevant chapters. Clearly there is considerable overlap between local and general anaesthetic approaches.
Local anaesthetic infiltration is used as an analgesic adjunct in
many cases; similarly, regional and particularly epidural anaesthesia may be combined with a general anaesthetic.
If a general anaesthetic technique is chosen, the primary decision for the anaesthetist is the need for muscle paralysis. In most
situations, if a ‘protected’ airway is required, muscle relaxation
and controlled ventilation will be used, at least around the time
of induction, in order to allow safe use of a tracheal tube. There
may be patient reasons for needing to control ventilation such as
pre-existing lung disease or chest trauma. Surgical requirements
for controlled ventilation include intracranial neurosurgery and
surgery involving thoracotomy. Muscle relaxation is required for
surgical reasons in most major abdominal surgery, and some pelvic

orthopaedic surgery. An old adage is that neuromuscular blocking
agents (NMBAs) don’t work on bone!
In other cases, the airway can safely be managed with a supra-
glottic approach (face mask, supra-glottic airway device) and the
patient can be allowed to breathe spontaneously. Although not
proven to affect outcome, spontaneous ventilation techniques
have the theoretical advantages of less manipulation of the airway,
avoidance of the use of NMBAs (Grosse-Sundrup et al. 2012) and a
reduced risk of anaphylaxis and unintended awareness.

General anaesthesia induction
The precise method of induction of anaesthesia will vary by technique, location, and patient factors. However, there are common
principles which apply to all cases. Fundamental to all safe anaesthesia is preparation and planning. A good anaesthetist should
be planning ahead, ‘scanning the horizon’ for potential problems,
and thinking about postoperative issues such as discharge destination, pain, and fluid management even before starting a case.
These principles apply equally to cases performed under local
anaesthesia.

Pre-induction preparation
Equipment
Large prospective audits have found that serious problems with
equipment are relatively unusual. Between 1:2200 (Klanarong
et al. 2005) and 1:500 (Cohen et al. 1992; Fasting and Gisvold
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2002) anaesthetics are estimated to have a problem with equipment.
Around 1:10 of these problems is judged to have been through failure to carry out adequate pre-use checks of the anaesthesia machine
and ancillary devices. Most equipment-related problems are minor;
however, failure to check appropriately has led to severe harm and
death (Beydon et al. 2010).
Anaesthesia machine
The anaesthesia machine is a complex device with many safety
features now built in to ensure reliable delivery of safe concentrations of gases and vapours. Most anaesthesia machines are partially or fully integrated with ventilators, patient monitoring, and
alarm systems, all of which need to be checked. All of the manufacturers provide pre-use checklists and their use is mandated by
most national societies and professional bodies. The importance
of this checking process is underlined by its incorporation into
the WHO Surgical Safety Checklist. Although specific aspects of
checking procedures vary by machine and manufacturer, there
are core principles that the anaesthetist must have assurance for
in every case:
◆

Adequate power

◆

Adequate gas supplies

◆

Working breathing system

◆

Working ventilator

◆

Adequate gas scavenging

◆

Appropriate monitoring

◆

Appropriate airway equipment.

It is not known how robustly individual anaesthetists check anaesthetic machines before use, despite these guidelines and checklists
(March and Crowley 1991; Larson et al. 2007).
Airway equipment
In order to be useful, airway equipment needs to be available
and working, and the people using it need to know how it works.
Although relatively infrequently reported in the peer-reviewed
journals, every department will have its own horror stories of
‘failure’ of airway equipment when crises occurred. The evidence would suggest that true equipment failure is relatively
rare (Cooper et al. 1984). It is the ‘human factors’ that fail (Cook
et al. 2011).

Medication
Much of the information in this textbook and training and examinations in anaesthesia are concerned with the details of which
drugs to give to which patients. These differences are important
and have contributed to the increased safety of anaesthesia and
surgery. Just as important, however, is ensuring that the cognitive
process (‘Which drug should I give?’) is translated into actual practice (‘Which drug did I give?’). A detailed discussion of drug preparation is outside the scope of this chapter. However, there are key
principles which must be adhered to on every occasion:
Right drug
In general, there are only small differences between drugs within
classes: side-effect profiles are different, potencies and pharmacokinetics vary. However, the differences between drugs pale into
insignificance compared with drawing up and administering a
drug from a mislabelled or misidentified syringe. The possible

permutations of swaps are infinite, but common, and potentially
catastrophic swaps include antibiotics and thiopental; midazolam
and NMBA; vasoactive drug and antiemetic; and local anaesthetics
and any other drug.
The fundamental principles of safe drug preparation are shown
in Table 42.1. Of particular relevance to induction of anaesthesia
are the following:
◆

◆

◆

Active confirmation of ampoule and syringe labels: the optimum nature of this confirmation is unproven—bar-code scanners (Merry et al. 2011), single-and double-person checks (Evley
et al. 2010) all have arguments for and against their use.
Use of standardized (international) labelling systems: provided
labels are applied correctly, the use of colour as a cognitive aid
should help with selection of the correct syringe.
Separation of drug types: inadvertent intravenous administration
of local anaesthetics has had fatal consequences. The anaesthetist, and preferably the department, should have an explicit, consistent method for separating local anaesthetics and emergency
drugs from ‘routine’ drugs.

Right time
The anaesthetist is normally responsible for the decision-making
about timing of drugs at induction. However, the anaesthetist is

Table 42.1 The fundamental principles of safe drug preparation
1.

Anaesthetists should be aware of the risks of drug errors and
ensure that checking procedures are in place. Errors often occur
in situations of haste, distraction or fatigue

2.

Lighting of the operating room environment is critical for safety.
In situations of reduced lighting, specific arrangements should be
made for checking anaesthetic drugs

3.

Drug storage arrangements should be consistent in all
anaesthetic care delivery units

4.

Ampoules should be read and re-read before drugs are drawn up
into a syringe. Errors are unlikely to be detected once the syringe
is prepared

5.

Ideally, drugs are prepared by the person who will administer
them, immediately before use

6.

Syringes should be labelled with the name and concentration

7.

Syringes intended for an emergency should be stored away from
the immediate work area

8.

The international colour-coded syringe labelling system should
be used

9.

Consider using pre-filled syringes for emergency drugs that are
prepared by the pharmacy unit to assure the quality of contents
and accurate handling

10.

Pharmacists should regularly visit operating theatres and
anaesthetic rooms to ensure safe drug use

11.

When drug manufacturer, packaging or formulations change,
theatre staff should be alerted before the drug becomes routinely
available in the operating theatre

Canadian Journal of Anesthesia, ‘Anesthesia-related medication error: time to take
action’, Volume 51, Issue 8, 2004, p. 756, Orser BA and Byrick R, copyright © Canadian
Anesthesiologists’ Society. With permission from Springer.
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often asked to administer ‘non-anaesthetic’ drugs. The two most
common are antibiotics and heparin. There is good evidence for the
benefit of administration of antibiotics in a short window (up to an
hour) before surgical incision when indicated. The evidence relates
to reduction in surgical site infections, which can have devastating
consequences on the patient. Conversely, there will be occasional
cases where antibiotic administration should be delayed until
microbiological specimens have been taken.

Personnel
Anaesthetist
Even the most routine case, in the fittest patient, can move quickly
from calm to crisis. In addition to the preparation of the environment outlined earlier, the anaesthetist must prepare him-or herself for the case ahead. Any anaesthetist can formulate and carry
out a simple ‘Plan A’. The good and excellent anaesthetist will have
thought through, trained for, and discussed with his/her assistant
(and, potentially, anaesthetist colleagues) a series of plans as a strategy for managing the whole case.
There may be considerable pressure from colleagues and the
healthcare organization to ‘get on with it’. Patient safety, and ultimately efficiency, is best served by an anaesthetist who only proceeds with anaesthesia when he or she is adequately prepared.
Sometimes, this means that the appropriate anaesthetist is not the
one currently available.
Assistant
Trained anaesthetic assistance is invaluable both for safety and
efficiency. In most institutions, standards of training of anaesthesia assistants is high and the concern of the anaesthetist is to
ensure that they are ready, and fully aware of the immediate plans.
On occasion, less experienced staff will be provided for a variety
of reasons. These situations require increased caution, and more
explicit discussion about processes which may otherwise be treated
as routine.

Induction of general anaesthesia
The method of induction of anaesthesia is largely governed by the
preferences of the anaesthetist and patient. Within current practice,
there is little evidence of direct clinical benefit of any one technique
over another. There are theoretical advantages to some approaches.
Until relatively recently, the debate about the method of induction
has centred on the cardiovascular effects of the drugs themselves.
Latterly, the focus has switched to a more balanced view of all the
physiological effects of the drugs, and in particular on how the
drugs are given (Nathan and Odin 2007).

Pre-oxygenation
Induction of general anaesthesia invariably results in a potential reduction in arterial oxygen tension. This is due in varying
degrees to apnoea and hypoventilation, partial or complete airway
obstruction, and changes in respiratory mechanics. Most of these
potentially deleterious effects can be minimized or delayed by the
administration of higher inspired oxygen fractions which increases
the reserve of oxygen in the lungs. It is therefore considered best
practice to give extra oxygen to all patients before induction of
anaesthesia. There are inevitable caveats to this with very anxious
patients, but the anaesthetist must consider carefully the risks of
not giving oxygen should there be unanticipated difficulty with airway management.

management of anaesthesia

There is some debate about how much oxygen to give. There is
evidence that 100% oxygen is associated with increased atelectasis
(Edmark et al. 2003). Some authors argue that FIO2 of 0.8 provides
sufficient oxygen reserves to delay dangerous hypoxaemia without worsening atelectasis (Lindahl and Mure 2002; Lumb 2007).
Conversely, the very patient in whom maximal reserves might be
desirable, such as the obese, pregnant and those with increased
oxygen uptake may be the same ones at risk from atelectasis. In
practice, the relatively brief pre-oxygenation that typically occurs
is a compromise.

Positioning for induction
In recent times, it has become common practice for patients to be
laid horizontal and supine during induction of anaesthesia, preferably with the head and neck in a suitable position for airway management. Previously, head-up induction as a method to reduce the
risk of regurgitation was common. There is some evidence that a
head-up position improves efficacy of pre-oxygenation, as functional residual capacity is less affected compared with lying flat
(Dixon et al. 2005).
Proponents of the head-up position, particularly for rapid
sequence induction, argue that it may reduce the risk of passive
regurgitation into the larynx. Opponents of this approach cite a lack
of outcome evidence and the potential increased difficulty of airway
management in the head-up position. Sellick originally advocated a
head-down position, arguing that passive drainage of regurgitation
away from the larynx was a consideration (Sellick 1961).
There is currently no conclusive evidence to support or refute
one position being better than another.

Intravenous vs inhalation induction
In contemporary practice in developed countries, induction of
anaesthesia in otherwise uncomplicated patients is usually with
intravenous propofol. Sevoflurane is the inhalation induction agent
of choice because of its ‘pleasant’ odour, lack of airway irritation,
and speed of onset. Halothane was previously used but has been
superseded by sevoflurane because of halothane’s slower onset.
A comparison of experimental differences between propofol and
inhalation (sevoflurane) induction is given in Table 42.2. The relatively few data regarding patient preference suggest that when
offered inhalation induction, patients will consider it (van den Berg
et al. 2005). A significant number will either not wish to receive
it or find it unpleasant (Thwaites et al. 1997). This is likely to be
strongly influenced by the personal, family, or social experience of
the patient as well as the attitude of the anaesthetist.
There are some relative contraindications to inhalation induction
of anaesthesia. The most important of these relates to the relative
speed and predictability of induction of anaesthesia. In situations
where a prompt transition from awake to asleep with a secure airway is considered a priority, inhalation induction is generally considered contraindicated. Head-to-head comparisons of propofol
and sevoflurane show a consistently slower onset of induction with
sevoflurane. In clinical practice, intravenous induction is usually
more rapid than in trials, so the difference is more marked.
Inhalation induction has been advocated for many years as the
method of choice for patients with potentially difficult airways. The
argument is that, should the anaesthetist encounter difficulty and
lose the airway, the patient will stop inspiring anaesthetic agent,
the inhalation agent will redistribute, and the patient will wake
up, restoring their airway in the process. There is little evidence to
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Table 42.2 Comparison of induction of general anaesthesia with propofol and sevoflurane
Propofol

Sevoflurane

Speed of onset
(very dependent on other factors)

Faster

Slower

Cardiovascular stability

Nadir up to 5 min after induction; CVS changes lag
behind changes in consciousness, particularly
in elderly

Nadir relatively earlier

Incidence of apnoea

More common

Less common; probably more common with vital
capacity ‘rapid’ induction

Duration of apnoea

Longer

Shorter

Pain/discomfort

Pain on injection; mitigated by lidocaine

Mask/smell disliked by a significant minority

support or refute this practice. For a more detailed discussion of
inhalation induction see Part 10 (‘Paediatric Anaesthesia’).

• Speed of drug administration: most anaesthetists give a
rapid bolus of drug; this results in a relative overdose of
induction agent

anxiolysis, anaesthesia, and obtunding responses) than is achievable with a single drug alone.
The two commonest classes of co-induction drug are benzodiazepines (e.g. midazolam) and opioids (e.g. alfentanil, fentanyl,
sufentanil, and remifentanil). Low doses of midazolam (c.0.025–
0.5 mg kg−1; 2 mg in an average adult) given 90–120 s before induction with propofol reduces propofol requirement by around 30–40%,
without affecting recovery (Cressey et al. 2001). It may not improve
cardiovascular stability however (Jones et al. 2002). Alfentanil has
synergy with propofol’s reduction of airway responses and improves
insertion conditions for supra-glottic airways (Hui et al. 2002).
Short-acting potent opioids such as alfentanil, fentanyl, sufentanil,
and remifentanil all obtund the pressor response to laryngoscopy.
Both midazolam and remifentanil have dose sparing properties for
propofol (Conway et al. 2002; Milne et al. 2003).
There are some studies suggesting an ‘auto co-induction’ effect
of propofol. In other words, the total dose of propofol required for
induction is reduced if a small pre-induction bolus is given. This is
not true co-induction (it is the same drug) but probably reflects the
relatively rapid speed at which propofol is normally given at induction. By giving the propofol sufficient time to have a cerebral effect,
the second dose required is reduced.
The arguments against co-induction techniques are mainly
concerned with practicality. It involves another drug to be drawn
up, and some perceive little benefit. In practice, co-induction is
mixed with the need to administer analgesia anyway. Hence, most
intravenous inductions of anaesthesia combine an opioid with a
hypnotic agent.

• Dose dependence of effects of drug administered

Muscle relaxation

Intravenous induction
There are four commonly used induction agents: propofol, thiopental, etomidate, and ketamine. Not every drug is available in
every country. The pharmacological characteristics of these agents
are discussed in Chapter 15.
The fundamental purpose of induction of anaesthesia is to take
the patient safely from the awake state to an adequate level of anaesthesia in a prompt, efficient, and reversible manner. In this context,
an ‘adequate level of anaesthesia’ encompasses hypnosis, amnesia,
and obtunding of airway and cardiovascular responses to noxious
stimuli. All of the induction agents used are capable of achieving
these outcomes. Induction of anaesthesia with a single agent is possible and commonly performed. However, when given as a single
agent, the relative doses required are different for each outcome,
so co-administration of drugs is often used in order to reduce
unwanted effects.
Drug doses
The effects of drugs administered at induction are affected predominantly by the following:
◆

Anaesthetic factors:
• Mass of drug administered

• Additivity/  s ynergy/  i nfra-  a dditivity
co-administered drugs
◆

(antagonism)

of

Patient factors:
• Age
• Weight (lean body mass)
• Co-morbidities.

Co-induction
Co-induction refers to the concurrent administration of two or
more synergistic classes of drug to facilitate induction of anaesthesia. Its advantages are (1) reduction of doses required of each
drug and (2) better titration of desired end-points (e.g. analgesia,

Tracheal intubation without muscle relaxation is possible (Sneyd
and O’Sullivan 2010), but associated with a greater incidence of
laryngeal morbidity (Combes et al. 2007). It is also associated with
worse intubating conditions (Lundstrom et al. 2009). In the clear
majority of patients laryngoscopy and tracheal intubation is facilitated by NMBAs. Fuller discussion of airway management is given
in Chapter 48. However, the question that seems to generate the
greatest discussion is the timing of NMBA administration in the
elective situation. In some parts of the world, intubation without
any muscle relaxation is common. In others, muscle relaxation is
deemed good practice as discussed previously. The question arises
whether it is necessary, or even desirable, to demonstrate adequate
mask-ventilation before administration of a NMBA (Calder and

695

Chapter 42

Yentis 2008). The rationale for not giving a NMBA before demonstrating adequate face mask ventilation is that the patient is
in a ‘safe’ state and if face mask ventilation is difficult, the induction agent can be allowed to redistribute and the patient woken
up. The evidence that this is desirable or actually occurs is poor.
Administration of a NMBA probably improves rather than hinders
face mask ventilation. Furthermore, in practice, anaesthetists do
not tend to wake their patients up when mask ventilation is difficult (Kheterpal et al. 2006). If rescue techniques (routine tracheal
intubation, supra-glottic airways, ‘front of neck’ approaches) are
required, these are all facilitated, not hindered, by adequate muscle
relaxation. It is therefore arguable (and this author’s opinion) that
in most situations it is logical and safe to give the NMBA without
waiting for demonstration of adequate mask ventilation. In those
patients where prior history or examination suggests that giving
a NMBA at all is dangerous, then an alternative approach should
have been taken in the first place.
A source of confusion for anaesthetists is the onset time of
NMBAs. This probably reflects the use of median times to intubation in published studies and marketing materials. The only statements that can be made with a fair degree of certainty are that
(1) larger doses result in faster onset time (to a limit); (2) onset time
is quite variable between individuals. The only method to reliably
be sure of adequate muscle relaxation for laryngoscopy is neuromuscular monitoring. In practice, most anaesthetists do not wait
sufficient time for full muscle relaxation and laryngoscopy is facilitated by the opioid, induction agent, and partial paralysis.

Cardiovascular stability
The consequence of the administration of rapid boluses of drugs
with potentially profound cardiovascular effects, in the context
of variable states of hydration, cardiac function, and other co-
morbidities is that cardiovascular instability is common in the
period after induction. There is a considerable delay between decrement of the Bispectral Index™ (Medtronic Minimally Invasive
Therapies, Minneapolis, MN, USA) and changes in cardiovascular variables after induction of anaesthesia with propofol (Möller
Petrun et al. 2013). The time to nadir blood pressure after an
induction bolus of propofol is around 2.5 min in the young adult;
it is considerably prolonged in the elderly and the effect is greater
(Kazama et al. 1999).
The pharmacological effects of the induction agents are complex,
but cardiac index decreases to a variable extent (less with etomidate
and ketamine). There is venous dilatation which results in reduced
venous return, a variable degree of arterial vasodilation, reduction
in myocardial contractility, and some loss of sympathetic reflex
response. There is some evidence that even brief periods of arterial
hypotension are detrimental (Walsh et al. 2013), so many anaesthetists give judicious doses of mixed sympathomimetic agents such as
ephedrine after induction.

Inhalation induction
In contemporary practice in high-income environments, sevoflurane is the inhalation induction agent of choice because of its
‘sweet’ non-pungent odour, low blood-gas solubility, and non-
irritant properties. Halothane use is still widespread globally
because of its lower cost. Speed of onset and recovery is slower with
halothane than sevoflurane. It is possible to undertake inhalation
induction with isoflurane and desflurane, but their irritant effects
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on the airways make this an unpleasant experience for the patient
and the anaesthetist.
There are many individual techniques of achieving a safe and
non-stressful inhalation induction. The manner of the anaesthetist
and accompanying staff probably have as much part to play as the
kinetics of sevoflurane. At one end of the spectrum, it is possible
to achieve quite rapid induction of anaesthesia using vital capacity breathing of 8% inspired sevoflurane. This probably results
in more rapid progression through the stages of anaesthesia and
less excitatory phenomena (Yurino and Kimura 1995). Addition
of nitrous oxide does not appear to provide a clinically significant improvement in onset time (O’Shea et al. 2001). Conversely a
slower approach is to gradually increase the inspired concentration,
which may be associated with less apnoea (Boonmak et al. 2012).
Patients seem to have no particular preference for either approach.
In anxious patients, initial breathing of a 50:50 mixture of oxygen
and nitrous oxide may provide a degree to anxiolysis and habituation to the mask, before introduction of the smell of sevoflurane.
Paediatric anaesthetists have developed numerous approaches to
maskless inhalation induction over the years.

Airway management
For the patient undergoing general anaesthesia, the anaesthetist will have made an initial decision about the optimal method
of maintaining the airway. The most basic is to simply hold a face
mask attached to a breathing circuit. This has the advantage of simplicity and minimal equipment. It is often necessary while waiting
for NMBAs to take effect. It may also be life-saving in patients with
difficult or ‘failed’ airways so it is a skill which every anaesthetist
must acquire and maintain. It is quite possible to undertake short-
to-moderate-length procedures simply holding a face mask. To do
this well requires skill and practice. The invention of supraglottic
airways has largely replaced ‘face mask anaesthesia’ for all but the
shortest cases.
Fuller description of the relative merits of different supraglottic
airways is found in Chapter 48. In brief, they are ideal for short/
moderate duration cases where the patient will be breathing spontaneously and where there is minimal risk of regurgitation. There
is continued debate about their use in obese patients, in association
with steep head-down tilt, and with positive pressure ventilation.
They are an important part of the ‘failed airway’ management drill.
Although they do not provide guaranteed protection against aspiration, they do provide an excellent airway in an emergency; concerns about aspiration are outweighed by the over-riding priority
of oxygenation.
If the patient requires a tracheal tube for airway protection,
paralysis, or respiratory reasons there are wide variety of techniques available to facilitate its introduction. Discussion of these is
outside the scope of this chapter. However, it is important to note
that (1) success depends upon coordination of adequately trained
personnel; appropriate, working equipment; and a clear strategy for
management; and (2) an adequate depth of anaesthesia/analgesia.

Rapid sequence induction
Rapid sequence induction refers to the process, in the patient
assessed as being at significant risk of aspiration, of making the
transition from the awake state to the anaesthetized state with a
protected airway in a manner that minimizes the risk of hypoxia,
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aspiration, and systemic complications. The mechanics of how
this is achieved is the matter of strong opinion, significant cultural
differences (Koerber et al. 2009; Dagal et al. 2012), and a distinct
lack of evidence (Neilipovitz and Crosby 2007). The context of the
development of the rapid sequence approach was observations in
the 1940s of the number of patients dying from pulmonary complications after aspiration under anaesthesia. The question which was
therefore asked was how to safely convert a patient with a protected
airway while awake to one with a protected airway while asleep. The
first description of the rapid induction/intubation is believed to be
from 1971 (Stept and Safar 1970). The principles that have become
accepted to varying degrees are to:
◆

◆

◆
◆

◆

minimize the time between fully awake and protected airway
in place
minimize the risk of aspiration during this transition (at
risk) phase
optimize the chance of securing the protected airway
minimize the risk of airway complications should airway management be difficult/fail
minimize the risk of systemic complications.

There are some conflicts between these aims and the approaches
advocated reflect the relative priority placed on each.

Minimizing time between being conscious and having a
protected airway
There are two main factors which influence the time between starting to inject anaesthetic agents and the onset of unconsciousness or
paralysis. First is the dose of drug: bigger doses (to a point) achieve
the end-point sooner. Second is the time taken for the drug to
reach its effect site—simplistically the arm–brain circulation time.
If more than one drug is being given (e.g. induction agent followed
by NMBA) then the interval between the drug administrations also
matters.
In normal circumstances, the anaesthetist titrates drugs to effect,
attempting to administer only as much as needed. In practice, there
is still a relative overdose as the circulation time inevitably means
there is a lag between observed effect and amount of drug given.
However, this has the disadvantage of being relatively slow. One
approach to this is to give a fixed, pre-calculated bolus dose of
the induction agent, based on weight and patient physiology. The
anaesthetist then assumes that this dose is sufficient and can give
the NMBA straight away. The advantages are potentially a reduction in total drug administration time and a shortening of time
to protected airway. However, there is no good evidence that this
is particularly clinically relevant in this situation or even that this
occurs (Barr and Thornley 1976). Patients become apnoeic during/
after induction of anaesthesia, so they are continuing to breathe
oxygen during induction. In the overall period from start to protected airway, it seems unlikely that a few seconds will significantly
reduce the risk of aspiration. There are significant risks of under-
dosing (awareness, sympathetic response to laryngoscopy) and
overdose (hypotension and inadequate cardiac output).
A compromise approach is to titrate the induction agent to an
initial effect, for example, eyelids drooping, rather than full effect
such as loss of eyelash reflex. The anaesthetist then assumes that the
remaining dose of induction agent still to reach the brain will be
sufficient to achieve full effect.

NMBAs have a fairly wide therapeutic index so the question of a
fixed dose is not such an issue. The debate is over onset time, quality
of intubating conditions, and duration of action.

Optimize the chance of securing the protected airway
Tracheal intubation without muscle relaxation is possible, and
high-dose opioids (e.g. remifentanil) have been used to facilitate this. Most anaesthetists, however, use a NMBA during rapid
sequence induction. Suxamethonium (succinylcholine) is most
commonly used, though rocuronium is used by around 10–20% of
anaesthetists.
The advantages of suxamethonium are superficially obvious: it
provides consistently excellent intubating conditions in 1 min or
less (Perry et al. 2008). These conditions are better than those with
rocuronium, though there is probably no difference if 1.2 mg kg−1
rocuronium is used.
However, there are real disadvantages to using suxamethonium
which must be considered. It has a well-rehearsed list of adverse
effects. Myalgia is common, may be severe, and has an adverse
effect of quality of recovery; transient increases in serum potassium are probably universal; dangerous hyperkalaemia may occur
in the context of pre-existing hyperkalaemia or with chronic denervation; and it is a trigger for malignant hyperthermia. It may also
have potent cholinergic effects, occasionally precipitating bronchospasm. Finally, it is a potent trigger of anaphylaxis. For most
patients, it could be argued that these are questions of comfort vs
safety.
The dose of suxamethonium is controversial. The original description was of 1.0 mg kg−1. Some authors have argued for smaller doses
(0.6 mg kg−1), which provide similar rates of clinically acceptable
conditions (El-Orbany et al. 2004); others argue that the rate of
unacceptable conditions is too high at 1.0 mg kg−1 and suggest doses
of 1.5 mg kg−1. A dose of 2 mg kg−1 does not guarantee excellent
intubating conditions at 1 min. In clinical practice, the dose given is
probably significantly affected by the dose in a single vial.
Proponents of high-dose rocuronium argue that its intubating
conditions at 1 min are not clinically that different to suxamethonium,
intubating conditions improve with time (whereas they deteriorate
with suxamethonium), and if failed airway management is required,
it is facilitated not hindered by full muscle relaxation.

Minimize the risk of regurgitation during this transition
(at-risk) phase
Cricoid pressure
In 1961, Sellick proposed the use of manual pressure on the cricoid
ring as a method to reduce the risk of passive regurgitation. He
posited that backward pressure on the complete cricoid ring would
compress the underlying oesophagus between cricoid and vertebral body. This was described with the neck in extreme extension, a
position not used now.
Proponents of cricoid pressure argue that it is safe and effective
based on the experience of anaesthetists in many thousands of
cases worldwide. Although clearly it does not prevent aspiration,
it is believed to reduce the risk. Opponents cite numerous reports
of aspiration despite cricoid pressure as well as anatomical (magnetic resonance imaging) evidence suggesting that the mechanics
of cricoid–oesophageal compression may not work. In addition,
the danger of wrongly applied cricoid pressure is well-recognized.
The evidence regarding cricoid pressure and tracheal intubation is
mixed, with some finding better, no change, or worse conditions at
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laryngoscopy. Cricoid pressure does seem to impede placement of
the laryngeal mask (Aoyama et al. 1996; Brimacombe 2006, p. 309).
Avoidance of mask ventilation
Mask ventilation undoubtedly is associated with inflation of the
stomach. It is therefore argued that it should be avoided before tracheal intubation to reduce the risk of regurgitation. There is little
evidence to support or refute this; undoubtedly there are occasions
where gastric insufflation is associated with reflux, but it is debatable whether this applies to gentle, manual ventilation in the context
of a rapid sequence induction. Proponents of gentle mask ventilation argue that it prolongs the ‘safe’ period should there be airway
difficulty, may demonstrate airway patency, and potentially may
‘de-stress’ the anaesthetist who now knows the situation is more
controlled. Failure of gentle mask ventilation at this stage may of
course have the opposite effect, though this would be considerably
less common.
Positioning
The original description was of a V-shaped sitting position. As discussed earlier, there are advocates of sitting, flat, and head-down
positions.

Minimize the risk of systemic complications
The classic two-drug rapid sequence with thiopental and suxamethonium is prone to cardiovascular instability. Anaesthetists have
therefore taken to administering adjunct drugs in an effort to ‘balance’ the anaesthetic. Short-acting, potent opioids are commonly
used such as fentanyl (2 µg kg−1), alfentanil (20–30 µg kg−1), or
remifentanil (1 µg kg−1). Proponents argue for a more cardio-stable
induction process (Harris et al. 1988; Miller et al. 1993) as well as
possibly improved intubating conditions with rocuronium. Purists
argue that the addition of other drugs, particularly those which
might delay the onset of spontaneous respiration, increases risk
without evidence of benefit.
The choice of induction drug influences the haemodynamic
effects at rapid sequence induction. Propofol and thiopental are
associated with greater degrees of hypotension than other induction agents; etomidate is probably more cardio-stable and ketamine
is associated with increases in blood pressure. As with most scenarios in anaesthesia, the person using the drug is perhaps more
important than the drug chosen.

Minimize the risk of airway complications should airway
management be difficult/fail
The concept of the rapid sequence induction is to promptly secure
the airway with a ‘protected’ airway—in practice a correctly positioned, cuffed tracheal tube. Sometimes this will not succeed first
time. Some of these reasons are related to the reason for rapid
sequence induction in the first place—obstetric and trauma patients
have anatomical reasons for having more difficult airways. Some
are ‘human factors’—the pressured nature of a rapid sequence, the
‘What if I fail?’ thoughts. Some may be as a result of the nature of
the rapid sequence process itself: cricoid pressure may be hindering laryngoscopy; decreasing SpO2 in an apnoeic patient; inadequate
intubating conditions because of mistiming of laryngoscopy.
The classic approach to the rapid sequence therefore has a ‘get-
out’ clause. Effective pre-oxygenation and appropriate dosing of
induction agent and suxamethonium will ensure that the patient
wakes up and breathes before desaturation occurs. In other words,
the patient is allowed to wake up if intubation fails.
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There are significant flaws with reliance on this approach. The
rate of offset of induction agent and suxamethonium may not be
the same. Unintentional awareness does occur. The duration of suxamethonium is quite variable and desaturation does occur (Heier
et al. 2001). Mean times to 10% recovery of twitch after suxamethonium has been reported as around 7 min (Lee et al. 2009). Waiting
for suxamethonium to wear off is therefore not a failsafe approach.
Advocates of rocuronium suggest that block and laryngoscopy
conditions improve with time, facilitating the second attempt, rescue manoeuvres may be facilitated by full paralysis, and with the
advent of sugammadex there may be a viable ‘wake-up’ route. There
is some evidence, albeit from small studies in controlled situations,
that a rocuronium–sugammadex process provides a faster return to
spontaneous ventilation than using suxamethonium (Harris et al.
1988; Sørensen et al. 2012).
There are other customs and practice which form part of the classic teaching around rapid sequence induction: checked and spare
airway equipment; a tipping trolley; trained and informed assistance; and suction turned on and to hand. Although there is, and
never will be, any direct evidence of benefit, the harm which occurs
when they are not available argues for their presence in all cases.
National bodies have recognized the importance of prior preparation and planning in successful management of patients with
failed airways during rapid sequence induction and have produced
consensus guidelines and algorithms for management. These are
discussed more fully in Chapter 48. The importance of training in
their use cannot be over-emphasized.
There is no internationally agreed protocol for rapid sequence
induction (El-Orbany and Connolly 2010). Table 42.3 lists some
of the common components and the arguments for and against
their use.

Maintenance
The anaesthetist has two choices regarding how to keep the patient
anaesthetized: a volatile-based technique or some form of intravenous anaesthesia. Despite the myriad publications on the topic
there is still no consensus that one technique is clearly better than
another. As with most anaesthetic techniques, the safest approach
is probably the one with which the anaesthetist is most familiar.
Whichever technique is chosen, it is important to ensure adequate
anaesthesia as the initial induction drugs redistribute. This applies
to the transition from intravenous induction to volatile, and from
one volatile to another. Induction with propofol followed by total
intravenous anaesthesia avoids some of these issues provided the
pump remains running and attached to a patent intravenous line.
For some procedures, there may be a significant time between
induction of anaesthesia and starting surgery as a result of positioning, surgical preparation, radiography, and so on. This results in
unopposed anaesthesia with very little stimulation. The anaesthetist needs to guard against excessive anaesthesia, with consequent
cardiovascular effects, on the one hand, and inadequate anaesthesia
with the risk of awareness on the other.

Depth of anaesthesia monitoring
There is great interest, and great debate, about the role of depth
of anaesthesia monitors. There are advocates of near universal
use who argue that the evidence shows reductions in total anaesthesia cost, faster recovery, and reduced incidence of awareness.
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Table 42.3 Some common components of rapid sequence induction
Minimize the time
between fully awake and
protected airway in place

Induction agent

Little evidence to suggest
that one is better than
another

Fixed/precalculated dose
of induction agent

Theoretical advantage, but
little evidence it occurs or
is clinically relevant

Minimize the risk of
aspiration during this
transition (at-risk) phase

Optimize the chance of
securing the protected
airway

Minimize the risk of
airway complications
should airway
management be
difficult/fail

Minimize the risk of
systemic complications

Propofol may facilitate
intubating conditions
with rocuronium

Little evidence to suggest
that one is better than
another

More hypotension with
propofol
Underdosing may
lead to awareness and
hypertension
Overdosing associated
with hypotension

Titrated dose

No evidence that worse
than fixed dose

Reduces risk of over and
underdose

Opioids

Suxamethonium
(succinylcholine)

Rapid onset

Improved intubating
conditions with
rocuronium

May delay return to
spontaneous ventilation;
effective airway strategy
should not rely on
wake up

Improved cardiovascular
stability

Excellent intubating
conditions initially

Traditionally part of
‘wake-up’ approach

Side-effects of
suxamethonium

Intubating conditions
worsen with time
Rocuronium

Fast onset

Good intubating
conditions, though
not quite as good
as suxamethonium;
conditions improve
with time

Pre-oxygenation

Prolonged duration of
action; sugammadex
(16 mg kg−1) may be
useful for wake-up
strategy but relies on
second drug, availability
and decision-making
Buys ‘apnoea’ time; may
also promote atelectasis

Positioning

Head-up: advocated to reduce
risk of passive regurgitation;
theoretically increases risk if
vomiting occurs

Flat: most ‘comfortable’
for anaesthetists, believed
to promote success

Head-down: promotes
drainage away from larynx
Cricoid pressure

Head-up: may improve
apnoea time
Head-down: may have
detrimental effects
on functional residual
capacity

Believed to close oesophagus;
conflicting evidence

Variable effects at
laryngoscopy

May promote retching if
applied too early

Impedes placement of
laryngeal mask

Avoidance of bag-mask
ventilation (BMV)

Gastric insufflation believed to
be risk for regurgitation

Improved apnoea time
and reassurance of
successful BMV may
improve intubation
success

Use of BMV may increase
apnoea time

Nasogastric tube

Little evidence of benefit
and may increase risk of
regurgitation
Key part of airway
management strategy

Key part of airway
management strategy

Clear airway—gastric
contents, foreign objects
or blood may be vital

Clear airway—gastric
contents, foreign objects,
or blood may be vital

Trained assistance

Promotes smooth process

Reduces risk of misapplied
cricoid pressure

Tipping trolley

Little evidence, but allows
rapid head-down if necessary

Suction

Little evidence but prompt
suction of pharyngeal soiling
believed to be beneficial

Emergency drills and
training

Little direct evidence
but strong supportive
evidence from outside
healthcare
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Opponents argue, with the same evidence base, that the evidence
of clinical benefit is poor, and appropriate alarm settings and use of
anaesthetic agents is as good as depth of anaesthesia monitors for
preventing awareness.

Closed-loop anaesthesia
Traditionally anaesthesia has been controlled directly by the anaesthetist. This is predominantly a reactive approach (Absalom et al.
2011). Based on patient physiology, temporal trends, and experience or theoretical predictions of the effect of the surgical episode,
inspired volatile or intravenous infusion rates are altered. In engineering terms this is a control loop, with a human (and therefore
somewhat erratic) controller. There has been some research investigating the use of closed-loop systems where a more or less sophisticated algorithm attempts to find the optimal dose of hypnotic,
analgesic, or NMBA to achieve a certain set-point (Liu et al. 2011).
The technology is not yet ready for widespread clinical use, partly
because of our incomplete understanding of the mechanisms of
general anaesthesia.

Muscle relaxation
For many patients, a single ‘intubating dose’ of NMBA is all that
is required, particularly if muscle paralysis is not required for surgical reasons. For some procedures, continued muscle relaxation
may be required. The choice is then between a continuous infusion or intermittent bolus doses. Either is an acceptable technique;
monitoring of neuromuscular function is required if excessive or
inadequate muscle relaxation is to be avoided.

Analgesia
Most surgical procedures are stimulating during the operation and
cause some degree of pain afterwards. There is currently no reliable
‘nociception’ monitor, despite considerable research using markers
of autonomic balance such as heart rate variability (Jeanne et al.
2012; Szental et al. 2015) and skin conductance (Sabourdin et al.
2013). The anaesthetist therefore relies upon prior experience and
expectation as well as (unreliable) clinical signs to guide the administration of appropriate intraoperative analgesia. Particularly in the
non-paralysed patient, it is important to ensure that adequate doses
of analgesia are administered in sufficient time before skin incision
to prevent unwanted autonomic or movement responses, or both.
Morphine has been the mainstay of surgical analgesia for many
years. It is less well-suited to intraoperative long cases with varying
levels of stimulation such as neurosurgery, as it is less titratable than
other shorter-acting agents.
Intravenous paracetamol has become a popular choice for intra-
and early postoperative analgesia in recent years. The evidence that
is clinically more effective that oral paracetamol is poor (Toms et al.
2008; Fenlon et al. 2013).

Intravenous fluids and blood management
These are discussed in Chapters 3, 20, and 51.

Venous thromboembolism
All surgical patients are probably at increased risk of venous
thromboembolism in the weeks after surgery (Geerts et al. 2008;
Sweetland et al. 2009). The issue during anaesthesia is how best to
reduce the risk, particularly in the context of neuraxial anaesthesia and surgery where increased bleeding carries significant risk.
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National guidelines differ on who should be offered mechanical
(e.g. stockings or intermittent pneumatic compression devices) or
pharmacological prophylaxis, or both. At a minimum, the anaesthetist should ensure that the issue has been discussed with surgical
colleagues and appropriate action agreed and implemented.

Temperature
Perioperative hypothermia is associated with poorer patient outcomes (NICE 2008): patient discomfort (shivering), myocardial
ischaemia, possibly increased wound infections (Kurz et al. 1996),
and altered coagulation (Rajagopalan et al. 2008). Regular temperature monitoring and active warming is likely to be needed for all
but the shortest procedures. Avoidance of processes which encourage cooling is often overlooked: gowns and blankets should be
removed only when necessary and for the minimum time; and cold
intravenous and irrigation fluids should be avoided.

Positioning
Correct and safe positioning of the patient is a shared responsibility
of the whole theatre team. The anaesthetists must coordinate with
the other members of the team regarding:
◆

when it is safe to position the patient

◆

the position(s) required

◆

the duration of a single position

◆

particular aspects of safety related to positioning.

The skin is at risk during anaesthesia and surgery from a variety of
environmental hazards. Abrasions and lacerations from rough or
sharp edges may start unnoticed in the insensate patient (general or
local anaesthesia). Prolonged immobility is a risk factor for development of pressure sores; it is increasingly recognized that many
postoperative pressure sores actually start in theatre. Although
there is little direct evidence of benefit, it is recommended that
where possible, pressure areas are moved and pressure released
during prolonged surgery. Padding and pressure distributing surfaces reduce but do not eliminate the risks. Burns are much less
common than previously because of better design of diathermy
equipment, but they can still occur.

Physiological safety
Physiological safety is a term borrowed from the critical care curriculum. In anaesthesia, it can be viewed as the primary aim of
the anaesthetist in using his or her understanding, skills, information from the environment, in conjunction with non-technical
skills, to maintain the patient’s physiology within acceptable, safe
bounds.
Fortunately, most patients require only minimal intervention
from the anaesthetist to achieve this. For some patients, this can be
a significant challenge, particularly when the patient’s underlying
pathophysiology is challenged by blood loss, fluid shifts, and cardiorespiratory effects of anaesthesia. The emerging research linking aspects of anaesthesia practice with outcomes should provide a
more refined approach than ‘avoid hypoxia and hypotension’. There
is increasing interest in the role of appropriate fluid management,
maintenance of cerebral oxygenation (Ballard et al. 2012), and limitation of stress response in affecting outcomes.
These physiological aspects are explored in more detail in the relevant chapters.
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Monitoring and documentation
The role and rationale of monitoring during anaesthesia is discussed fully in Chapters 25 and 26. In terms of the practical management of anaesthesia there are a few key principles:
◆

◆

◆

Ensure the important monitors are attached/reattached at the
earliest opportunity: pulse oximetry and capnography are the key
monitors and should be prioritized.
Ensure that appropriate alarms are set and turned on: alarms are
often turned off or muted during induction and emergence to
avoid unnecessary alarms; these need to be reactivated.
If monitoring detects a problem, act on it. Although monitoring
artifacts are probably the commonest cause of alarms, patients
continue to die because anaesthetists ignore monitoring.

Emergence
Unlike induction of anaesthesia which is an active process (drugs
being given), emergence is generally a passive process, at least from
a pharmacological point of view; the anaesthetist simply waits for
drugs to redistribute or be eliminated. It is therefore, to an extent, a
less controllable process.

Preparation
Emergence should be prepared for in the same way as induction.
Problems are more common at emergence than at induction.
Airway management equipment should be at hand along with
skilled assistance. Ideally, the drugs required for management
of pain and PONV will have been given before the end-stages of
emergence.

Airway management
Supraglottic airways can generally be left in place until quite a light
plane of anaesthesia, such that the patient commonly pulls their
own airway out. This generally results in less airway complications
than attempting to remove it earlier. A significant caveat to this is
the risk of patients, particularly children and young adults, biting on the tube and occluding the airway. It is recommended to
insert a bite block or roll of gauze between the teeth to prevent this
unwanted complication if the supraglottic airway does not have in-
built safeguards for this.
In most countries, tracheal tubes are removed before moving to
the PACU, but local practices do vary. It should be emphasized that
respiratory complications are more common after extubation than
intubation (Asai et al. 1998). There are two approaches to timing
of extubation: anaesthetized and awake. With the anaesthetized
approach, the patient is kept anaesthetized but allowed to breathe
spontaneously through the tracheal tube. The tube is then removed
gently. Ideally, the deep level of anaesthesia prevents airway irritation and the patient continues to breathe (with the anaesthetist
supporting the airway). Proponents of the technique argue that
it reduces the incidence of cardiovascular stimulation, unwanted
coughing, laryngospasm, and breath-holding. The alternative is to
discontinue the maintenance anaesthetic agents and wait until the
patient is breathing and responsive to commands before removing
the tube. The evidence suggests that in general, awake extubation
is associated with a reduced incidence of respiratory complications
(Asai et al. 1998).

The recognition that extubation is a risky time for the patient has
led to the formalization of the concept of airway extubation plans
for both routine and difficult airways (Difficult Airway Society
Extubation Guidelines Groupet al. 2012; Cavallone and Vannucci
2013). The key issues of planning, personnel, and equipment mirror those for airway management at induction.

Handover
There is good evidence from across medicine that handover from
one phase of care, or from one team, to another, is poorly done
and a risk to patient safety (Møller et al. 2013). There are consistent
themes identified in the research literature which are believed to be
conducive to safer handovers (Segallet al. 2012) (Box 42.1). There
is little direct evidence to support particular strategies and there is
clearly a need to tailor the handover process to the relevant area: an
ICU handover after on-pump cardiac surgery will be qualitatively
quite different to that on a day-case unit.

Non-technical skills
The above-given account outlines some of the knowledge and technical skills involved in management of anaesthesia. However, these

Box 42.1 Strategies for safe and effective postoperative handovers
consistently identified in the literature
1. Prepare monitor, alarms, equipment, and fluids before patient
arrival
2. Complete urgent care tasks before the verbal handover
3. Set aside time for handover communication. Avoid performing other tasks during this time and, conversely, limit conversations while performing tasks
4. Use the ‘sterile cockpit’—only patient-specific conversation or
urgent clinical interruptions can occur during the handover
5. All relevant members of the operating room and postoperative receiving teams should be present during the handover
6. Only one care provider should speak at a time, with minimal
distractions and interruptions
7. Provide an opportunity to ask questions and voice concerns
8. Document the handover
9. Use supporting documentation, e.g. lab test results,
anaesthesia chart
10. Use structured checklists to guide communication and ensure
completeness of information. Use forms or reference cards as
reminders
11. Use protocols to standardize processes
12. Provide formal team or handover training.
Reproduced with permission from Segall N, et al.; Durham VA Patient
Safety Center of Inquiry. Can we make postoperative patient handovers
safer? A systematic review of the literature. Anesthesia and Analgaesia,
Volume 115, pp. 102–15, Copyright © International Anesthesia Research
Society 2012.
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are insufficient alone to allow safety and excellence in anaesthesia
care. The importance of non-technical skills such as team working,
task management, situation awareness, and decision-making cannot be over-emphasized.

Summary
The safe management of anaesthesia is built on the three pillars of
knowledge and understanding, technical skills, and non-technical
skills. This chapter has provided a framework for the process of
anaesthesia. Although it has used general anaesthesia as the template, the same principles and flow apply to regional anaesthesia.
The importance of preparation, planning, and safe handover to the
next phase of care is easily overlooked in the desire to learn new
knowledge and skills.
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CHAPTER 43

Intraoperative monitoring
Patrick Magee and Mark Tooley
Introduction
Monitoring in anaesthesia must detect and record anticipated
deviations from normal values, and must warn of unexpected,
life-threatening events. All international standards stress the
importance of the continual presence of a fully trained and
accredited anaesthetic person, and one Australian study demonstrated that many mishaps occur in the absence of such a person
(Runciman 1988).
It has been suggested (Holland et al. 1993; Runciman et al.
1993; Webb et al. 1993) that more than 70% of anaesthetic incidents occurring during induction, maintenance, and recovery from
anaesthesia are detectable by a monitor, and that of these, more
than 80% would be detectable by the correct use of a pulse oximeter. When used in conjunction with a capnometer, more than 90%
of incidents detectable by monitors are picked up, and this argues
strongly in favour of the combined use of these two monitors. These
are just two of the monitors, and the principles of operation, covered in this chapter. Monitoring guidelines have been published
by the Association of Anaesthetists of Great Britain and Ireland
(Recommendations for Standards of Monitoring during Anaesthesia
and Recovery, http://www.aagbi.org/sites/default/files/standardsofmonitoring07.pdf).

Non-invasive blood pressure
measurement
There are several techniques of non-invasive blood pressure (NIBP)
measurement, all of which function by occluding the pulse in a
limb with a proximal cuff, then detecting its onset again distally, on
lowering the cuff pressure. Detection methods include palpation,
auscultation, plethysmography, oscillotonometry, and oscillometry. Accuracy of all non-invasive techniques depends on cuff size
in relation to the limb concerned, and over which artery the cuff is
placed. Such techniques are intermittent, rather than continuous
measurements.

Palpation
In palpation, after inflating the cuff on the upper arm to a pressure
above that of systolic, the cuff is then deflated while palpating the
brachial artery and the systolic pressure is measured with a mercury column (or another, less toxic, substance) at first detection of
the pulse. A study by van Bergen et al. (1954) showed that blood
pressure (BP) can be underestimated by this method by up to 25%
at 120 mm Hg. Factors which worsen this underestimate include
bradycardia and rapid cuff deflation.

Auscultation
Auscultation depends on hearing Korotkoff sounds. The sounds
are described in phases, from I to V, shown in Figure 43.1. Note
that there may be an auscultatory gap within phase II, the presence
of which, in some hypertensive patients, indicates the need for a
rough estimate of systolic BP by palpation before measurement by
auscultation. Phase I is the first onset of a tapping, high-frequency
sound which is synchronous with the pulse, which represents the
onset of systolic BP, and 5–10 mm Hg below which there appears
a palpable pulse. In phase II, the frequency of the sound is lower,
represented by a softening of the sound, and in some patients the
sounds in this phase disappear altogether—the auscultatory gap—
before the frequency increases again and the sounds then become
sharper in phase III. In phase IV, there is an abrupt muffling of the
sounds and their complete disappearance in phase V. Diastolic BP
corresponds to either phase IV or V; phase V is closer to true diastolic, but in some hyperdynamic states, it may not occur until the
cuff is almost completely deflated. One error with this, and with
other cuff methods, is using the wrong cuff size. Other causes of
inaccuracy include lack of agreement between observers, over-
rapid deflation of the cuff, and bradycardia. The study of Pereira
et al. (1985) showed that there were reasonable positive correlations between direct and auscultatory measurements for systolic
(r = 0.93) and diastolic (r = 0.79) pressures, with large variation
between observers; auscultation overestimates at lower pressures
and underestimates at higher pressures.

Oscillometry
Oscillometry uses a single cuff, both to compress the artery and
to detect pulsations. This is the standard contemporary method of
NIBP measurement in automated devices using microprocessor
technology. If the cuff is automatically inflated to some predetermined level above systolic BP, then deflated continuously in a stepwise fashion, arterial pulsations are detected on the cuff as systolic
BP is reached. As mean arterial pressure (MAP) is reached, these
pulsations reach maximum amplitude, and as diastolic pressure
is approached these pulsations diminish and disappear. This process is shown graphically in Figure 43.2a. The mechanism inside
such a device is shown in Figure 43.2b. A single pressure transducer processes the cuff pressure itself continuously as well as the
arterial pulsations. Appropriate electronic circuitry digitizes and
processes the signal, then systolic, mean, and diastolic pressures
are displayed. The original Dinamap® measured only MAP, where
cuff oscillations are at a maximum. It was found to be accurate if
the compressible volume within the hydraulic components of the
device was kept to a minimum. With the subsequent development
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Figure 43.1 Graphical representation of cuff deflation and intensity of sounds on auscultation when measuring blood pressure.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.1, Page 171, with permission from
Oxford University Press.

of more sophisticated electronic algorithms, systolic BP, MAP, and
diastolic BP became measurable. Systolic BP is measured where the
rate of increase of the pulsations is at a maximum (rather than their
onset) and the diastolic BP is measured where the rate of decrease
is maximum (rather than the offset). It is generally more difficult to
detect diastolic pressure than systolic using this technique. MAP is
calculated from the following equation:
MAP = DBP +

(SBP − DBP)
3

(43.1)

where DBP and SBP are diastolic and systolic BP respectively.
Excessive cuff movement, rapid BP changes, abnormal pulse
rhythms, and interchanging cuffs can all exceed the ability of the
electronic algorithms to interpret the BP components accurately.

Doppler ultrasound
Using Doppler ultrasound, an ultrasonic transmission and receiving device lies against the skin beneath an occluding cuff. As the
cuff is deflated and blood flow or vessel movement is detected, there
is an audible Doppler frequency shift, whose character changes as
the cuff pressure is reduced through systolic to diastolic. Analysis
of frequencies by the device yields systolic BP and diastolic BP.
Doppler techniques have been found to yield higher systolic pressures than other methods (MacDonald et al. 2008).

Cuff size
Cuff size is an important factor in determining accuracy of any
NIBP measurement technique. This is particularly important for
NIBP measurement in children and in obese patients. The width
of the inflatable bladder of the cuff should be 40% of the mid-
circumference of the limb, and its length should be twice this width.
A narrow cuff gives a falsely high reading and a wide cuff gives
a falsely low one. A cuff reading of BP may indeed not correlate

with intra-arterial BP measurement across the whole range of
BPs, because there is a non-linear relationship between the pressure in a cuff and its internal diameter around a limb, which is the
variable important in compressing the limb concerned. Morbidity
from cuffs includes skin and underlying tissue damage and possible
ulnar nerve damage, when used on the arm too close to the elbow.
The upper arm is not always the most convenient place at which to
site a cuff, the calf and the ankle being two alternative sites. It has
been found that there is poor agreement between different sites for
systolic BP measurement, but better agreement for diastolic BP and
mean pressures (Moore et al. 2008), and that the ankle is the least
uncomfortable place for the cuff. If the ankle is used, then the additional presence of an intermittent compression device on the leg
does not influence the BP reading, if the measurement is made outside of the compression device’s active phase (Parikh et al. 2007).
Plethysmographic methods include the Finapres (after Peñaz
1973), which uses the principle of arterial volume clamp plethysmography, see Figure 43.3. A small, low volume cuff, which also
contains an infrared light source and photo detector, so that the
finger is transilluminated, is applied around a finger.
Another such device which functions in a similar way, but without a cuff, is the ‘Tensymeter’ (Szmuk et al. 2008), a non-invasive
device used over the radial artery. An actuator applies external
pressure to the artery, a sensor assesses the pulsations at different
levels of applied pressure, and uses an algorithm to produce a continuous output of systolic, mean, and diastolic pressure.

Direct measurement of blood pressure
The direct measurement of arterial BP has some advantages over
other BP measurements: the waveform obtained from the data
is continuous (as opposed to intermittent), and it can be in real
time and is potentially the most accurate of any BP measurement.
Direct measurement is very important in critically ill patients and
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Figure 43.2 (a) Graphical representation of the use of an oscillometer, showing decreasing cuff pressure plotted against time in seconds on deflation with increasing
transmission of oscillation and the link to measured components of blood pressure. (b) Hydraulic and electronic components of an oscillometer.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.3 and 12.4, Page 174, with
permission from Oxford University Press.
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Figure 43.3 Peñaz technique for continuous non-invasive technique for blood pressure measurement (‘Finapres’).
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.5, Page 176, with permission from
Oxford University Press.
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in those whose cardiovascular system may be compromised. It is
important in patients who have poorly functioning hearts or who
require pharmacological manipulation of the BP. It also provides a
convenient means for taking blood for blood gas analysis. When
the waveform is obtained, a number of other indices (Prys-Roberts
1984; Hutton and Cooper 1985) can be obtained, in addition to the
systolic, diastolic, and mean pressures and heart rate. Myocardial
contractility can be assessed from the gradient (dp/dt) of the arterial upstroke as shown in Figure 43.4.
The pulse waveform is used as the basis of pulse contour analysis
to estimate cardiac output.

Components of the monitoring system
The components of the direct BP monitoring system include the
hydraulic coupling, the transducer, amplification, signal processing, signal display, and power supplies to the various components.

Hydraulic coupling
Ideally for the greatest accuracy, the pressure transducer should
be inserted directly into the site to be measured. Whilst catheter-
based transducers do exist, they are normally connected to the
measurement site by means of a fluid-filled catheter, usually
isotonic dextrose or saline. For a correct representation of the
waveform, and to control damping and resonance (as previously
discussed), the catheter must be reasonably stiff, straight, and
the fluid is assumed to be incompressible and must not contain
any air bubbles. The catheter should terminate at the transducer
dome, which is a disposable device containing a flexible membrane, which sits in very close proximity to the diaphragm of the
transducer. The pressure change at the measuring site induces a
similar change at the membrane, which moves the transducer
diaphragm. The amplifier and signal processing have been discussed. The electrical power to the transducer (for the bridge circuit) is normally obtained, via suitable electrical isolation, from
the amplifier.

Transducers
Transducers have already been mentioned and all use a displacement of the diaphragm by pressure which can be measured in many
ways. Strain gauges, resistive, capacitive, and inductive changes are
the main examples, with resistive strain gauges being the most
common.

The surface electrocardiogram (ECG) is a reflection of the electrical
depolarization and repolarization of the heart itself. Excitation of
the atria gives rise to the P wave, after which the atrial contractions
propel blood into the ventricles. An atrial recovery wave exists, but
it is rarely seen, as it is obscured by ventricular excitation, which is
signalled by the QRS wave. During the later part of the QRS wave,
ventricular contraction commences. Recovery of the ventricles is
preceded by the T wave. The ECG labels (i.e. PQRST) are shown
in Figure 43.5.
To localize the direction of excitation and recovery of the heart
chambers (and also to estimate the extent of any cardiac injury), a
variety of electrode arrangements can be used. The electrodes are
positioned on easily located anatomical landmarks such as the right
arm (RA), the left arm (LA), and the left leg (LL), with the right leg
usually providing the reference or common. The standard (1, II,
III), augmented (aVR, aVL, aVF) and precordial (V1 to V6) leads
are routinely used. It is possible to locate the direction of excitation
and recovery by considering that the direction of the electrical vector at a given moment. This can be demonstrated by forming an
equilateral triangle (Einthoven’s triangle) such as in Figure 43.6a.
This gives the direction of the leads, for example, lead I is RA to LA.
The amplitude of lead I (0.87 mV in this example) is drawn and a
right angle (perpendicular) is dropped down from this as shown in
Figure 43.6b. Similarly the lead II voltage of 0.87 mV is drawn along
the lead II axis and the perpendicular drawn. This will interact with
the lead I perpendicular and this dotted line will be the cardiac vector. The vector will be 1 mV, 30°, and lead III will have zero amplitude indicating that the vector is at right angles to this lead.

Indices obtained from the ECG
The bandwidth required for full 12-lead ECG analysis is from 0.05
to 100 Hz. Real-time monitoring in anaesthesia or intensive care
generally requires three leads, both arms and left leg. Lead II (RA,
LL) lies close to the normal cardiac electrical axis permitting the
maximum size P and R waves, and can be very useful for diagnosing certain arrhythmias. The ECG can be recorded graphically usually on a timescale of 0.04 s mm−1 (paper speed 25 mm s−1) but it
can also be digitized, using a sampling rate of typically 1 kHz, and
algorithms are used to calculate the position of various parts of the
waveform.
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Figure 43.4 Arterial waveform showing indices obtained: myocardial
contractility (dp/dt), index of stroke volume (represented by the shaded area),
and diastolic decay.

Figure 43.5 Diagram of an ECG showing the standard labels of various parts of
the waveform.

Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 12.6, Page 178, with permission
from Oxford University Press.

Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 18.1, Page 245, with permission
from Oxford University Press.
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Figure 43.6 Calculation of cardiac vectors. See text for details.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 18.2, Page 245, with permission from
Oxford University Press.

These algorithms can be developed to calculate RR intervals (i.e.
reciprocal of heart rate). Other variables can be indicated on the
ECG such as the ST segment, which can provide prompt detection
of myocardial ischaemia. As in the detection of R waves, a suitable
algorithm used on the digitized waveform can produce this measurement automatically.

Artifacts and interference
Although the amplitude of the ECG is larger than that of the electroencephalogram (EEG; see ‘The electroencephalogram’), it is still a
small potential (0.1–6 mV) and artifacts and interference can cause
problems in interpretation. Electrical mains interference can be
minimized by ensuring good electrode contact and a high common
mode rejection ratio in the differential amplifier. Filters can be used
to produce a cleaner signal, although the filter parameters must be
chosen with care. Mains filters can be only used in the monitoring
mode (low pass up to 30 Hz). In the diagnostic mode, the bandwidth must be 0.05–100 Hz and the mains filter should not be used
as mains frequency is within the bandwidth range. Low-pass filters
set to 100 Hz can be used to remove the higher-frequency components of the electromyogram (EMG) signals.

Cardiac output measurement
The pulmonary artery catheter
The pulmonary artery catheter was the mainstay of clinical cardiac
output measurement for many years, but because of its relatively
invasive nature and the lack of evidence for improvement of clinical outcome with its use, it is now seldom used in a modern clinical
environment.
A pulmonary artery catheter measures cardiac output using the
Fick principle, which states that when a dye is added at rate m to
a fluid in flow, and the concentration of the dye changes from Cv
before, to Ca after being added to the fluid, the flow rate of the fluid,
Q̇, is given by:
Q =

m
a
C
( − Cv )

(43.2)

In Fick’s original experiment, Q̇ was the cardiac output itself, the
‘dye’ was oxygen, so m was oxygen uptake and Ca and Cv were

respectively arterial and venous oxygen concentration (content).
In measuring cardiac output using a pulmonary artery catheter,
the dye is typically a bolus of cold glucose at room temperature or
colder, which is therefore used as a thermal dye and the method
is the thermodilution method. Glucose was used rather than saline
to reduce the chance of causing microshock. The bolus of glucose
is introduced into the circulation at a proximal part of the catheter situated in the right atrium, mixes in the circulation, and the
change in temperature of the blood is measured at the catheter tip
by a thermistor. The software associated with the catheter deduces
cardiac output according to Fick’s principle using the formula:
Vρ c (t − t ) × 60
Q = i i b i
∫ ρbcbT dt

(43.3)

where Q̇ is the cardiac output, V is the volume of injectate, ρi and ρb
are the densities of injectate and blood respectively, while ci and cb
are the thermal conductivities of injectate and blood respectively;
ti and tb are the temperatures of injectate and blood. The denominator represents the area under the temperature/time curve. Note
therefore that a large area under curve represents a small cardiac
output and vice versa.
The pulmonary artery catheter has become the standard against
which other less invasive methods of cardiac output measurement
are compared, even though the method itself has fallen out of
favour.
It is also possible to sample mixed venous blood from the pre-
alveolar pulmonary vasculature, and to measure the mixed venous
oxygen saturation Sv O2 . When compared with the arterial oxygen
saturation Sa O2 , this gives useful information about oxygen usage
by cells.

( )

(

)

Echocardiography
Doppler ultrasound has many applications, and one is the qualitative and quantitative assessment of cardiac function. The method
actually measures velocity of red blood cells in the aorta, which,
when averaged and multiplied by the cross-sectional area of the
flow (either measured by the device itself or calculated from input
data on patients’ age, height, weight, and gender) gives blood flow
as cardiac output.
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An appropriate way to visualize the descending aorta near its origin using ultrasound is often via the oesophagus. The patient swallows a probe and ultrasonic waves are produced at the end of the
probe by a piezoelectric crystal in the range 2.5–5.0 MHz. The same
transducer alternately transmits the wave for 1 μs and detects the
reflected waves for 250 μs, although other formats of the method
use separate transmission and receiving transducers. It is also possible to use a transducer situated on the tip of a tracheal tube to
measure cardiac output with Doppler, thus allowing continuous,
intraoperative cardiac output monitoring. Alternatively, the non-
invasive transthoracic or suprasternal approach is another route of
examination. Whatever route is chosen, correct orientation of the
ultrasound probe in relation to the descending aorta is required to
ensure an accurate estimate of cardiac output.
The velocity signal from the probe is fast Fourier transformed
and the output is represented as a velocity amplitude waveform
plotted against time. This produces a characteristic triangular
waveform from which further qualitative information about the
circulation may be deduced. Inadequate orientation of the probe
with the predominant flow direction within the aorta would give
a less well-defined, low-amplitude waveform. The flow time (FT)
is shown as the distance across the base of the triangle on the time
base. As FT is influenced by heart rate, and by ventricular preload
and afterload, a corrected flow time (FTc) is calculated to index the
trace to a heart rate of 60 beats min−1, which gives a FTc of about
333 ms. A decreased FTc is seen in hypovolaemia, a decreased
preload, and an increased afterload. An increased FTc is seen with
an decreased afterload. The peak velocity is indicated on the trace by
the apex of the triangle. It diminishes with age, increased preload,
and increased afterload. Transoesophageal Doppler monitoring
can be used to guide fluid therapy (Diaper et al. 2008).
An echocardiographic examination can also look at cardiac
structure and function. For example, a cardiologist might be interested in looking at valvular area or function, abnormal wall movement in ischaemic parts of the heart, end diastolic and systolic
volumes, determination of ejection fraction, thrombus detection,
detection of air embolus, and aortic dissection. It is also possible,
by application of Bernoulli’s theorem, to deduce pressure gradient
across, for example, the aortic valve by blood velocity measurement
in the aortic root.
Providing the transducer can be appropriately positioned to give
results in which the user can feel confident, cardiac output measurements using echocardiography can be as accurate as thermodilution methods (Legrant et al. 1993) even when used intraoperatively
in the presence of cardiac disease (Ryan et al. 1992). Clearly the
user must be appropriately trained. Doppler ultrasound can also
be used to measure blood flow in vessels other than the aorta from
which a degree of atherosclerotic stenosis can be assessed.

Pulse contour analysis
Cardiac output may be measured using mathematical algorithms
to analyse the pulse pressure contour (Rödig et al. 1999) obtained
from an arterial pressure waveform (Wiseley et al. 2001). It is less
invasive than a pulmonary artery catheter, but more so than ultrasound, although the method uses invasive monitoring techniques
which would already in any case be in place, such as an arterial
line and a central venous line. The form of the arterial pressure
waveform (the pulse contour) depends not only on stroke volume
but also on vascular compliance. To monitor cardiac output by this

technique the device must be calibrated against another technique.
The PiCCOTM (Pulsion Medical System, Feldkirchen, Germany)
and LiDCOTM (LiDCO System, London, UK) are examples of
devices that use the pulse contour technique, but have different
methods of validating the result.

PiCCOTM
PiCCOTM uses a specialized arterial cannula with an integrated
thermistor to measure the blood temperature at a peripheral
artery, while a transducer analyses the pressure waveform (Wilde
et al. 2006). The cardiac output data derived from the pulse contour is calibrated using an intermittent thermodilution technique
using a central venous catheter (rather than a pulmonary artery
catheter). The cold bolus of fluid is injected into the central vein,
and the temperature is measured at the arterial cannula. This
updates the cardiac output derived from the algorithm which
interprets the pressure waveform contour. The cardiac output is
given by:
dp 
 P (t )
K .R.∫ 
+ C(p).  dt
dt 
 SVR

(43.4)

where K is a calibration constant determined by thermodilution;
R is heart rate; P(t) is the mathematical function which describes
the pressure waveform with respect to time; SVR is systemic vascular resistance; C(p) is the mathematical function describing aortic
compliance with respect to the pressure; and dp/dt is the rate of
change of the pressure waveform curve with respect to time. The
square bracketed terms are integrated with respect to time. The displayed value is an average of a number of preceding beats.

LiDCOTM
This device uses a different algorithm to analyse the pulse contour
and calibrates the derived cardiac output by using a dilution technique with lithium as the ‘dye’. A bolus of dilute lithium chloride is
injected into a central or a peripheral vein, blood is drawn from an
ordinary peripheral arterial cannula at a constant rate by a pump,
and delivered to a lithium sensitive electrode. The electrode and its
associated software plot a lithium/time concentration curve, from
whose area the cardiac output may be calculated in the usual fashion. It has been found that LiDCO™ underestimates cardiac output
when the afterload is low (Yamashita et al. 2007).
Both pulse contour methods have disadvantages associated
with venous and arterial cannulation, such as thrombosis or kinking of the cannulae. The accuracy of both devices depends on the
calibration methods described (Johansson et al. 2007). LiDCOTM
cannot be used with patients on lithium therapy, nor on patients
on non-depolarizing neuromuscular blockers which interfere
with lithium analysis. As with any method which depends on a
dilution technique, cardiac shunts will also introduce error into
this method of cardiac output measurement. In addition, it has
been found that pulse contour methods are not entirely satisfactory for monitoring stroke volume changes in response to intraoperative fluid therapy (Lahner et al. 2009). Other devices are
available, which use pulse contour analysis without additional,
invasive calibration procedures, such as VigileoTM (Edwards
Lifesciences, Irvine CA, USA), and HeartSmartTM (HeartSmart.
com, New Milford, CT, USA) but they have been found to be less
reliable than the other calibrated pulse contour methods (Sakka
et al. 2007; Berridge et al. 2009).
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Transthoracic electrical impedance
The principle of this device depends on the change of electrical
impedance in the thorax with a number of activities such as respiration, but including the change of heart size associated with the
cardiac cycle. The method deduces stroke volume from the change
in transthoracic electrical impedance. The method has been found
to have a variance of 20–48% (Tomaske et al. 2008), which may
explain why it did not find common use. However, greater accuracy
has been found if the phase change in the reactive components of
the impedance is used to calculate cardiac output, rather than the
impedance itself.

Pulse oximetry
The pulse oximeter is a device for non-invasive, continuous measurement of oxygen saturation. Its presence is so important that
efforts are being made to make pulse oximeters available at all operating locations throughout the world (Walker et al. 2009). The pulse
oximeter probe is usually placed on the finger or the ear lobe. There
is a variable delay between the onset of a causative hypoxaemic
event and detection of hypoxaemia by the pulse oximeter; the delay
is longer if the sensor is placed more peripherally. Finger probes are
more accurate but slower to respond than ear probes (Webb et al.
1991). Appropriate size and design of the probe for accuracy and
safety in children is important (Howell et al. 1993). Forehead reflectance probes have been used with good results (Casati et al. 2007).
Because the human eye is bad at detecting cyanosis, the pulse oximeter is indispensable.
A pulse oximeter uses two separate technologies: plethysmography, where reproduction of the pulsatile waveform takes place; and
spectroscopy, where absorption of light of specific wavelengths by
body tissues occurs. See Chapter 25 for an introduction to spectroscopic principles. Spectroscopy in the red and infrared bandwidths
occur in pulse oximetry.
Figure 43.7 shows the absorption spectra, in the red to infrared range, of various forms of haemoglobin (Hb), including
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oxyhaemoglobin (HbO2) and deoxyhaemoglobin (HHb). Pulse
oximeters use light-emitting diodes (LEDs) to emit light at two
different wavelengths from a probe, usually 660 nm (red) and
940 nm (infrared) in order to compare the spectra of HbO 2
and HHb.
It can be seen from Figure 43.7 that at 660 nm, reduced (deoxygenated) Hb absorbs more light than HbO2, while at 940 nm the
converse is true. There are two wavelengths at which the curves cross
over called isobestic points, and a wavelength within this waveband
where the curves are farthest apart. The 660 nm LED emits light
close to the isobestic point and the 940 nm LED emits light close to
the point of widest separation of the curves; this gives spectrophotometric information about the total Hb concentration and of the
difference between HbO2 and HHb respectively. Note that the scale
is logarithmic, so the differences in absorbance are in fact large.
The light which is not absorbed is transmitted (transmitted = input
-absorbed), and the ratio of transmitted light at 660 nm to that at
940 nm is calculated. This ratio is used by the oximeter’s software
to calculate saturation. Typically, the two LEDs are switched alternately at a rate of 400 Hz, with ‘the LED off ’ periods in between
‘LED on’ periods to allow use of a single photo detector and to
make allowance for the effect of ambient lighting. Absorption of
red and infrared light in the tissue of a finger or earlobe is not confined to arterial blood, but also occurs in all other tissues, such as
venous blood, muscle, and nail, as shown in Figure 43.8. However,
only the transmission signal from pulsatile arterial blood is an ‘ac’
signal, while all other constant light transmission signals are ‘dc’.
The amplitude of both ac and dc components from a given blood
and tissue sample may well be very different at the two different
wavelengths, giving raw signal levels as shown in Figure 43.9a. Part
of the software processing involves scaling the raw signal amplitudes until the dc components are equal, so that the ac components
may be reasonably compared and the ratio, L, of ac signals at the
two measured wavelengths can be calculated. It is then possible
for the oximeter’s software to look up a value of oxygen saturation,
SpO2 , corresponding to different values of L. This calibration curve
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Figure 43.7 Light absorption in the red and infrared bandwidths of various species of haemoglobin. The wavelengths of light typically emitted by a pulse oximeter are
indicated by vertical lines at 660 and 940 nm.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 15.1, Page 217, with permission from
Oxford University Press.
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is shown in Figure 43.9b and will have been obtained from a multiple wavelength co-oximeter using formal arterial blood samples.
Note that when L = 1.0, SpO2 = 85%. The SpO2 reading on a pulse
oximeter is usually an average of readings over the preceding 10 s
or so, although this averaging period can be shortened. Errors in
the readings can occur with movement and vibration (Langton
and Hanning 1990), hypertension, vasoconstriction (Langton et al.
1990; Talke et al. 2006), tricuspid valve regurgitation (Stewart et al.
1991), ambient light, some intravenous dyes [methaemoglobin
(MetHb) causes under reading], carboxyhaemoglobin (HbCO)
(causes an overestimate), and diathermy (Ralston et al. 1991). Poor
tissue perfusion, hypothermia (Gabrielczyk et al. 1988), hypotension, and hypovolaemia also eventually cause some error (Falconer
et al. 1990). It has also been shown that the pulse oximeter under-
reads SpO2 under conditions of low vascular resistance, such as sepsis (Secker et al. 1997). Because the plethysmographic signal, which
is often displayed alongside the SpO2 value, may be subject to internal amplification, its amplitude is no guide to the adequacy of the
input signal. However, the width of the plethysmographic trace has
been found to be consistently related to changes in systemic vascular resistance (Yang et al. 2007). Error can also occur where there
has been extrapolation by the device of values of L (in Fig. 43.9)
R outside the calibrated range (Ridley 1988), which has been
obtained from arterial blood samples of healthy volunteers breathing hypoxic gas mixtures to give SpO2 values in the range 80–100%.
It is clear that the pulse oximeter only looks at functional saturation, incorporating HHb and HbO2, by using two measurement
wavelengths. It ignores other Hb components, which are included in
a measure of fractional saturation, namely MetHb and HbCO: these
can only also be measured using an additional two wavelengths
of radiation. The absorption spectra of these two components are

Absorption due to pulsatile arterial blood

Absorption due to non-pulsatile arterial blood
Absorption due to venous arterial blood

Absorption due to tissues

Figure 43.8 Absorption in different tissue components by light of a pulse
oximeter.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 15.2, Page 218, with permission
from Oxford University Press.

included in Figure 43.7. The HbCO absorption spectrum resembles that of HbO2 in the red range, and its presence in arterial blood
therefore contributes to an overestimate of the SpO2 . In smokers with
significant levels of HbCO, the overestimate can be up to about 20%,
hence in these patients and in victims of carbon monoxide poisoning, the pulse oximeter gives a false sense of security. Figure 43.7
shows that MetHb absorbs to similar extents at both wavelengths
and if significant methaemoglobinaemia, which can be caused by
prilocaine, nitrites and nitrates, dominates the clinical picture, the
ratio L will be 1.0 and the SpO2 will tend to be at or near 85%.

Figure 43.9 (a) The processing of ‘AC’ and ‘DC’ light transmission signals in a pulse oximeter, normalizing the ‘DC’ component. (b) This gives a ratio which can be
plotted to give Spo2.

Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 15.3, Page 219, with permission from
Oxford University Press.
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Within the range of wavelengths 650 nm to 1000 nm, fetal
haemoglobin (HbF) has the same absorption characteristics as
adult Hb and therefore the pulse oximeter is accurate in neonates.
HbF can, however affect the accuracy of estimation of HbO2 and
HbCO by a four wavelength co-oximeter. Similarly, although bilirubin does not affect the accuracy of pulse oximeters, it may affect
the accuracy of a co-oximeter. Skin colour does not usually affect
the accuracy of pulse oximeters, but can be affected by dark nail
varnish.

The electroencephalogram
The EEG is made up of a range of frequencies between dc and
around 40 Hz. In the frequency domain, the EEG is often divided
into frequency bands which are described as δ (<4 Hz), θ (4–7 Hz),
α (8–13 Hz), and β (13–40 Hz). Normally α activity can be
recorded from the surface of the brain only during relaxation with
the eyes closed and this is the de-activation state. If the subject carries out mental activities or eye opening, the waveform becomes
desynchronized and at a higher frequency but lower amplitude.
The amplitude of the normal EEG is between 10 and 50 μV, but
the range can be between 1 and 100 μV. The EEG is affected by
sleep and anaesthesia. Anaesthetic drugs, whether intravenous or
inhalation, affect the EEG. Low drug doses cause an increase in
amplitude of the signal and an increase in frequency, so that the
dominant frequency is in the β range. Higher doses cause the EEG
frequency to decrease in a dose dependent manner, with the amplitude remaining high. Very high doses cause very low-frequency,
low-amplitude signals, mixed with bursts of high amplitude and
higher frequency. There are also bursts of no activity as well, and
this is called burst suppression.
Other drugs such as opioids also change the EEG and there are
other factors affecting it such as oxygenation levels, Pco2, temperature, and noxious stimulation. Reduced cerebral oxygenation
causes slowing of the EEG, as does hypocapnia, and hypothermia.
Noxious stimulation causes an increase in EEG frequency unless
the patient has received high doses of analgesics. Because all these
things affect the EEG, if processed properly, it can be a useful monitor in theatre, especially for monitoring the depth of anaesthesia
and as an awareness monitor.
EEG electrodes need careful application to reduce interference
and maximize the signal transfer to the amplifier. For monitoring
purposes, two to six sites plus a ground or reference are used. The
electrodes are connected to an isolated differential amplifier, which
minimizes 50 or 60 Hz mains and other external electrical interference being amplified. After amplification, the signal is band-pass
filtered, normally to between 0.1 and 32 Hz. Depending on the signal processing methods used to quantify the EEG signal, the filtered signal can be processed by analogue electronics or converted
by an ADC, as described earlier.
The EEG is a complex time domain waveform and for monitoring purposes, it needs to be simplified and quantified. Most analysis
techniques examine epochs (time periods) of EEG, usually in the
range of 2–16 s. Analysis can be in time domain (Fig. 43.10) or
frequency domain.
Quantification of the frequency spectrum in anaesthesia has
been studied extensively using indices such as the median power
frequency (MPF) and the spectral edge frequency (SEF). A frequency
spectrum of each epoch of the EEG. From this spectrum is obtained
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Figure 43.10 Diagram illustrating simple time domain analysis of the EEG
waveform. In this example, the zero crossing frequency in the first epoch is 12. The
maximum amplitude is the maximum amplitude value (positive or negative) in
each epoch. The number of turns (i.e. change of direction of the signal) in each
epoch could be another measure, as could the integrated voltage per epoch.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 18.7, Page 251, with permission
from Oxford University Press.

single indices such as the MPF and SEF. The MPF is the frequency
value where 50% of the power is below and above that value and
the SEF is where 95% of the power is below. This is illustrated in
Figure 43.11a.
The MPF and SEF have been studied during single drug anaesthesia and correlate well with drug concentrations and clinical
effect (Schwilden 1989; Forrest et al. 1994). The problem with these
indices is that they tend to have different values with different drugs
and also have the problem of the biphasic effect. This is where many
anaesthetic agents initially increase the EEG frequencies and therefore the MPF. As the dose of the anaesthetic is increased, the EEG
frequency (and therefore the MPF) will decrease. There is therefore
a MPF value for awake but the same MPF value will also represent
some level of anaesthesia. This is shown in Figure 43.11b where the
value of 9.7 Hz is both the MPF for all awake, drug-free patients
and the value where, by coincidence, 50% of the patients will be
anaesthetized (Forrest et al. 1994).

Evoked responses
The EEG potentials so far described are spontaneous, but they may
also be evoked, where a short external stimulus is given and the
cortical response is measured. The stimulus can be auditory, visual,
electrical, or mechanical. The response is normally of lower amplitude than the background EEG, and is therefore submerged in it.
This is demonstrated in Figure 43.12b which shows an auditory-
evoked response (AER) submerged in the EEG. This AER consists
of a number of labelled waves as shown in Figure 43.12a. It is the
latency (the time delay of the wave from the stimulus) and amplitude of each wave that is of interest. As the AER is submerged, it
cannot be visualized directly. Coherent averaging is used to reduce
the random background EEG to an average voltage lower than the
evoked response; this allows the evoked potential to be obtained
and visualized.
Auditory responses seem to be the best modality for anaesthesia
monitoring, originating in the brainstem, and are relatively resistant to changes induced by anaesthesia, but nevertheless seem to
change in a dose-related manner. Electrodes are placed ‘vertex-
inion’ to prevent interference from myogenic responses, which can
overwhelm the AER (Tooley et al. 2004).
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Figure 43.12 An auditory-evoked response waveform (a), which is a magnified
version of the waveform in (b), which shows it submerged in the spontaneous
EEG background signal. bs = brainstem wave V, Pn are positive waves with
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Figure 43.11 The MPF and the SEF: (a) shows an epoch of EEG which is
transformed to a spectrum. The MPF and SEF are obtained from this. The MPF is
the frequency value where 50% of the power of the spectrum is below it (shown
as the shaded part A). The SEF is the frequency value where 5% of the power of
the spectrum is above it, or 95% below. (b) The biphasic response of the MPF.
The diagram shows the MPF at different concentrations of an anaesthetic drug
(propofol). Awake patients with no anaesthetic have an MPF of 9.7 Hz but also
this value is when 50% of them will be unconscious at a later stage in the research
procedure.
(A) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and
Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 18.8, Page 252,
with permission from Oxford University Press.
(B) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and
Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 18.9, Page 253,
with permission from Oxford University Press.

Depth of anaesthesia monitors
See the National Institute for Health and Care Excellence guidance
on this matter (http://www.nice.org.uk/dg6).

Bispectral Index™ monitors
The BIS™ monitor (Medtronic Minimally Invasive Therapies,
Minneapolis, MN, USA) uses an index called the Bispectral
Index™ (BIS™) that attempts to eliminate the biphasic effect mentioned previously and get around the fact that different anaesthetic agents affect the EEG in different ways. This commercial
monitor (the BIS™ monitor) uses a complex algorithm which produces an index between 0 (deeply unconscious) and 100 (awake),
with 40–60 the recommended values for general anaesthesia. The
BIS™ number is designed to be drug independent, the same level
of sedation gives the same number irrespective of which drug is

Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 18.10, Page 254, with permission
from Oxford University Press.

producing that effect (Johansen et al. 2000). The analysis involved
in the algorithm is based on the frequency and time domain
measures already described, but is dominated by bispectral analysis (Rampil 1998). Bispectral analysis is a more complex spectral
analysis than simple Fourier transformation, based on the phase
relationships of individual frequency components to each other.
Information hidden in the frequency spectrum may be uncovered if the bi-spectrum is included in the analysis algorithm. This
can be explained by considering, in a thought experiment, two
situations, which have different brain states, such as awake and
anaesthetized, but the simple frequency spectra are identical. In
this example, the EEG spectra alone cannot discriminate between
the two clinical states. Figure 43.13 shows the spectrum of two
EEG processes, EEG 1 and EEG 2. The spectrum of EEG 1, which
represents clinical state 1, can be considered to be produced by
the summation of four dominant frequencies, all having independent phases (i.e. they are not coupled together). The spectrum
of EEG 2, or clinical state 2, can be considered to be produced
by the multiplication of two different frequency generators. The
effect of multiplication will be to produce a spectrum consisting
of the frequency sum of the two generators, the frequency difference, and double each generator. The phases of these frequencies will be coupled together. It is plausible that the two different
clinical states will give these different mathematical situations.
For example awake EEG is non-synchronized EEG that could be
produced by independent generators as above and the anaesthetized EEG is often more synchronized. Therefore the two spectra,
EEG 1 and 2, will have been produced by different brain processes
(e.g. awake and anaesthetized), but have identical simple spectra
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morphologies. If the bispectrums of EEG 1 and 2 were calculated,
they would be very different because of the very different phase
relationships, and this could be useful as the dominant component in an algorithm to discriminate between clinical states. The
BIS™ monitor actually uses the relationship between frequency
values known as the bicoherence and this measure approaches
zero when there is no relationship between components (as in the
awake state) and approaches one where there is a fixed relationship (as in the deeply anaesthetized state mentioned).
Although the BIS™ monitor is very useful in clinical practice and
seems to detect awareness (Myles et al. 2004), there are a number
of situations where it is not so useful. These include when nitrous
oxide is used, with a technique using a high dose of opioid drug relative to hypnotic agent, with interference from other devices (Costa
et al. 2000; Dahaba 2005) and in children.

Entropy
The concept of entropy for physiological signals is derived from
the concept of thermodynamic entropy for physical systems. In the
context of signals, the entropy is about the irregularity, complexity
or unpredictability of the EEG signal. In a simple example, shown
in Figure 43.14, a signal which has one state (i.e. a pure sine wave),
shown in Figure 43.14a has an entropy value of zero, whereas white
noise, that is, a random unpredictable signal such as described in
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Figure 43.13 Two identical EEG spectra, EEG 1 and EEG 2, which are produced
by different brain processes, such as awake and anaesthetized. The frequency
generators sum together and produce the surface EEG. The generators in EEG
1 are not synchronized or coupled together, but the generators in EEG 2 are
coupled. EEG 1 is produced by four separate generators, 4, 6, 10, and 14 Hz.
These produce a spectrum dominated by these frequencies, as shown. EEG 2 is
produced by the multiplication of two generators 7 and 3 Hz. It is thought this
multiplication process might occur under anaesthesia. This might be the process
which occurs under anaesthesia. The multiplication of 7 and 3 Hz will produce the
sum (10 Hz), the difference (4 Hz), double 7 Hz (14 Hz), and double 3 Hz (6 Hz). In
this case all the frequencies are coupled together, because of their common origin,
and so the phase relationships will be very different than EEG 1.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 19.3, Page 265, with permission
from Oxford University Press.
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Figure 43.14b, has an entropy value approaching one. An awake
EEG is much more complex and unpredictable than an anaesthetized EEG, which is much more similar to a sine wave. This means
that the entropy value of the EEG should change with clinical state.
The commercially available Entropy™ module (GE Healthcare,
Helsinki, Finland) calculates entropy over time periods of variable
duration and produces two entropy values, State Entropy (SE) and
Response Entropy (RE) (Vietio et al. 2004). SE is an index between
0 and 91 using the frequency range 0.8 to 32 Hz and RE is an index
between 0 and 100 using the frequency range 0.8 to 47 Hz. The
higher index number represents awake values. RE includes higher
frequencies than SE, and therefore frontal EMG is more included.
The theory is that patients waking up or actually responding to
noxious stimuli will have more frontal EMG and therefore RE will
be different to SE in these situations. The two indices are displayed
and their similarities and differences are supposed to facilitate the
monitoring process. A study has reported promising results and
similarities to the BIS™ monitor (Bonhomme 2006) but another
indicates caution (Takamatsu et al. 2006).

Depth of anaesthesia monitors using the auditory-evoked
response
Auditory-evoked response monitors
There have been several versions of commercial AER [also called
auditory-evoked potential (AEP)] monitors produced which have
been based on the early cortical responses of the AER between
10 and 80 ms, which are also termed the mid latency AER.
There have been two different types of these monitors. One type
has been marketed and produced by Danmeter™ (A/S Odense,
Denmark) and includes the A-line monitor, the A-line ARX and
the AEP/2 monitor, and all have been validated in various clinical
trials (Litvan 2002; Bruhn et al. 2006). However, none of these
are commercially available now. The other type is the system produced by Glasgow University in the UK called the aepEX system,
now marketed by MDM (Essex, UK) (Nishiyama 2009). All of
the monitors use similar principles, but have variations on the
sophistication of their processing. The A-line and the aepEX are
produced using coherent averaging already described, but differ
in their method to produce an index from the evoked response
waveform. The more recent versions of the Danmeter™ monitors
used autoregressive modelling to produce a faster average, and the
AEP/2 monitor used a combination of spontaneous EEG and AER
to produce an index.

Gas pressure measurement
An example of a gas pressure measurement device is the aneroid barometer, a hollow metal bellows calibrated for pressure
and temperature, which contracts when the external pressure
on it increases, and expands when it decreases. The movement
is linked to a pointer and indicator dial. It is often shaped as part
of a circular section, and this is known as the Bourdon gauge,
which is commonly used to measure pressure in gas cylinders (see
Fig. 43.15).
The movement of the diaphragm can either be directly
mechanically linked to a pointer, or to a capacitative or inductive element in an electrical circuit. Airway pressure during
spontaneous breathing or artificial ventilation is low, measured
in the range −20 to +20 cm H2O. The aneroid barometer used
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Figure 43.14 Diagram showing two states of a signal: (a) represents a simple signal which has an entropy value of zero, and (b) is a complex, white noise-like signal which
has an entropy value approaching one.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 19.4, Page 266, with permission from
Oxford University Press.
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Figure 43.15 Two different aneroid barometers for measuring gas pressure.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.1, Page 202, with permission
from Oxford University Press.

will therefore be of light construction, using thin copper for the
bellows material. In contrast, the gauge pressure in a gas cylinder
is of the order of 137 bar and in an anaesthetic gas pipeline it is of
the order of 4 bar, therefore the aneroid barometer will be much
more robust.
Gas pressure in a ventilator or breathing system can also be measured using a transducer comprising a piezo-resistive strain gauge in
conjunction with a Wheatstone bridge. The compressibility of the
air connection between the patient and the transducer limits the
frequency response of the device.
Where a substance in a cylinder exists as a gas (e.g. oxygen), the
pressure gauge effectively becomes the contents gauge for the cylinder, as the pressure and volume changes are related by Boyle’s law
(pressure × volume = constant). Where, however, the substance
exists as a combination of a liquid and its associated vapour (e.g.
nitrous oxide), the pressure gauge will indicate the saturated vapour
pressure, which will remain constant at constant temperature (51
bar at room temperature for nitrous oxide) as long as the vapour
pressure can be restored in the cylinder from the liquid reservoir.
The pressure gauge in this case is therefore not useful as a contents
gauge. If a nitrous oxide cylinder is continuously emptied at a fast
rate, the pressure gauge would probably gradually decrease, but
this is because the temperature of the contents falls with continuing vaporization and with it the saturated vapour pressure. In this
case, an indication of the remaining contents of the cylinder can be
determined by weighing.

The measurement of airway pressure in a breathing system
may not reflect the alveolar pressure if there is significant upper
airway obstruction, when the indicated upstream airway pressure will be high, and the downstream alveolar pressure will be
lower than indicated. Under these circumstances adequate lung
volume filling will not be usefully indicated by the pressure gauge.
System components such as bellows and tubing have individual
compliance and flow resistance characteristics. Airway pressure
measurement will be altered by these factors and indicated airway
pressure may not adequately reflect alveolar pressure. This is particularly true where the frequency of ventilation is high and the
volume is small, such as occurs in ventilation of neonates. Under
these conditions the frequency response of the system may not
be adequate.
A gas pressure gauge can form the basis of a ventilator or breathing system disconnection alarm.

Gas volume and flow measurement
The spirometer
Clinical observation of the patient often gives good qualitative information about gas volume and flow into the patient. For quantitative
measurement, the Bell spirometer, shown in Figure 43.16, is the simplest device for measuring the various lung volumes shown in the
accompanying graph. The device cannot measure residual capacities
and volumes. Any device that can measure flow and mathematically
integrate the signal can also be used to calculate tidal volume. Minute
volume (or ventilation) is then tidal volume × respiratory rate.

The Vitalograph® spirometer
A Vitalograph® spirometer (Vitalograph, Maids Moreton, UK) is
often used in a preoperative assessment setting (see Fig. 43.17) to
measure forced vital capacity (FVC) and to deduce forced expiratory volume in 1 second (FEV1). It has even more resistance to gas
flow than a Bell spirometer, but is nevertheless a useful clinical
tool. On taking a deep breath the patient breathes out hard into
the device, breathing out gas at Body Temperature and Pressure,
fully Saturated with water vapour (BTPS). As the gas cools to room
temperature, the water vapour condenses out. The filling of the bellows moves a pen pointer, which is linked to a pen chart. Although
the measurement is carried out at Atmospheric Temperature and
Pressure with Dry air (ATPD), the chart is calibrated to allow final
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Figure 43.16 The Bell’s spirometer and the volumes it can measure. (Quantities unmeasurable by the spirometer are in brackets.)
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.2, Page 204, with permission from
Oxford University Press.
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Figure 43.17 (a) The Vitalograph® spirometer; (b) graphical output from the Vitalograph® spirometer.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.3, Page 205, with permission from
Oxford University Press.

values to be recorded at BTPS. The resulting graphs can be used
diagnostically as shown in Figure 43.17b.

The Fleisch pneumotachograph
The Fleisch pneumotachograph is an evolution of the Venturi used
to measure flow. It is a device that depends on a linear relationship between pressure and flow during laminar flow according to
the Hagen–Poiseuille equation. It achieves this by dividing the flow
through the tube into a large number of parallel, small-diameter
tubes, thus ensuring laminar flow through each one. The pressure
difference between the inlet and outlet is measured and is directly
proportional to flow. This type of device is therefore also known
as a variable pressure drop, fixed orifice flowmeter and is shown
diagrammatically in Figure 43.18a. Its accuracy depends on the
extent to which laminar flow has been achieved, on the precision

of construction and placement of the pressure tappings, the bandwidth of response of the device, and the variations in temperature
and viscosity of the gas within it. There are variations on the device
which, for example, use a mesh rather than a series of parallel tubes,
across which the flow may not be laminar, and in which the pressure drop may not be linearly related to flow, but which are still
useful flow measurement devices. For all such devices, care must be
taken when measuring flows during positive pressure ventilation,
for example, that the tubing attachments to the pneumotachograph
are of a similar length and diameter to ensure compliance matching, and that if a gauze mesh is used, it does not become deformed.
In all these flow measurement devices the flow signal is integrated
to give volume. The flow signal is digitized and integrated mathematically by a microprocessor algorithm. Digitization has reduced
the problem of baseline drift and noise, to which analogue signals
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were prone. Further software can use the airway pressure measurement and the volume calculation to generate a pressure–volume
loop for each breath, which is a further useful addition to intraoperative airway monitoring (Bardoczky et al. 1993).
Another device which uses the principle of differential pressure measurement for flow measurement is the pitot tube, shown
in Figure 43.18b. One arm of a U-tube comes from the side wall
of the flow tube and measures the static pressure, while the other
arm faces directly into the flow and measures the dynamic pressure,
which is proportional to kinetic energy plus the static pressure; the
difference between the two gives a (velocity)2 term, from which
flow can be calculated.

Hot wire anemometry
If a heated wire is placed in a gas stream, the degree of its cooling
by the gas flow depends on gas temperature, specific heat, and gas
velocity (from which flow can be calculated). Initial calibration of
the device measures thermal conductivity of the gas at zero flow
and accuracy varies, depending on gas composition.

Ultrasonic flow transducer
Figure 43.18c shows a device for measuring gas flow which uses
ultrasound to detect vortex formation behind a partial obstruction
to the flow. It has the advantage that it is not affected by temperature or gas composition, but below a critical flow, vortices may not
be formed to an adequate extent. Another version of an ultrasonic
(A)

flow meter has an ultrasonic pulse transmitter and receiver at both
ends of a flow measurement tube; pulses are transmitted in both
directions and detected at each end; with the gas flow going in one
direction down the tube, there is a difference in the time for the
pulses to travel in each direction, from which the gas flow can be
deduced.

Measurement of functional residual capacity
and dead space
The body plethysmograph
This is shown in Figure 43.19. The patient sits in a sealed box and
breathes through a tube attached to a pneumotachograph. The
patient then makes respiratory effort against a closed shutter while
changes in mouth pressure, ΔP, are recorded. In order to calculate
the associated change in the gas volume within the box, which is
also a change in lung volume, ΔV, a calibrating syringe is used in
the box to link ΔP and ΔV. Mouth pressure changes can be thought
of as intrathoracic pressure changes, as no gas flows under these
conditions during panting against a closed shutter. By applying
Boyle’s law to the thoracic volume, V (the FRC), it can be stated:
PV = ( P + ∆P ) (V − ∆V )

(43.5)

where an increase in pressure +ΔP leads to a reduction in volume –
ΔV, and vice versa. P is (Pamb – PH O), ΔP and ΔV are measured
2
or derived; hence V [functional residual capacity (FRC)] can be

Series of laminar flow tubes

(B)

Gas flow in

Differential pressure transducer,
pressure α flow

(C)
Vertical rod

Ultrasonic transmitter
and receiver

Figure 43.18 Flow measuring devices: (a) the Fleisch pneumotachograph; (b) the pitot tube; (c) the ultrasonic flowmeter.
(A) Reproduced from Magee, P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.5, Page 207, with permission
from Oxford University Press. (B) Reproduced from Magee, P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.6,
Page 207, with permission from Oxford University Press. (C) Reproduced from Magee, P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA,
Second Edition, 2011, Figure 14.7, Page 208, with permission from Oxford University Press.
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Figure 43.19 The body plethysmograph and the associated devices to measure pressure and volume change and allow deduction of FRC.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.8, Page 209, with permission from
Oxford University Press.

deduced. The body plethysmograph can also be used to measure
airway resistance at different lung volumes.

Dilution and washout method
An example of this is the nitrogen washout method for measuring
FRC. The patient breathes air through a circuit with a non-return
valve; at the end of a normal expiration a tap is turned and the
patient starts to breathe 100% oxygen; expired gas is collected in
a Douglas bag, a type of very large reservoir bag. At the end of the
nitrogen washout period (between 5 and 10 min in most people),
the volume of expired gas and its nitrogen concentration are measured, and the nitrogen volume in the gas is deduced. As the initial
N2 concentration was 79%:
N volume collected
FRC = 2
0.79

(43.6)

Errors in this method include continued excretion of nitrogen from
tissues to alveoli and trapping of alveoli where dynamic airway closure of some airways has occurred.
Using a technique involving nitrogen washout, anatomical dead
space can also be calculated using Fowler’s method. At the end of
expiration, air is switched to 100% oxygen as the breathing gas and
on the first expiration, N2 concentration is plotted first against time
then replotted against expired volume. As residual air is expired
after one oxygen breath, the initial N2 concentration remains negligible as this is where O2 is stored in the dead space. The subsequent
step rise in [N2] represents the point at which the alveoli containing N2 start to empty. Some allowance is made for the front which
develops between air and O2. This is shown in Figure 43.20, which
shows how anatomical dead space is estimated graphically.
Physiological dead space is the functional dead space where gas
exchange does not take place, and includes the anatomical dead
space and also those areas of the lung where gas exchange should
occur but does not because of poor or absent perfusion, such as in
hypotension or a pulmonary embolus. In general all the exhaled

CO2 comes from the alveoli, even if it can only be observed in the
mixed expired breath. If V̇a, V̇d and V̇t are respectively the alveolar
volume, dead space volume and tidal volume, and FA CO2 and FECO2
are the concentrations of CO2 in the alveoli and mixed expired gas
respectively, it can be stated that:
V T = VA + VD

(43.7)

FA CO2 . VA = FECO2 . VT

(43.8)

VD FA CO2 − FECO2
=
FA CO2
VT

(43.9)

and that

whence

If the gas concentrations on the right hand side are multiplied
by ambient pressure and Dalton’s law is applied, an expression
can be derived in terms of gas partial pressures and this is Bohr’s
equation:
VD PA CO2 − PECO2
=
PA CO2
VT

(43.10)

The other method of measuring FRC is the helium dilution technique. Helium gas is highly insoluble in blood and when inhaled,
remains largely in the alveoli. A fixed volume of helium, say 10 ml
at ATPD, is added to the volume, V̇1, of a spirometer and the helium
concentration, CHe1, is measured. The spirometer is then connected
to the patient at the end of expiration and the patient continues
breathing. The final concentration at equilibrium of helium, CHe2
is measured. Then:

(

CHe 2V1 = CHe 2 V1 + FRC
whence FRC is derived.

)

(43.11)
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Figure 43.21 The peak expiratory flow meter.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.10, Page 213, with permission
from Oxford University Press.
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Figure 43.20 Fowler’s method for measuring anatomical dead space; traces of
exhaled nitrogen concentration plotted against time (upper curve) and against
expired volume (lower curve).
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of
Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 14.9, Page 211, with permission
from Oxford University Press.

The variable orifice, constant pressure flowmeter
An example in clinical use here is the peak expiratory flowmeter, in
which the peak expiratory flow is measured, this can be as much as
500–800 L min−1 in healthy adults. Figure 43.21 shows the device
which is commonly used. A flow of gas into the mouthpiece deflects
a vane attached to a pointer, which is resisted by a spiral spring. At
the same time the expired gas escapes through an annular groove
round its circumference.

The rotameter
This is another example of a variable orifice, constant pressure flowmeter, whose physical principles have been described. Rotameters
are standard, although they have been replaced on modern
machines by solenoid flow controllers (Boaden et al. 1986). Where
the bobbin is conical in shape, the flow is read from the top of the
bobbin. However, where bobbins are spherical, the flow is read
from the centre of the sphere. Flowmeters are tapered and have a
larger diameter towards the top. As the volume flow rate increases,
a larger annular area is needed to maintain the same pressure difference and the bobbin sits higher in the rotameter tube. By changing

the taper on the rotameter tube it is possible to change the measurement scale; it is therefore important to be aware of the non-linearity
on a rotameter scale. It is also possible to mount two rotameters in
series, one for flows up to 1 L min−1, and one for higher flows.
Sources of error in a rotameter include failure to mount the tube
vertical; the presence of dirt or electrostatic charge on the tube
causing the bobbin to stick; and a cracked tube.
When the gas passing through the rotameter is pressurized,
as in positive pressure ventilation, or when it is used in a hyperbaric chamber, the position of the bobbin changes without any
real change in the flow rate. Under pressure the density of a gas
increases from say ρ0 to ρ1. It is found that the actual flow rate in the
flowmeter, Fa, is related to the indicated flow rate, Fi, by:
FA = FI . √ (ρ0 / ρ1 )
= FI . √ ( P0 / P1 ) ,

(43.12)

that is, actual flow rate in the (pressurized) flowmeter is lower than
the indicated flow rate, where P0 and P1 are the respective associated pressures. But, when released to the lungs at atmospheric
pressure, the pressure is once again P0 and changes in flows and
pressures are related to each other by Boyle’s law:
F0 . P0 = FA . P1
where F0 is the actual flow rate to the lung.
Hence
F0 = FA . ( P1 / P0 )
= FI . √ ( P1 / P0 )

(43.13)

which means that actual flow rate to the lung is higher than
indicated.
A safety feature in the design of a bank of rotameters for different
gases includes baffling the oxygen tube so that it is the last gas to
be mixed with the other gases. This is done to minimize the risk of
delivering a hypoxic mixture to the patient in the event of one of
the other rotameter tubes being cracked. This arrangement is used
despite the fact that rotameter banks in the United Kingdom are
designed historically with the oxygen tube upstream of the others.

Respiratory gas analysers
A respiratory gas analyser used during anaesthesia must identify
and measure the concentrations, on a breath-by-breath basis, of

721

chapter 43

individual gases and vapours. Different techniques use different
physicochemical properties of the various substances.
Important factors include the time taken for the gas to be sampled from the breathing system (delay time), and the time taken
for the device to measure the gas concentration (response time).
The delay time (transit time) can be reduced either by analysing
the gas sample close to the airway, or by using as short and thin a
sampling tube and as high a sampling flow rate to the analyser as
possible (Chan et al. 2003); the sampling flow rate is usually of the
order of 100 to 200 ml min−1. However, if minimal fresh gas flow
rates are being used in a circle breathing system and the sampled
gas is not returned to the system, then a high sampling rate could
represent a significant gas leak. The response of a gas analyser is
often expressed as the time taken to produce a 90–95% response to
a step or square wave input change (Fig. 43.22).

Refractometry
This method utilizes the fact that gases have different refractive
indices to determine the relative concentrations of binary gas mixtures. It is included here, not because it is routinely used in anaesthesia, but because it is still a laboratory standard against which
other methods are compared. The refractive index, μ, of a transparent medium is given by:
µ=

velocity of light in a vacuum
dium
velocity of light in the med

(43.14)

μ is greater than 1.0 because the velocity of light in a vacuum, 3.0 ×
108 m s−1, is always greater than in any other medium. The delay
in the passage of light through a gas depends on the number of
gas molecules present; therefore the refractive index depends on its
pressure and temperature. In refractometry, interference bands are
formed when light waves from a source, which pass through two
slits, are focused onto a screen. When the transverse waveforms of
light from the two slits arrive in phase with each other, they reinforce each other, producing a bright band of light; when they arrive
180° out of phase, they cancel each other and a dark band is produced; the interference fringes produced are clearest when a monochromatic light source is used.
The Rayleigh refractometer is shown in Figure 43.23. Light from
a tungsten source (a laser light source can also be used) passes
through a pair of vertical slits and a convex lens, the upper part of
the pair of light beams emerging parallel from the lens; these beams

Step change in gas
concentration

intraoperative monitoring

are then passed through two tubes A and B, one of which contains
the gas to be analysed, the other a gas of known refractive index.
The lower portion of light from the slits does not pass through the
tubes containing the gases. An upper and lower set of interference
fringes are visible through the eyepiece, each set being formed by
the interference of light beams from the slits. When tubes A and B
are initially filled with the same gas, the upper fringe pattern can be
lined up with the lower reference pattern. If the gas in tube A is then
changed to the one to be analysed, the upper fringe pattern shifts
because of the differential light path lengths in A and B. If one of the
two glass plates, say Y, is rotated to increase the path length through
B, to match that through A, then the upper fringe pattern comes
back into line with the lower one. The amount of rotation of Y can
be calibrated to be proportional to the gas concentration in A. As
all gases possess the physical property of refractive index, all gases
can be analysed by this method. However, only the concentration of
a single additional component to a gas mixture can be determined
using this method (e.g. the additional of anaesthetic vapour to a
known mixture of oxygen and nitrogen).

Infrared spectroscopy
See Chapter 25 for an introduction to the principles of spectroscopy. Molecules which contain two or more different atom species
(i.e. carbon dioxide, nitrous oxide, and water), absorb infrared radiation, because of the nature of the bond between dissimilar atoms.
This property can be used to analyse gases such as CO2, N2O, and
water vapour) and all anaesthetic vapours, but not oxygen or nitrogen. The absorption of the light is described by the Beer–Lambert
law. This states that the logarithmic ratio between the incident and
output light intensities passing through a substance is proportional
to the path length and the concentration of that substance.
The principle of an infrared gas analyser (Luft or non-dispersive
type) is shown in Figure 43.24, which shows an infrared light
source emitting radiation in the range 1–15 μm wavelength. The
light passes through a ‘chopper’ wheel rotating at 25–100 Hz,
which prevents overheating of the gas sample and allows processing of the subsequent alternating signal. The light is then passed
simultaneously through a pair of tubes, one of which contains a
reference gas, the other of which contains the gas for analysis.
Because of the differential infrared absorption in the two chambers, different amounts of infrared light are transmitted to a pair
of detector cells filled with air, separated by a diaphragm. The
pressure in the two cells is therefore different and the diaphragm

100
95
% analyser response

Response of
gas analyser

Delay time

Response time

Figure 43.22 Response of a gas analyser to a step change in gas concentration.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 16.1, Page 223, with permission from
Oxford University Press.
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Figure 43.23 The Rayleigh refractometer.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 16.3, Page 225, with permission from
Oxford University Press.

oscillates because of the alternating amounts of heating by the
infrared radiation. This signal is amplified and displayed as a gas
concentration proportional to the number of molecules of gas
present.
There are a number of sources of error in infrared spectroscopy.
Major bands of absorption of infrared for CO2, N2O, and CO occur
in the 4.3, 4.5 and 4.7 μm wavebands respectively, although there is
considerable overlap and interference between the spectra of these
three gases, particularly between CO2 and N2O in the 4.3 μm range.
Another source of error is because of the phenomenon of collision
broadening, where the absorption spectrum of one gas is actually
broadened by the presence of another, for example N2O and CO2
molecules. This is because of transfer of interatomic bond energy
between colliding molecules of N2O and CO2. Electronic correction factors are incorporated into analysers to allow for different
mixtures of N2O and CO2. It has been reported that a gas mixture
containing desflurane produces some error in an infrared gas analyser (Scheeren et al. 1998).
A further source of error with this device is related to the fact
that its output signal is proportional to the number of molecules
present, which in turn is proportional to the partial pressure of the
gas. Therefore the pressure in the sample and reference cells, and
the ambient pressure are all variables against which the device must

be calibrated. Relevant pressure changes can also occur because of
sampling through a narrow bore tube and from positive pressure
ventilation. If the pressure of the measured gas mixture decreases
without any real change in the fractional concentration, then the
partial pressure of the gas under investigation decreases, which may
erroneously indicate a reduction in the indicated fractional concentration. This may happen if the analyser is calibrated at sea level and
then used at altitude. Therefore calibration should be done under
the intended working conditions. Alternatively the device may
be calibrated for partial pressure rather than concentration. Most
devices remain stable, but as well as two or three point calibration,
response time should also be routinely checked. Despite long sampling lines and low sampling rates (100–200 ml min−1), the 90–95%
step response time should remain under 150 ms. In this respect, the
water vapour sampled with the gas sample sometimes blocks the
sampling tube as a result of condensation, but most devices have
either a water trap or a sampling line made of a material that is
permeable to water vapour. In this case, an electronic correction is
made to the result to allow for the presence of the water vapour in
the expired breath sample. Alternatively, water itself is a powerful
absorber of infrared light, and its partial pressure can be measured,
usually at a different wavelength to the other constituents being
analysed.

723

chapter 43

intraoperative monitoring

Infrared light source
Mirror

S
a
m
p
l
e
g
a
s

Mirror

Rotating beam
chopper

R
e
f
e
r
e
n
c
e

c
h
a
m
b
e
r

g
a
s

IR
detector
unit

c
h
a
m
b
e
r

Oscillating diaphragm

Signal processing and display

Figure 43.24 Infrared gas analyser (Luft head).
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 16.5, Page 227, with permission from
Oxford University Press.

Modern infrared analysers may use photocells rather than
differential pressure chambers to detect infrared transmission
and may use narrow bandwidth filters for the different gases
being sampled. In one device, the Datex-Engstrom device (GE
Healthcare), N2O is measured at 3.9 μm, CO2 at 4.3 μm and volatile agents at 3.3 μm. It cannot distinguish volatile agents from
each other unless it is manually ‘informed’ or additional wavelengths are used. Regular automatic calibration takes place using
compressed vapour canisters. Note that exhaled ethyl alcohol
or acetone will interfere with the readings as these vapours also
absorb infrared radiation. Any residual error as a result of interference between CO2 and N2O is taken care of electronically. The
accuracy of the infrared analyser is about 0.1% in a range of CO2
of 0–10%.

Mass spectrometry
See Chapter 25 for an introduction to the principles of the role
of magnetic fields in mass spectrometry. Error occurs where an
unknown constituent is introduced into the mixture, such as the
propellant in bronchodilators, or acetone in the breath of a diabetic.
Error can also occur where the molecules have the same molecular
mass, such as N2O and CO2.
The mass spectrometer has three stages. In the first stage the
sampled gas is drawn into a low-pressure sample chamber. Only a
small fraction of this gas is drawn into the second stage through a

molecular leak, which is in the main part of the analyser. The third
stage is the electronic amplification and display of the signal.
The second stage of the analyser is under a vacuum. In the ionization chamber the gas molecules are bombarded by a transverse
beam of electrons and thereby become ionized by losing an electron. They then pass towards a plate, to which a negative voltage
has been applied, and the molecular leak through a slit in this
plate. From this point the path of the ions is influenced by a magnetic field. The field thus deflects and separates the ions according
to their mass:charge ratio. As most molecules have been ionized to
carry a single positive charge, separation is mainly on the basis of
mass, lightest ions being deflected the most, heaviest ions the least.
The ions reach photo-voltaic detectors, where electronic registration, amplification, and display of the signal occurs, proportional
to the rate of arrival of ions and therefore to partial pressure of
the gas.
The most common type of mass spectrometer is the quadrupole
mass spectrometer. This device is compact and allows better discrimination between components than the older magnetic sector
type. The magnetic field is produced by a combination of dc electric and ac radiofrequency fields. The quadrupoles consist of four
rods with opposite pairs electrically connected. By careful tuning of
the radiofrequency component of the magnetic field, only ions of
a given mass:charge ratio proceed through the quadrupole to the
detector, all other ions oscillating and colliding with the walls of
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the device. By a combination of changing the voltage on the acceleration plate (the cathode) and of judiciously tuning the magnetic
field, a spectrum of mass:charge components can be detected and
quantified. By scanning at 50 Hz it is possible to produce a continuous record of gas concentrations.
The mass spectrometer gives good gas identification and quantification. It only requires about 20 ml min−1 sampling rate, with a
100 ms response time. However, it does have some disadvantages.
The second stage of the device operates under almost vacuum conditions; this requires a high-quality, continuously running pump. If
the device itself is at some distance from the sampling site, a significant delay time can occur.
Some molecule types may lose two electrons rather than one on
ionization, and appear to the magnetic field with a double charge.
They then behave like an ion with half the mass, which leads to
confusion in interpretation. Furthermore the ionization process
can lead to fragmentation of a molecule, so that a mass spectrum
appears at the output rather than just a single peak. However, this
anomaly is useful to distinguish the gas components with the same
molecular mass, such as N2O and CO2 (44 Da), or N2 and CO (28
Da). N2O is fragmented into NO, O2, N2, N, and O, while CO2 is
fragmented into O2, C2, C, and O. Rather than trying to detect and
distinguish both gases at 44 Da, N2O can be detected at a subsidiary peak of 30 Da and CO2 at 12 Da. Because the fragmentation is
predictable, the amplitude of the subsidiary peak can be used as a
measure of the primary peak and therefore of gas concentration.
Using appropriate low-pass and high-pass filters, obfuscating peaks
in the spectra can be removed.

Raman spectroscopy
See Chapter 25 for an introduction to the principles of Raman spectroscopy. A Raman spectroscope incorporates an argon laser source
of wavelength 485 nm, high reflectance mirrors to concentrate the
laser beam, a gas sampling chamber, appropriate optics, a detection system, and signal processor and display system. Table 43.1
shows characteristic wavelength or frequency change, which identifies different gases. The amplitudes of the frequency shifted peaks
are proportional to the gas concentrations. Each gas is independently analysed, including CO2, N2O, volatile agents, O2, N2, and
water vapour. The response time is around 100 ms and the device
Table 43.1 Characteristic frequency shifts
of substances with Raman spectroscopy
Gas

Frequency shift
(cm−1)

Isoflurane

995

Halothane

717

Enflurane

817

N2O

1285, 2224

CO2

1285, 1388

Oxygen

1555

Nitrogen

2331

Water

3650

is therefore capable of breath-by-breath analysis. The sample is not
altered by the process and can therefore be returned to the breathing system, which is a significant advantage in low flow anaesthesia
(Lockwood et al. 1994), although there is some overlap between gas
species (Lawson et al. 1993).

Piezoelectric gas analysis
A pair of piezoelectric crystals, one of which is coated in silicone, is
connected to an electrical power source and made to resonate with
a characteristic frequency difference. The silicone absorbs a volatile
anaesthetic agent to which it is exposed, which changes the natural
frequency of the crystal. The frequency difference between the two
crystals changes by an amount dependent on the amount of volatile agent absorbed. Manual identification of the agent is required,
but the device is remarkably accurate and stable (Humphrey
et al. 1991).

Paramagnetic oxygen analyser
See Chapter 25 for an introduction to the principles of paramagnetism. A paramagnetic oxygen analyser is shown in Figure 43.25a of
the sort originally developed by Pauling. The two suspended glass
spheres are filled with nitrogen, a weakly diamagnetic gas. The glass
spheres are arranged in a dumb-bell shape, suspended between the
poles of a magnet by a thread. Zeroing should be carried out in
the carrier gas destined to have oxygen added to it. When a gas
mixture containing oxygen is drawn through the analyser, oxygen
is attracted into the magnetic field, displacing the nitrogen-filled
spheres. The detection system can either be a deflection measurement or a null deflection type, which measures the electric current
required to restore the pointer to its null point. These devices are
accurate to within 0.1% O2, but are adversely affected by pressurization, vibration, water vapour and high flow rates; there is also a slow
response time of up to 1 min.
To overcome these disadvantages, a development of the
device in which there is an electromagnet, which produces an
alternating magnetic field at a frequency of 110 Hz. is shown in
Figure 43.25a. A reference gas enters one arm of the tube, the
sample gas enters the opposite arm and the vibration set up
by the alternating field is detected and measured by a pressure
transducer, which detects the 20-50 μbar pressure oscillations.
The oscillations are transduced into a sound signal, the amplitude of which is directly proportional to the O2 concentration.
It has been reported that a gas mixture containing desflurane
interferes with the accuracy of a paramagnetic oxygen analyser
(Scheeren et al. 1998).

Polarography and fuel cells
These two techniques are combined in one section because
they utilize the same electrochemical principle in slightly
different ways.
The Clarke polarographic electrode is shown in Figure 43.26a.
It consists of a cellophane covered platinum cathode and Ag/AgCl
anode in a phosphate and KCl electrolyte, between which a potential difference of –0.6 V is applied by a battery. At the cathode the
following reaction takes place: O2 + 2H2O + 4e– → 4OH and at the
anode 4AG → 4Ag+ + 4e–.
The current generated by the reactions represents the consumption of electrons at the cathode and is proportional to the Po2 of the
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Figure 43.25 The paramagnetic oxygen analyser: (a) original design; (b) more modern design.
(a) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 16.8, Page 234, with permission
from Oxford University Press.
(b) Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 16.9, Page 235, with permission
from Oxford University Press.

gas sample. Figure 43.26b shows that a plateau of current is reached
for a given voltage, which represents the rate limitation of the diffusion of O2 from the electrolyte solution. The height of the plateau
is proportional to Po2.
The problem with the polarographic electrode is the dependence
on a battery and the reduction of N2O at the cathode when it is
contaminated by Ag+ ions.
A galvanic fuel cell is a similar device which consists of a gold cathode and a lead anode. The same reaction occurs at the cathode as in
the polarographic electrode, but no battery is required in this circuit.
The response time of the polarographic electrode and fuel cells can
be slow, making them acceptable for use to check the concentration
of oxygen in the inspiratory limb of an anaesthetic breathing system,
for example, but less suitable than other methods (Roe et al. 1987) for
measuring changes in oxygen concentration during the respiratory
cycle, although the fuel cells used in Dräger anaesthetic machines
such as the Fabius™ do have a sufficiently rapid response time for this
purpose.

Blood gas analysis
A blood gas machine has electrodes to measure pH, Pco2, and Po2
and often measures Hb and some biochemistry as well (King et al.
2000). Derived values from such a device include O2 saturation, O2
content, bicarbonate, base excess, and total CO2.
The Po2 electrode is the Clarke electrode described in the previous
section, and is suitable for both respiratory and blood O2 analysis.
A pH unit is log10 ([H+]−1), where [H+] is the hydrogen ion concentration. The physical principle on which the pH electrode is based
depends on the fact that when a membrane separates two solutions
of different [H+], a potential difference exists across the membrane.
The membrane is usually made of glass and the potential difference between the two solutions is as a result of the migration of H+
into the glass matrix. One solution consists of a standard [H+], and
the pH of the other solution can be estimated by measurement of
the potential difference between them. The glass membrane used is
selectively permeable to H+. No current flows in this device, which
does not wear out, in contrast to the Clark electrode.
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Figure 43.26 (a) The Clarke polarographic electrode. (b) Calibration curves for the polarographic electrode.
Reproduced from Magee P. and Tooley M., The Physics, Clinical Measurement and Equipment of Anaesthetic Practice for the FRCA, Second Edition, 2011, Figure 16.10, Page 236, with permission from
Oxford University Press.

The pH electrode consists of two half cells; an Ag/AgCl electrode
is in one half cell, and a Hg/HgCl2 (calomel) electrode is in the
other, each maintaining a fixed potential. The Ag/AgCl electrode
is surrounded by a buffer solution of known pH, surrounded by
the pH sensitive glass. Outside the glass membrane is the test solution, usually blood, whose pH is to be measured. It is the potential
difference across the glass, between these two solutions, which is
variable. The blood or other solution is separated from the calomel
electrode by a porous plug and a potassium chloride salt bridge to
minimize KCl diffusion. The potential difference across the system
is about 60 mV per unit of pH change at 37°C.
The pH electrode actually responds to H+ activity rather than
[H+]. The electrode is therefore calibrated against standard buffer
solutions of pH 6.841 and 7.383.
For the Pco2 electrode, there is a dynamic equilibrium between
H+ and CO2 by virtue of the following reactions: CO2 + H2O ↔
H2CO3 ↔ H+ + HCO3–. The Henderson–Hasselbalch equation
describes this equilibrium:
HCO3 − 
pH = pK a + log10 
H2CO3
HCO3 − 
= pK a + log10 
α ⋅ PCO2

(43.15)

where α is the Ostwald solubility coefficient, 0.003 mmol L−1
mm Hg−1 at 37°C. pKa, the association constant of the chemical
reaction concerned is 6.1, and is the pH at which H2CO3 is 50%
associated. Both α and pKa vary with pH and thus lend the calculation some inaccuracy. The Pco2 electrode is a pH electrode
in which the sensitive glass membrane is covered with another
membrane, which is selectively permeable to CO2. A layer of salt
and bicarbonate solution is trapped between the two membranes,
allowing the reaction previously described to occur. The electrode
therefore allows a Pco2 change to generate a pH change which is
measured.

Derived variables from a blood gas machine
Buffer base is the sum of all bases in the blood capable of buffering pH changes. These include HCO3–, Hb, PO43–, and the anionic

parts of protein. In an acidosis, for example, H+ generated either
metabolically or by respiration via additional CO2 is buffered by
the total buffer base. This can be considered to be a limitless source
of buffering capacity unless the Hb component is reduced. The base
excess, an indication of metabolic rather than respiratory acid–base
disturbance, is defined as the amount of titratable acid required to
correct a blood sample to a pH of 7.40 at a Pco2 of 5.3 kPa and at
37°C. Standard bicarbonate is the bicarbonate in a fully oxygenated
blood sample at a Pco2 of 5.3 kPa and at 37°C.
Errors in blood gas measurement include air bubbles in the sample, excess heparin, gas storage in container plastic walls, and failure to store samples at low temperature. Errors in relation to the O2
electrode include metabolism in the sample, O2 consumption in a
Clarke electrode, wear in the material used in electrode membrane,
and an incorrect polarizing voltage. Errors in relation to the pH
electrode include protein deposition.
Blood gas analysers measure blood gas variables at 37°C. A fall
in body temperature means that CO2 is more soluble in blood and
that CO2 production slows, leading to a fall in Pco2. This shifts
the O2 dissociation curve to the left, increasing the O2 content.
However, O2 solubility also increases, decreasing Po2 and O2 content. pH increases with a fall in temperature. Hypothermia itself
does not alter the blood gas values at 37°C and arterial blood
taken at lower temperatures should be corrected to 37°C (Rupp
et al. 1986).
Po2 can be measured transcutaneously by applying a Clarke
polarographic electrode to the skin. If the skin is ‘arterialized’ by
heating it, a reasonable value for Po2 can be obtained. A modified
Pco2 electrode is used to measure transcutaneous Pco2. A common O2/CO2 permeable membrane and electrolyte solution is
used, ensuring a common pH for both measurements. Measured
values do not correlate well with arterial values, but trends are clinically useful and the device is still used in neonatology. Intravascular
blood gas analysers are microminiaturized versions of the pH, Pco2
and Po2 electrodes described.
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Hazards in anaesthetic
practice: general
considerations,
injury, and drugs
Alan F. Merry, Simon J. Mitchell,
and Jonathan G. Hardman
Introduction
Anaesthesia is inextricably intertwined with surgery. Its hazards
can only meaningfully be considered in the context of the hazard of surgery and of the pathology for which the surgery is being
undertaken.
The first successful demonstration of anaesthesia with ether, by
Morton in Boston, Massachusetts, United States, in 1846 (Rushman
et al. 1996), took place in an era in which surgery was not only
brutal but also very risky, notably because of infection (Gawande
2012). Because of the pain, speed was emphasized. For example, in
England, when Liston adopted what he called ‘This Yankee dodge’,
he took 25 s for the first amputation of a limb under anaesthesia
(Gawande 2012). On another occasion, he amputated not only his
patient’s limb, but also the finger of his assistant; both died of sepsis,
and apparently a spectator collapsed and died of shock, so the mortality rate for this procedure was 300% (Hollingham 2008).
The first reported death under anaesthesia involved 15-year-old
Hannah Greener 1 year later (Knight and Bacon 2002). Hannah
had had an infected in-growing toenail removed under ether some
weeks earlier and was now facing a similar procedure on the other
side. She had disliked the nausea and vomiting that had followed
the ether and requested something better. Interestingly, her father
was in favour of dispensing with anaesthesia altogether: his anxiety about the potential hazards of this novel approach to removing
the pain of surgery was probably widely shared. The surgeon, a Mr
Meggison, offered Hannah the alternative of chloroform. Acting as
both operator and anaesthetist, Meggison administered the chloroform to Hannah while she was sitting upright. She collapsed early
in the proceedings. Today it seems likely that Hannah had developed a lethal arrhythmia from the combination of sensitization of
the heart (a property of chloroform not known to Meggison) and
her adrenergic response to the stress of the procedure. Attempts
at resuscitation were ineffectual, and from today’s perspective,
unsurprisingly so—they included, for example, the administration
of brandy by mouth and the letting of blood. A post-mortem was
held, at which the surgeon was found blameless.

Anaesthesia has become very much safer since the time of
Hannah Greener, but it remains intrinsically hazardous. These
hazards apply, today as they did then, to patients, to practitioners,
and to those around them. Some hazards arise from the inherent properties of the agents and techniques used by anaesthetists
and surgeons; others arise from errors in practice. Sometimes, as
in Hannah’s case, these errors are only understandable in historical hindsight with the benefit of new knowledge. Other errors,
however, are clearly identifiable in the light of contemporaneous
knowledge. Anaesthesia is particularly unforgiving, and safety
depends not only on improvements in drugs and equipment
but also on doing things right, every time. This point was made
strongly by McIntosh (1949) in a scathing criticism of many obvious mistakes that had led to the deaths of patients, reflecting (in
his view) the inadequate standards of training and practice in
anaesthesia at the time. There is also a medico-legal risk to those
who practise medicine. Ironically, this risk has increased as standards have improved and the expectations of the public have risen
in parallel.
Arguably, this entire textbook is about the hazards of anaesthesia and how to manage them. In this chapter and Chapter 45, the
focus is on hazards that have not been dealt with in detail, or from
the same perspective, elsewhere in the book. Mortality is the ultimate hazard of anaesthesia so we begin with a critical appraisal
of current knowledge on mortality associated with anaesthesia,
and suggest that even on this metric alone there is still considerable room for improvement. We touch also on the importance of
major forms of morbidity. Some hazards are intrinsic to the procedures or drugs used in anaesthesia, but many reflect things that
go wrong, avoidably. We continue, therefore, with a discussion
of how well-trained and well-motivated practitioners working in
well-resourced units may make mistakes. We distinguish errors
from violations and address the need for a just culture that requires
accountability but refrains from punishing errors that are inherent
in any complex system. When responding to a developing problem during an anaesthetic it is often critical to distinguish causes
arising from equipment from those arising from patients. Failures
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in equipment can be particularly dangerous, so we deal with them
next, followed by hazards associated with the drugs used in anaesthesia. We then address hazards associated with the patient, dealing
with the major systems in turn. Without doubt, the risks of anaesthesia in certain low-income areas of the world far exceed those in
wealthy regions, and the opportunity to reduce harm and save lives
is, in consequence, orders of magnitude greater in these areas, so
we include a brief section on these challenges faced by anaesthesia
providers caring for millions of patients in many poorly resourced
parts of the world. Wherever they work, anaesthetists themselves
face certain hazard, and we discuss those, also briefly. Finally we
consider some principles in responding to problems when they
occur, and end with conclusions. We emphasize that anaesthesia is
intrinsically hazardous, even when conducted entirely according to
currently understood standards of practice, and we conclude that
there is still considerable room for improvement in the safety of
anaesthesia today.

Mortality associated with anaesthesia
It is widely accepted that, in most high-income countries, mortality associated with anaesthesia decreased progressively over the
second half of the twentieth century (the situation in low-income
countries is discussed in Chapter 45). It is possible to identify
studies that appear to support this contention (see Table 44.1).
Surprisingly, a systematic evaluation of studies published over
this period showed no clear trend (Lagasse 2002). This finding
is explained by methodological differences between studies and
reflects the absence of an internationally agreed definition of
anaesthesia mortality (in contrast, for example, to maternal and
perinatal mortality).
Probably the most helpful data for tracking the rate of anaesthetic
mortality over time come from Australia (see Table 44.2). Data for
1960 were reported from the New South Wales Special Committee
Investigating Deaths under Anaesthesia. Mortality review committees were then progressively established in South Australia (1969),
Queensland (1975), Victoria (1976), and Western Australia (1978)
(Gibbs 2010). Since 1991, The Australian and New Zealand College
of Anaesthetists (ANZCA) have combined the information from
these committees into a Triennial Report on Anaesthesia-Related
Mortality (Gibbs 2012).

Table 44.1 Dates and mortality rates from a selection of studies
on mortality associated with anaesthesia
Study

Year (s)

Mortality rate

Beecher and Todd 1954

1948–1952

1 in 2680

Clifton and Hotten 1963

1952–1962

1 in 6048

Lunn and Mushin 1982

1981

1 in 10 000

Lunn and Devlin 1987

1985–1986

1 in 185 056

Data from Beecher, H. K. and D. P. Todd (1954). A study of the deaths associated with
anesthesia and surgery. Annals of Surgery 140(1): 2–34; Clifton, B. S. and W. I. Hotten (1963).
Deaths Associated with Anaesthesia. British Journal of Anaesthesia 35: 250–259; Lunn, J. N.
and W. W. Mushin (1982). Mortality associated with anesthesia. Anaesthesia 37(8): 856;
Lunn, J. N. and H. B. Devlin (1987). Lessons from the confidential enquiry into perioperative
deaths in three NHS regions. Lancet 2(8572): 1384–1386.

Table 44.2 Approximate estimates of mortality wholly or partially
attributable and definitely attributable to anaesthesia from New South
Wales* and then Australia more generally
Year

Wholly or partially

Definitely

1960*

1: 5500

1970*

1: 10 000

1984*

1: 26 000

1990*

1: 20 000

1985–1987

1: 36 000

1:76 000

1988–1990

1: 55 000

1:157 000

1991–1993

1: 68 000

1:174 000

1994–1996

1: 63 000

1:153 000

1997–1999

1: 79 500

1: 220 000

2000–2002

1: 56 000

1: 180 000

2003–2005

1: 53 400

1: 254 000

2006–2008

1: 55 500

1: 360 000

Data from Holland 1987; Warden, Borton et al. 1994; Warden and Horan 1996; National
Health and Medical Research Council; Horan 1998, Davis 2000; MacKay 2002; Gibbs and
Borton 2006; Gibbs 2009; Gibbs 2012. For full citations, please see References.

A difficulty in estimating anaesthesia-related mortality lies in
obtaining accurate denominator data. The apparent increase in the
rate of mortality between 1999 and 2002 in Table 44.2 is attributable to improved collection of denominator data (Gibbs 2009a).
One way of circumventing this difficulty is to report anaesthesia
mortality on a population basis. For example, the most recent
information for Australia suggests a rate of 2.79 deaths (million
population)−1 year−1 (Gibbs 2012). Attribution of the cause of
perioperative deaths (see Table 44.3) often requires careful analysis and may also be difficult. Another difficulty relates to the time
period over which deaths are captured, either mandatorily or voluntarily. The data in Table 44.2 are based on deaths mandatorily
captured in either 24 or 48 h after anaesthesia (depending on the
state), but deaths attributable to anaesthesia after this period may
also be included. It seems likely that some deaths that ought to be
reported on this basis are missed, although all Category 1 deaths
(see Table 44.3) are probably captured because these usually generate much attention.
In New Zealand, a perioperative mortality review committee has
recently been established. This committee reviews perioperative
deaths with input from all categories of clinicians involved in each
patient’s care, including (as appropriate) anaesthetists, surgeons,
nursing staff, obstetricians, cardiologists, or other non-surgical
proceduralists (The Perioperative Mortality Review Committee
2012). In this way, consensus can be reached on the factors that
contributed to these deaths, and members from different backgrounds can learn from each other. In our opinion, interdisciplinary collaboration is particularly important in the evaluation of
patients in Category 3.
One’s view of the likely magnitude of the hazard of dying from
anaesthesia depends substantially on how one thinks about perioperative mortality and the possible contribution of anaesthesia
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Table 44.3 Classification of perioperative deaths
Category 1

Where it is reasonably certain that death was caused by the anaesthesia or other factors under
the control of the anaesthetist

Category 2

Where there is some doubt whether the death was entirely attributable to the anaesthesia or
other factors under the control of the anaesthetist

Category 3

Where it is reasonably certain that death was caused by both surgical and anaesthetic factors

Category 4

Surgical death where the administration of the anaesthesia is not contributory

Category 5

Inevitable death which would have occurred irrespective of anaesthesia or surgical procedures

Category 6

Incidental death which could not reasonably be expected to have been foreseen, was not
related to the indication of the surgery and was not as a result of factors under the control of
the anaesthetist or surgeon

Category 7

Those that cannot be assessed despite considerable data

Category 8

Cases which cannot be assessed because of inadequate data

Subcategory G: No correctable
factor identified

Where the death was as a result of anaesthetic factors but no better technique could
be suggested

Subcategory H: Medical condition
of the patient

Where it is considered that the medical condition was a significant factor in the anaesthesia
related death

Adapted with permission from Edwards, G., H. J. V. Morton, E. A. Pask and W. D. Wylie. Deaths associated with anaesthesia: a report on 1000 cases. Anaesthesia,
Volume 11, Issue 3, pp. 194-220, Copyright © The Association of Anaesthetists of Great Britain and Ireland 1956. Data from: Gibbs, N. and C. Borton, Eds. (2006).
Safety of Anaesthesia in Australia. A review of anaesthesia related mortality 2000 to 2002. Melbourne, Australian and New Zealand College of Anaesthetists; and
Gibbs, N. (2013). National anaesthesia mortality reporting in Australia 1985–2008. Anaesthesia and Intensive Care In press.

to this. Patients are unlikely to care whether a hazard arises from
anaesthesia or surgery, or even from their own co-morbidities. We
expect that most just want to know their chances of going home
after surgery and then staying in good health for a reasonable
period. In this light, it is worth considering some recent evidence
about perioperative mortality in patients old enough to be candidates for atherosclerotic disease.
The REASON (Research into Elderly Patient Anaesthesia and
Surgery Outcome Numbers) study was carried out in Australia
and New Zealand (Story et al. 2010). It involved more than 4000
patients, 70 years of age or older, from 23 hospitals undergoing surgery that involved staying in hospital for at least one postoperative
night. The 30-day mortality rate was 5%. Admission to intensive
care was required by 9.4% of the patients, and 20% suffered complications. Preoperative factors associated with mortality included
increasing age, worsening ASA physical status, a preoperative
plasma albumin less than 30 g litre−1 and non-scheduled surgery.
Whatever the cause of these deaths, a 5% mortality rate is orders of
magnitude higher than the figures in Tables 44.1 and 44.2.
In a case–control study based on all patients undergoing anaesthesia in 1995 and 1996 in three provinces in the Netherlands, the
incidence of 24 h postoperative death was 8.8 [95% confidence
interval (CI) 8.2–9.5] per 10 000 anaesthetics (Arbous et al. 2005).
An association was found between perioperative coma and death
and certain factors under the control of anaesthetists. The potential
influence of anaesthetists on perioperative ischaemia and subsequent perioperative myocardial infarction (PMI) has been shown
on at least two previous occasions for coronary artery surgery
(Slogoff and Keats 1985; Merry et al. 1992), and PMI is associated with increased risk of dying in subsequent months or years
(Mangano et al. 1996).

Myocardial ischaemia
The heart is critically dependent on coronary blood flow to meet its
requirement for oxygen, which is the highest per tissue mass of all
the organs. Resting coronary blood flow is 250 ml min−1 and represents 5% of the cardiac output. If demand for oxygen outstrips supply, ischaemia results. Myocardial oxygen delivery is the product of
coronary blood flow and the amount of oxygen extracted from the
blood as it traverses the heart. The resting oxygen extraction ratio
in the heart is 70–80%, compared with 25% in skeletal muscle, so
there is little room to increase this. Myocardial perfusion is effectively limited to diastole. The diastolic pressure time index (DPTI)
is the product of the coronary perfusion pressure (in effect, diastolic
arterial pressure) and diastolic time. Oxygen demand, on the other
hand, is represented by the tension time index (TTI), the product
of systolic pressure and systolic time. The ratio of DPTI/TTI is the
endocardial viability ratio (EVR). This gives an indication of the
balance between supply of and demand for myocardial oxygen.
The EVR is usually greater than one. In vivo, a value of less than
0.8 is associated with sub-endocardial ischaemia (Buckberg et al.
1972). It follows that tachycardia is particularly dangerous in generating myocardial ischaemia, but systolic hypertension and diastolic hypotension also contribute. The presence of obstruction to
coronary flow, in the form of atheroma, increases risk substantially.
Intraoperative myocardial ischaemia may manifest clinically as
an arrhythmia or hypotension. It may be diagnosed by ECG ST-
segment changes. The V5 lead is the most sensitive for the detecting
left ventricular ischaemia (London et al. 1988). Abnormal myocardial wall motion may be seen on transoesophageal echocardiography, which is a relatively sensitive indicator of ischaemia, but is, of
course, not typically used other than in cardiac cases.

731

732

732

PART 6

management of anaesthesia

The management of patients known to be at risk of ischaemia
is discussed in more detail elsewhere in the book. If ischaemia is
detected intraoperatively, there are various options for management, which broadly involve optimizing oxygen delivery while
reducing demand. Nitroglycerine may be invaluable. However,
perioperative ischaemia may often be silent and the challenges may
be more subtle than has hitherto been appreciated.
In the POISE (Perioperative Ischemic Evaluation) study (POISE
Study Group et al. 2008), 8351 patients with or at risk of atherosclerotic disease and undergoing non-cardiac surgery were randomized to receive extended-release metoprolol succinate or placebo
to test the proposition that PMI might be reduced by β-adrenergic
blockade. In the metoprolol group, fewer patients had a myocardial
infarction, but there were more deaths (within 30 days): 3.1% vs
2.3%. These mortality rates are closer to those seen in the REASON
study (see earlier) than to those reported in Table 44.1 and
Table 44.2. Furthermore, an intervention potentially under the control of anaesthetists made a difference between groups of 0.8%. This
suggests that the relationship between the management of patients
by anaesthetists and the hazard of mortality may be substantial,
even in the context of competent care, at least in some groups. It
might be objected that metoprolol is not integral to anaesthesia,
so to argue that this difference has anything to do with the risk of
anaesthesia is not fair. We think this would be disingenuous. The
relevant issue is the management of perioperative ischaemia (one
way or another), and we think this is within anaesthetists’ scope
of practice. It is worth adding that the POISE study does not necessarily answer a generic question about β-blockade in anaesthesia; instead, it addresses one rather inflexible regimen. The skilled
management of patients undergoing surgery and anaesthesia is
likely to need a tailored approach that addresses needs of individual patients. This might well include judicious doses of β-blockers
in some patients, and it certainly requires well-trained doctors. If
the POISE intervention increased perioperative mortality, it is at
least plausible that a more individualized approach might have the
potential to reduce it, perhaps by as much or more than 0.8%.
Some interesting additional information emerged from the
POISE study (Devereaux et al. 2011). In summary, within 30 days of
random assignment, 415 patients (5.0%) had a PMI, most (74.1%)
within 48 h of surgery, and often (65.3%) without ischaemic symptoms. This implies that if one does not actively look for PMI one is
likely to miss it. The 30-day mortality rate was 11.6% among patients
who had a PMI and 2.2% among those who did not (P < 0.001).
More recently, the VISION study has provided even more intriguing data about perioperative mortality (Devereaux et al. 2012). This
prospective, international cohort study involved more than 15 000
patients aged 45 years and older who required at least an overnight
hospital admission after having non-cardiac surgery. Even a modest increase in postoperative peak fourth-generation troponin T
(to 0.02 ng ml−1 or more) was associated with an increased 30-day
mortality rate, and the higher the troponin T concentrations, the
higher the mortality rate.
In the context of informed consent, it is arguable from these
various results that the provision of very low estimates of the risk
of death from anaesthesia (such as ‘one in fifty thousand’) may be
misleading for certain groups of patients, notably those of an age
to be candidates for atherosclerotic disease. On one hand, it does
seem that outpatient anaesthesia in young adults in high-income
countries today is probably very safe indeed; we think Table 44.2

provides reasonable estimates for these patients. On the other
hand, in older patients having in-patient surgery the risk of dying
after surgery and anaesthesia for conditions that should not be
life-threatening (e.g. osteoarthritis of the hip) may be considerably
higher than has perhaps been previously appreciated.
As will be discussed in the last section of Chapter 45, the hazards of anaesthesia are higher again in many low-income areas of
the world, whatever the age or medical condition of the patients.
If we are truly to understand the hazards of anaesthesia, address
them, compare risks between countries, and track outcomes over
time, a greater emphasis on the importance of surveillance of
the outcomes of anaesthesia and surgery is warranted. There is a
strong case for developing an internationally agreed definition of
anaesthetic-related mortality. During the Safe Surgery Saves Lives
initiative of the World Health Organization (WHO), two metrics
for perioperative mortality were developed that can be collected
in both high-and low-income countries (Table 44.4). Other measures of perioperative mortality are more difficult to collect, but
for those countries that can afford it, there is a strong argument
for a definition based on deaths within 30 days of surgery rather
than 24 h.
In providing information to patients, estimates of risk should be
realistic and should be tailored to each patient’s age and clinical
condition, taking into account the nature of the planned surgery.
Furthermore, the overall or combined risk of surgery and anaesthesia estimated in light of the patient’s clinical condition is likely to be
of greater relevance than any attempt to suggest that one particular component of that risk may be much lower. Most importantly,
we think there is still substantial opportunity for the perioperative
team, including and perhaps led by anaesthetists, to improve the
outcomes of an important subset of patients through collaborative
research to inform more appropriate perioperative care. In this discussion we have focused on PMI, but renal dysfunction, diabetes,
and various other co-morbidities would also be relevant. In addition, many patients may fear certain forms of morbidity (notably
stroke and cognitive dysfunction) more than death. In later parts
of this chapter we will show that these hazards are also surprisingly
high in some patients and that the points made here apply to morbidity as much as they do to mortality.

How do things go wrong? Errors, violations,
and decisions in complex systems
It is a central theme of this chapter that anaesthesia is hazardous
even when well-motivated, trained, and resourced practitioners
attempt to manage patients according to contemporary standards
of best practice. In fact, the distinction in standards of practice
between harm attributable to failures in care and harm in which
no such attribution is possible may be very slight and may reflect
chance more than justice.
Today, the image of Swiss cheese is almost ubiquitous in papers
and presentations about things that go wrong in healthcare (Reason
2000). This analogy makes a very important point: in a complex
system such as healthcare, there are numerous defences (the slices
of cheese), but there are also numerous latent factors (the holes).
These may be passive, such as a lack of pulse oximeters in an under-
resourced hospital (see later), or active—typically a human error
or violation (Box 44.1). A single factor, including an error, seldom
results in harm, because one or more defences usually come to the
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Table 44.4 Standardized statistics for global perioperative mortality surveillance: definitions, rationale, data sources and comments
Definition

Rationale for use

Data sources

Comments

Day-of-surgery
death ratio

Number of deaths on the
day of surgery, irrespective
of cause, divided by
the number of surgical
procedures in a given year
or period; reported as a
percentage

Day-of-surgery death ratios
allow the health system to
assess its performance and
the state of health of the
population

Administrative and
hospital records based on
health service statistics

Death on the day of
surgery often reflects
the comorbidities and
physiological disorders of
the patient, the quality and
complexity of surgical care,
or the risks of anaesthesia. It
cannot be used to compare
one site, facility, or country
with another without
appropriate, validated,
and time-consuming risk
adjustment

Postoperative
In-hospital death ratio

Number of deaths in the
hospital after surgery,
irrespective of cause and
limited to 30 days, divided
by the number of surgical
procedures done in a given
year or period; reported as
a percentage

Understanding the in
hospital death ratio after
surgery provides insight
into the risks associated
with surgical intervention

Administrative and
hospital records based
on health service statistics

Patients who undergo surgery
and die outside a health
facility or after readmission to
the same or a different facility
are important to record
in postoperative mortality
assessments
Facilities should be
encouraged to gather
such information. Neither
circumstance is included in
this statistic, however

Adapted from The Lancet, 374, 9695, Weiser, T. G. et al., ‘Standardised metrics for global surgical surveillance’, pp. 1113–1117, Copyright © 2009, with permission from Elsevier.

Box 44.1 Errors and violations: definitions and some important
characteristics
An error is ‘the unintentional use of a wrong plan to achieve
an aim, or failure to carry out a planned action as intended’
(Runciman et al. 2003). More colloquially, it is when one tries
to do the right thing but actually does the wrong thing. Errors
should not be judged on their outcome. Sometimes an error
turns out well.
A violation is ‘a deliberate—b ut not necessarily
reprehensible—deviation from those practices appreciated by
the individual as being required by regulation, or necessary or
advisable to achieve an appropriate objective while maintaining safety and the ongoing operation of a device or system’
(Reason 1990). More colloquially, it is when one knowingly
does the wrong thing, but not expecting to cause harm—rather
the expectation is that no harm will ensue. There are occasions
when breaking a rule may be appropriate. A key point about
violations is that they are intentional. Violations often reduce
safety.
Data from: Reason, J. (1990). Human Error. New York, Cambridge
University Press; Merry, A. F. and A. McCall Smith (2001). Errors,
Medicine and the Law. Cambridge, Cambridge University Press;
Runciman, B., A. Merry and M. Walton (2007). Safety and Ethics
in Healthcare: A Guide to Getting it Right. Aldershot, Ashgate; and
Runciman, W. B, A. F. Merry and F. Tito (2003). Error, blame, and the law
in health care—an antipodean perspective. Annals of Internal Medicine
138(12): 974–979.

rescue. One of those defences is chance; giving the wrong drug may
often be without consequence, but occasionally the consequences
are catastrophic. The outcome for an anaesthetist who gives a
wrong drug may also vary, from no impact to criminal prosecution
(Merry and McCall Smith 2001). The difference lies not in the culpability or so-called ‘carelessness’ of the acts but simply in chance.
This is sometimes referred to as ‘moral luck’.
Everyone makes errors. The human propensity to make errors
is often presented as a weakness. Actually, it is integrally linked to
important strengths of the human condition. Machines seldom
make errors, but (in general) they lack imagination, initiative,
judgement, morality, and many other human virtues, notably distractibility. The fact that humans are distractible is a major survival
advantage. A machine will continue repetitively doing a task accurately and without being distracted while the house burns down
around it, whereas humans will usually notice that something has
changed and will respond. For the legal system to treat humans as
machines and punish them when they fail to behave like machines
is a profound mistake (Merry and McCall Smith 2001), but it is
understandable. Advocacy is therefore sometimes needed to ensure
that our justice systems are grounded in the science of human
behaviour, which describes what humans are actually like, rather
than in a purely conceptual view based on what some authorities
imagine they ought to be like. The distinction between errors and
violations is particularly important in this context (Box 44.1). This
does not mean that errors should be tolerated. Patients who have
been injured rightly expect action to stop the same thing happening to others. However, this reinforces the need for our response to
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error to be well informed so that they can be effective (Merry and
McCall Smith 2001).
Charles Bosk observed the importance placed on honesty when
mistakes are made by surgeons in training (in the United States)
(Bosk 1979). In surgical services studied by Bosk, errors were
seen as inevitable, and trainees were primarily required to be
honest about their mistakes, ask for help when dealing with their
consequences, and actively strive to improve their performance.
Dishonesty or attempts to cover up mistakes were not acceptable.
This approach is consistent with the modern concept of ‘just culture’, which has superseded the concept of a ‘blame-free culture’,
which in turn superseded the previous culture often referred to as
‘Name, blame, and shame’ (Merry and McCall Smith 2001).

Decisions: the Reason–Rasmussen model
In his General Error Model, drawing on work from himself,
Rasmussen, and others, Reason divides failures of human endeavour into failures of action (slips and lapses) and failures of decision-
making or planning (Reason 1990). Humans are profound pattern
recognizers, but less adroit at Boolean logic, at least in the context
of making decisions. This point is often overlooked when considering the value of algorithms: it is unlikely that many humans will go
through a complex set of binary decisions while a patient is becoming hypoxaemic and is in imminent danger of dying. Algorithms
can certainly be valuable in a crisis, but they need to be simple.
Reason categorizes errors on the basis of the cognitive processes
involved in the action or decision that went astray. People store
experiences in memory by means of schemata in which the key
generic features and principles have been extracted and generalized. In ‘rule-based’ decisions, a new situation is matched to one of
these schemata, and a learned response is applied. This approach is
‘feed forward’—it uses experience from the past to infer the future.
If one cannot identify an appropriate schema, then one is forced to
think from first principles. This is called ‘knowledge-based’ reasoning. It involves deliberation, or purposeful thought, and has, therefore, been called ‘deliberative reasoning’ (Merry and McCall Smith
2001). It operates on an iterative feedback process—an idea is tried,
tested, and modified on the basis of the results. It has underpinned
the scientific method and many of the advances made by mankind,
but it takes effort and time. And, of course, time is limited in a crisis.

within the conscious system, and is called ‘reflective system thinking’. For practical purposes there is much to commend this somewhat simplified exposition of a very complex and nuanced field of
empirical and theoretical knowledge.

Healthcare as a complex system
Paul Batalden introduced the aphorism ‘Every system is perfectly
designed to produce the results it gets’ to healthcare (McInnis
2006). Reason argues that the key to preventing error usually lies
in improving the system rather than punishing the person (Reason
1997). So, some understanding of the system of healthcare is
relevant.
Certain systems, such as the weather system, are dynamical.
The future behaviour of these systems is very sensitive to the conditions at the time one chooses to predict it. Predictions may be
accurate for a short time, but unless the process of prediction is
repeated, iteratively updating the starting information at regular
intervals, the systems progressively diverge from the original predictions. These systems are also known as chaotic, which does not
mean that they are random. Rather, they are just too complex for
reliable predictions beyond a very short time frame. Glouberman
and Zimmerman (2002) have classified processes as simple, complicated, or complex. The first two should be reliably repeatable, but
the third may not be. For example, flying to the moon is complicated, but raising a child is complex (Gawande 2009). Presumably,
having been to the moon a few times one can expect success in
future attempts. The outcome of raising children is less certain,
even if one has done this successfully before. Healthcare includes
all three types of process. Much of healthcare (not all of it) involves
inherent uncertainty, but that uncertainty in making decisions is
not always recognized from the position of hindsight.

Intuition and the ironic forces of the mind
The fundamental point about errors is that they are unintentional.
Wegner, however, makes an even stronger point. He has shown that
determined efforts to avoid certain actions may sometimes have
perverse effects (Wegner et al. 1987; Wegner 1994). Thus simply
trying harder to avoid errors is likely to be less effective than finding
and adopting new and safer ways of doing things.

Other insights

The importance of experience

Runciman et al. (2007) extended this model to include technical
errors, on the basis of the observation that some errors made by
anaesthetists are not slips, lapses or mistakes. Patients vary in the
difficulties they present in relation to procedures such as tracheal
intubation or accessing the epidural space, and anaesthetists vary
in their levels of skill. Most anaesthetists can successfully undertake
these procedures in most patients, but if a patient has very difficult
anatomy, and an anaesthetist only average skill, a dural tap or failed
tracheal intubation may occur. If a more skilled anaesthetist could
have succeeded, it is reasonable to argue that these failures are
errors. Normative approaches can provide guidance to acceptable
rates of failure (Novick and Stitt 1999; Bolsin and Colson 2000).
More recent writers have adopted a simpler way of thinking
about decisions and actions (Thaler and Sunstein 2008; Kahneman
2011). They describe two cognitive systems: automatic or conscious. Thus they see slips and lapses and rule-based errors as arising from automatic processes. ‘Knowledge-based’ reasoning falls

Much of the work discussed so far comes from psychology laboratories. What happens in real life? Klein and his group have
observed people in the field, in settings such as war zones or while
fighting fires (Klein 1999). Klein’s work supports Reason’s emphasis on humans as recognizers of patterns. In brief, many important decisions are made by what appears to be intuition. Training
and knowledge are important for making good decisions, but these
are not enough. It seems that experience is even more important.
Experts can make difficult decisions in complex settings very
quickly, apparently though intuition, but actually through pattern
recognition, often using frequency gambling (Merry and McCall
Smith 2001). Mostly, these decisions are effective—but not always.
Failures arise because of insufficient information, either because
something is overlooked or because an individual’s mental model
of the world does not exactly match reality, perhaps because of a
breakdown in communication (Perrow 1999). Checklists and exercises in simulators can assist experienced experts in improving
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decisions, but only if well-conceived and effectively used; they cannot substitute for expertise and experience.

Fatigue and circadian disruption
Unsociable and extended work hours feature in many anaesthetists’ lives, as they do in the lives of many other doctors. Various
medical and anaesthesia organizations have promulgated guidelines to address hours of work and the management of fatigue. In
some countries, there are now substantial limitations on junior
doctors’ hours but not usually on those of senior doctors. Thus in
New Zealand, for example, more junior doctors (71%) than seniors
(58%) reported exceeding their self-defined safety limits for continuous administration of anaesthesia, but senior doctors reported
their longest average work week as 95 h vs 70 h for trainees (Gander
et al. 2000).
Fatigue and circadian disruption impair performance (Rosenbluth
and Landrigan 2012). In a recent survey of UK anaesthetists, 83%
of respondents agreed that they were less effective when stressed or
tired, although only 51% agreed that tiredness had an impact on
their performance during critical phases of their work (Flin et al.
2003). Impairment after 17 h of wakefulness equates to that seen
with a blood alcohol of 0.05%—the upper legal limit for driving
in many countries (Dawson and Reid 1997). Alertness and performance are also influenced by prior sleep history and circadian
phase (or biological clock time) (Lockley et al. 2006). However, the
tests and settings often used for this type of research, notably the
psychomotor vigilance task administered in a quiet room with no
distractions, may not reflect performance during the provision of
anaesthesia, particularly during some acute cases in which interest
and adrenaline may counter the effects of fatigue. Sleep deprivation
is associated with emotional lability, which is obviously important
in anaesthesia (Zohar et al. 2005).
Evidence directly relevant to certain occupations, notably driving
(Moller et al. 2006) and flying aircraft (Russo et al. 2005), is available, but there is little for anaesthesia, and research in this area is
not easy. The evidence that fatigue impairs surgical performance is
also less than clear (Sturm et al. 2011).
In one study, changes in psychomotor vigilance, mood, and subjective sleepiness were demonstrated in anaesthetic residents at
the start of a simulated anaesthetic after 25 h of wakefulness, but
the demonstration of differences in clinical performance proved
elusive even though some participants fell asleep for brief periods (Howard et al. 2003); interestingly, 48.8% of respondents to a
survey of Certified Registered Nurse Anesthetists had witnessed a
colleague asleep during a case (Biddle and Aker 2011). This failure to show differences in performance may have reflected too
small a sample, but it also illustrates something about the nature
of anaesthesia: brief periods of inattention may not always prove
problematic—but sometimes they do, catastrophically. In this,
anaesthesia differs from driving a car, for example, where even a
short sleep is unlikely to pass without consequence.
A comparison of night and day cases in 13 anaesthesia residents
showed differences in task distribution and negative mood but not
in clinical workload or alarm response latency (Cao et al. 2008).
More recently, Gordon et al. (2010) demonstrated that interns perform better in simulated cases of considerable relevance to anaesthesia after working a 16 h overnight shift than after a 24–30 h
extended shift.

In Australia, Griffiths et al. (2006) studied the effect of shift work
on cognitive performance in anaesthetic registrars, using a validated computerized battery of cognitive tests. Certain measures of
performance declined as the week progressed (notably the speed of
detection and identification tasks, measured at the end of each night
shift) while others did not (accuracy was very good throughout).
In an intensive care setting, reducing total weekly hours to
less than 80 and the length of a single shift to a maximum of 16
h reduced attentional failures of interns by half (Lockley et al.
2004) and serious medical errors by 35.9% (Landrigan et al. 2004).
Driving home after long periods of work creates a definite hazard for anaesthetists. Shifts of 24 h or longer increase the risk of
motor vehicle accidents in resident doctors (Barger et al. 2009). In
the long term, fatigue and shift work may be detrimental to certain
aspects of doctors’ health (Morgan et al. 2003) and perhaps to their
family lives.
The drawback of simplistic approaches to reducing fatigue in
doctors is that the problem is not simple. Shorter shifts are associated with increased frequency of handover of patient care and a
reduction in continuity of care, which themselves may create hazards. Shorter hours also make the development and maintenance
of expertise more difficult. Financial considerations may also pertain; hospital budgets are limited, while some doctors seek to work
longer hours simply to make more money. Social activities and
dynamics outside the workplace also contribute to fatigue, and ill
health (e.g. viral illnesses, sleep apnoea, and certainly depression)
also adds to the mix.
The effects of shift work are progressive over successive nights
(Griffiths et al. 2006), probably because of circadian disruption and
cumulative sleep debt. Thus, long periods on night duty make sense
but may not be socially acceptable. Alternatively, some authorities
suggest minimizing the number of consecutive nights worked.
Other countermeasures to fatigue include adequate facilities for
sleep when opportunities arise and naps when possible. Caffeine is
a well-established stimulant among anaesthetists (and many other
people), and other new stimulants may also prove helpful (Bonnet
et al. 2005).

Mitigating the hazards of anaesthesia
Thus far we have shown that anaesthesia has considerable potential to contribute to serious harm to patients, including death, and
that there is considerable propensity for things to go wrong when
undertaking difficult tasks in complex systems. How then should
anaesthetists mitigate the hazards of anaesthesia, at the level of general principles?
Recognition that anaesthesia is intrinsically hazardous is the starting point. This should promote a commitment to the active anticipation of problems and to the preparation needed to prevent them
or manage them if they do occur. It should never be forgotten that
it is often the apparently routine case that goes disastrously wrong.
The next point is that the continuous presence of an adequately
trained and resourced anaesthesia provider is absolutely essential
for safety in anaesthesia (Merry et al. 2010). All three elements
matter—the provider, the training, and the resources (equipment
and drugs) to provide anaesthesia, and to detect and respond to
problems when they occur. Many wealthy countries have invested
heavily in the appropriate lifelong training of anaesthetists and
appropriate resourcing of anaesthesia departments. Some degree
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of redundancy is necessary in both staff and equipment—demands
vary, and unexpected events typically require more of both than
would be needed on an entirely routine day. Unfortunately, as
discussed later in Chapter 45, this commitment to training and
resources for anaesthesia is less evident in many low-and middle-
income countries.
The thorough preoperative assessment of every patient, supported by appropriate investigations, is the next prerequisite for
safe anaesthesia. Informing and counselling patients may also contribute to the reduction of risk—both for the patient and for the
anaesthetist if something does go wrong.
Thorough checking of equipment, including backup equipment
that might be needed in any particular case, has become embedded
in anaesthesia practice today, supported by numerous guidelines
developed by organizations such as ANZCA and the AAGBI. The
availability of an appropriately trained assistant has also become
embedded as the standard of care in some countries (e.g. the United
Kingdom, Australia, and New Zealand). Unfortunately there are
other countries (even wealthy ones) where this very important
aspect of anaesthesia is less well supported.
Similarly, numerous guidelines define the standard of monitoring required for safe anaesthesia today (Merry et al. 2010). Accurate
anaesthesia records facilitate the observation of trends in vital signs
and the detection of (often gradual) deviations from stable physiological states. Accurate and comprehensive records also assist
in the transfer of information and hence promotion of teamwork
between anaesthetists when two or more are working together, or
when one is handing the care of a patient over to another. There is
some debate over the value of manual record keeping in promoting
vigilance, but none over the fact that automated record keeping is
more accurate, at least for physiological data.
As discussed previously, there is no substitute for experience.
Today it is becoming progressively more difficult for trainees to
gain adequate experience, and senior anaesthetists may also find
it difficult to maintain recent experience of managing infrequent
events. In large units, personnel can often be allocated to appropriate patients and procedures—but this may not always be possible, particularly out of normal working hours. The threshold
for consulting with colleagues and seeking assistance should be
low. Well-designed simulation-based training provides a means
of maintaining the skills needed to manage uncommon events,
and of practising for such events. Simulation can also be used
to improve non-technical skills (Fletcher et al. 2002) critical for
avoiding complications, such as those related to teamwork and
communication.

Teamwork, speaking up, and the WHO
Surgical Safety Checklist
In 1999, the Institute of Medicine in the United States drew attention to the unacceptable levels of preventable harm to patients
arising from treatments intended to help them (Kohn et al. 1999).
Much of this harm is associated with surgery and anaesthesia (de
Vries et al. 2008) and much is preventable. In 2007, the WHO
initiated its Second Global Patient Safety Challenge, Safe Surgery
Saves Lives, to address these hazards of surgery and anaesthesia.
In 2008, the WHO Surgical Safety Checklist (‘the Checklist’) was
launched (WHO 2009). In a major multicentre study, use of the
Checklist was shown to reduce complications, including deaths,

from surgery by about 30% (Haynes et al. 2009). Several [but not
all (Urbach et al. 2014)] subsequent studies have provided confirmatory evidence of the value of interventions based on checklists and improved teamwork and communication (de Vries et al.
2010; Neily et al. 2010; Kwok et al. 2013). The WHO Checklist
has now been adopted widely in many countries, and the use
of checklists authoritatively commended as a ‘standard of care’
(Birkmeyer 2010).
The Checklist is not strictly just a checklist. Like any checklist,
it was designed to ensure that key tasks are carried out correctly
and critical information verified. However, it was also designed to
promote improved communication and teamwork and to encourage people within the operating room to speak up if they see
something going wrong. In particular, it is expected that introductions and the discussion of anticipated problems promotes
effective interaction between individuals by facilitating directed
communication and ‘activating’ individuals who might otherwise
remain silent.
The extent to which these different objectives are being achieved
in different institutions and countries is not entirely clear. Anecdotal
and observational evidence (Vogts et al. 2011) suggests that implementation has been variable. In some institutions, implementation
has been very successful, and the scope of the initiative has been
extended with gratifying improvements in patient outcomes (de
Vries et al. 2010; Neily et al. 2010). In others, many participants
seem to treat the process as simply one of ‘form filling’ without
engaging even in the checks, let alone in improving communication and teamwork. One probable reason for this is very simple.
Operating room staff have not previously been taught to work this
way, unlike airline pilots (for example). From the first day of learning to fly an aeroplane, pilots are given checklists and told to use
them. Checklists are simply accepted as integral to the safe conduct
of aviation. The likelihood is that a future generation of health practitioners will see checklists in the same way, but there is a long way
to go before that point is reached.
Operating on the wrong side, failing to prepare for major blood
loss, or failing to ensure that all necessary equipment is on hand are
all serious hazards for anaesthetists and their patients. Furthermore,
better communication and teamwork typically improves the enjoyment of working in the operating room and is probably at the heart
of the substantial improvements in outcome that have been shown
in the studies cited previously. Checklists, in the end, are just a
category of tool used in other high-risk activities to improve the
reliability of processes that can easily go wrong. Checklists do not
seek to ‘dumb down’ practitioners—on the contrary, they provide a
way of ensuring that their difficult decisions and challenging procedures are not defeated by simple and obvious oversights or basic
failures in communication.
Modifying the Checklist for local conditions is explicitly encouraged. For example, the presence of pulse oximetry was included
because of its importance in low-income countries but should
probably be removed from most well-resourced hospitals in which
an oximeter is used in every case. Given the growing weight of evidence to support the use of checklists specifically, and initiatives
to improve teamwork and communication more generally, it seems
reasonable to expect practitioners to engage in ensuring that the
value of these approaches to reducing the hazards of surgery and
anaesthesia is realized. Anaesthetists are well placed to lead in this
endeavour, or at the very least to give it their full support.

73

Chapter 44

hazards in anaesthetic practice: general considerations, injury, and drugs

Hazards arising from equipment
Equipment malfunction
Many critical incidents involve failures in equipment, most of which
are preventable. Monitoring can provide inaccurate or artefactual
data, or data that are difficult to interpret, particularly sophisticated monitoring such as the use of pulmonary artery catheters
(Johnston et al. 2008) or transoesophageal echocardiography. Even
simpler devices, such as non-invasive blood pressure and pulse
oximetry may readily produce misleading readings. Incorrect data,
or incorrect interpretation of data, can lead to incorrect treatment
of patients. It is essential to integrate information from multiple
sources—from the monitor, from other practitioners’ observations
(notably the surgeon’s), and from one’s own careful clinical examination and monitoring of the patient. Feeling the pulse is fundamental to safe anaesthesia.

Injury during the perioperative period
Preventable, direct, physical injury of patients is fairly common
in the perioperative period. Direct injuries may be mechanical,
electrical, or thermal and may involve airways, lungs, teeth, eyes,
nerves, muscle, and skin.

Injury during airway management
The most frequently reported anaesthetic injury is damage to teeth,
most commonly to the upper incisors, often during laryngoscopy.
Injuries vary from chipped teeth to complete avulsion. Such damage is more likely if laryngoscopy is difficult. Dental injuries often
result from rotational forces applied to the laryngoscope while trying to lever the tip of the laryngoscope blade upwards using the
upper incisors as a fulcrum. It is safer to apply force upwards and
away from the anaesthetist without any leverage on the incisors.
Anaesthetists should assess and document patients’ dentition, and
warn them of this risk, particularly when dentition is poor or the
airway likely to be difficult to manage.
Mucosal damage is common during airway management, and
may be very painful after operation. Local ischaemia, with consequent scarring and stenosis, may be produced by over-inflation of
the cuff of a tube in the larynx or trachea. Cuff pressures should be
checked regularly, particularly during prolonged surgery and when
nitrous oxide is used (Sultan et al. 2011). Damage may also occur to
arytenoid cartilages, recurrent laryngeal nerves, the uvula (because
of Guedel airways), and the nasal turbinates. Epistaxis may be precipitated by nasal tubes and temperature probes.
Injury to the lungs is discussed later in this chapter and is covered
variously elsewhere in the book.

Muscular and vascular injuries: tourniquets
Arteries and major veins may be damaged directly during the insertion of arterial lines or central venous lines. The use of ultrasound
for placing central lines appears to improve success and reduce
complications (Rando et al. 2014). Massive bleeding, ischaemia,
and other complications may result.
Arterial tourniquets reduce surgical bleeding, but also reduce
tissue perfusion, and should not remain inflated for more than
2 h. Inflation pressures should be just adequate to occlude arterial flow. Typically, 200 mm Hg is appropriate for the upper limb,
and 250 mm Hg for the lower limb (Tejwani et al. 2006). Parts of
the body distal to an arterial occlusion should never be warmed,

because warming raises the metabolic rate locally and may precipitate ischaemia.

Cutaneous and corneal injuries
It is easy to damage skin or muscles by poor movement or positioning or the use of highly adhesive tape, particularly in elderly
patients and patients who have been treated with steroids for a prolonged period. These patients also tend to heal slowly, so apparently trivial skin injuries may result in many months of discomfort.
Corneal abrasions may also be surprisingly prolonged and painful.
Considerable care may be needed to avoid them during transfer of
patients or use of the prone position. Adhesive tape used to close
the eyelids may also be implicated and lubricated dressings such
as sterile paraffin gauze may be preferable. Lubricants should be
dropped into the eye from safe height—again it is surprisingly easy
to cause an abrasion by holding the nozzle of the tube too close to
the eye.

Blindness
Blindness is a rare but catastrophic complication of anaesthesia and
surgery. In a recent large study the incidence in appendicectomy
was 0.12 cases per 10 000 procedures. In contrast, cardiac surgery
and spinal surgery had much higher rates at 8.64 and 3.09 cases per
10 000 procedures respectively. Hip and femur surgery was intermediate at 1.86 cases per 10 000 cases (Shen et al. 2009). In another
recent large series of patients with blindness after spinal surgery,
59% had bilateral eye injury and there was complete visual loss in
the affected eye(s) in 50% (Lee et al. 2006).
The underlying pathology has been well characterized. One large
recent series attributed 89% of cases to ischaemic optic neuropathy (ION) and 11% to central retinal artery occlusion (CRAO) (Lee
et al. 2006). Other known causes of perioperative visual injury
include external ocular injury (such as a corneal abrasion), cortical
blindness, acute glaucoma, and the administration of nitrous oxide
to patients with gas in the globe (Lockwood and Yang 2008; Grover
and Jangra 2012). Both CRAO and ION have multiple potential
causes in the perioperative period, including surgical causes (Rao
et al. 2012), and definitive identification of the causative event(s)
after surgery is often elusive—indeed, there may be no obvious
cause (Cheng et al. 2000).
CRAO is most commonly caused by errors in positioning of
patients that result in sufficient external pressure to the globe to
reduce retinal perfusion below critical levels. Retinal microembolism is another potential contributor, especially during cardiac
surgery (Roth 2009). These potentially asymmetric aetiologies may
explain why CRAO produces unilateral injury more often than
ION (Lee et al. 2006). The aetiology of ION is poorly understood,
but various associations are recognized. Putative patient factors
include hypertension, coronary disease, diabetes, hyperlipidaemia,
thrombophilia, obesity, and smoking (Lee et al. 2006). The prone
position is associated with increased risk, and this cannot always
be explained by inadvertent application of pressure to the globe as
many cases have occurred where this would be impossible (Cheng
et al. 2000). The prone position increases intraocular pressure,
which results in decreased ocular perfusion pressure (Cheng et al.
2001). This may become more hazardous when combined with
hypotension, which is often induced intentionally in spinal surgery
(Lee et al. 2006). However, ION has occurred in patients who had
not been hypotensive (Lee et al. 2006) and there is a lack of data
convincingly linking perioperative hypotension with ION (Roth
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2009). Prolonged surgery appears to increase risk, with data from
the largest series showing a distinct increase in risk when surgical
duration exceeds 5–6 h (Lee et al. 2006). The complex interrelationship between blood loss, fluid replacement, and haemodilution is
often raised in this context. In broad terms, heavy blood loss, which
necessitates large-volume fluid replacement resulting in haemodilution, is widely regarded as increasing risk, especially if combined
with hypotension, though definitive data are lacking.
Our poor understanding of the aetiology of perioperative CRAO
and ION makes it difficult to identify preventative interventions.
Nevertheless, a recent consensus in relation to visual loss in spinal
surgery has been published (American Society of Anesthesiologists
Task Force on Perioperative Blindness 2006) that includes reference
to presentation of appropriate information during consent; the lack
of proof that deliberate hypotensive techniques are harmful; the
use of colloids and crystalloids to maintain intravascular volume
in substantial blood loss; the lack of data describing an appropriate
transfusion threshold; the optimal prone positioning of high-risk
patients with a recommendation for the head to be in a neutral anatomical position, higher than the heart; and the use of staged procedures to reduce operative duration for high-risk patients. Various
devices are available to help minimize the risk of inadvertent pressure being applied to the globe in prone patients (Uribe et al. 2012).

Thermal and electrical injury
The high-density electrical current of surgical diathermy may cause
injury. Incorrect application of the diathermy pad may interrupt
the return path of the current. The ECG electrodes or other points
of contact between skin and metal can then provide an alternative
electrical path, producing serious burns. This may be particularly
serious in the presence of certain implanted devices such as cardiac
pacemakers and spinal cord stimulators, where the lead may actually heat up and cause internal burns (bipolar diathermy should be
used for patients with these devices). Warming devices may also
cause thermal injury, particularly if thermostatic controls fail. Such
devices should only be used in accordance with manufacturers’
instructions—for example, hot air hoses designed to inflate convective warming blankets should not be used to blow hot air under
the patient’s blankets (Wu 2013).

Surgical fires
‘Surgical fires’ are fires that occur on or in a patient undergoing
surgery (American Society of Anesthesiologists Task Force on
Operating Room Fires 2008). The incidence is not reliably known,
but given the large number of operations performed and the relatively small number of fires reported, it is probably low, even in
operations that are particularly hazardous in this regard. For example, there were 8 airway fires (a subset of surgical fires) in 11 600
cases undergoing laryngeal surgery using an endotracheal tube to
manage the airway (Cozine et al. 1991). As surgical fires may be
fatal and are arguably entirely preventable, zero incidence should
be the goal.
Surgical fires may occur when there is a confluence of the three
elements of the ‘fire triangle’: oxygen (or another oxidizer such as
nitrous oxide), fuel, and an ignition source (ECRI 2003). It is the
frequent presence of oxygen in higher fractions than normally
present in air environments and the use of electrosurgical units
(ESUs), diathermy, or lasers that generate intense heat at focal
points, which facilitate fire under circumstances that many might
consider surprising. Fuel is ubiquitous in the operating room, with

some (such as alcoholic skin preparations) being highly flammable
and representing an obvious danger, and others (such as desiccated
tissue) being less obvious (Rinder 2008). The modern, potent, volatile agents are non-flammable under the normal conditions of their
use (Leonard 1975).
Procedures that carry a high risk for surgical fire are those that
routinely bring an ignition source into close proximity to a high
fraction of oxygen (American Society of Anesthesiologists Task
Force on Operating Room Fires 2008). Examples include facial surgery, eye surgery, tracheostomy, tonsillectomy, laryngeal surgery,
or any other shared airway surgical procedures. The most common ignition sources in these settings are ESUs and lasers (Smith
and Roy 2011). It follows that during their use, anaesthetists must
endeavour to minimize the presence of oxygen (Roy and Smith
2011) and preferably eliminate nitrous oxide and any unnecessary
potential fuels. With shared airways, this involves using a laser
resistant endotracheal tube, or eliminating the tube altogether by
using a suspension laryngoscope and jet ventilation.
Good communication between operating team members is
important in preventing fires during such procedures (Bruley
2004) and each member of the operating room team has an important role to play (Yardley and Donaldson 2010). For example, during an operation where fire is a risk, the nurse should consider
moistening swabs before handing them to the surgeon and avoid
the use of alcoholic skin preparation; the surgeon should always
allow skin preparation to dry before draping, use diathermy sparingly, and enter lumens (especially the trachea) using sharp cutting; and the anaesthetist should use minimal safe oxygen fractions,
should not allow oxygen to accumulate under drapes, and should
use protected endotracheal tubes for shared airway laser surgery
(Yardley and Donaldson 2010). Detailed accounts of contemporary
strategies for prevention and management of surgical fires can be
found elsewhere (American Society of Anesthesiologists Task Force
on Operating Room Fires 2008; Yardley and Donaldson 2010).

Hazards arising from drugs
Hypersensitivity and anaphylaxis
Anaphylaxis may be defined as ‘a serious allergic reaction that is
rapid in onset and may cause death’ (Sampson et al. 2006). Most
anaphylactic reactions result from mediated cross-linking of
allergen-specific immunoglobulin E (IgE) molecules on the surface of tissue mast cells and possibly basophils. Mast cell activation results in the release of many mediators, including histamine,
leukotrienes, tumour necrosis factor, and cytokines. The response
is perpetuated by positive feedback cycles, and the phrase ‘mast cell
leucocyte cytokine cascade’ has been coined. There is great variation in the details of this pathophysiology, and IgE is not always
involved. The term ‘anaphylactoid’ is no longer favoured, and ‘non-
allergic anaphylaxis’ may be preferable. ‘Allergic anaphylaxis’ may
involve IgE or IgG so ‘IgE mediated anaphylaxis’ is therefore also a
useful term (Brown 2006). For practical purposes, during a crisis,
these nuances are irrelevant.
Diagnosis of anaphylaxis is made on the basis of certain criteria, but at present no criteria provide 100% sensitivity and specificity (Sampson et al. 2006); in practice, the important thing for
anaesthetists is to be able to make the diagnosis simply and rapidly
and then respond appropriately. Various guidelines have been formulated to assist this. Those of the Australian and New Zealand
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Anaesthetic Allergy Group are supported by four cards designed
to be used in the operating room: one each for diagnosis, immediate management, post crisis management, and management of
refractory anaphylaxis during anaesthesia (Australian and New
Zealand Anaesthetic Allergy Group 2012). The diagnostic card
identifies four grades of anaphylaxis. Anaphylaxis can occur without mucocutanteous signs (hives, flushing, erythema, urticaria, and
angio-oedema) but the majority of cases (80%) include mucutaneous signs (Sampson et al. 2006), and grade 1 is confined to these.
Grade 2 includes hypotension and tachycardia, and bronchospasm.
In grade 3 these progress to cardiovascular collapse and in grade 4
to cardiopulmonary arrest.
There are many other possibilities in the differential diagnosis of
the three basic categories of sign—urticarial and related mucocutaneous changes, bronchospasm and hypotension. These are outlined on the diagnostic card and need to be considered but context
is important—acute onset after exposure to a potential allergen or
trigger. The commonest triggers in anaesthesia are neuromuscular
blocking agents and antibiotics, although allergy to chlorhexidine
is increasing and latex should also be considered. One differential
diagnosis that should always be considered and eliminated is problems with the airway—oesophageal intubation or obstruction of
the respiratory limb of the anaesthetic circuit, for example. Because
these occur shortly after induction of anaesthesia and manifest
as difficulty in ventilation (and in the latter case air trapping and
hypotension) it is very easy to mistake these problems for anaphylaxis. They are not only eminently treatable if diagnosed, but they
are also totally refractory to adrenaline if the diagnosis is missed!
Recommendations for the treatment of anaphylaxis are based
on first principles, clinical experience and expert consensus: there
is very little level 1 evidence to support them, but the key recommendations are nevertheless well established. The mainstays are
withdrawing triggers, supporting oxygenation and the circulation
in general, and administering adrenaline and resuscitation fluids.
Timely and adequate doses of adrenaline are particularly important
(Garvey et al. 2011).
Adrenaline has a narrow therapeutic range and it is not surprising that anaesthetists who do not use it often may be nervous and
uncertain about the dose. In the context of anaesthesia, it makes
sense to give it intravenously. We recommend the following as simple to remember and safe.
◆

◆

Use a concentration of 100 µg ml−1 (1 mg in 10 ml); unfortunately, although adrenaline should be presented as a concentration
(Wheeler et al. 2008) it is usually presented as a ratio, and 100 µg
ml−1 is 1 in 10 000. This should always be readily available during
anaesthesia.
For adults:
• In moderate or severe anaphylaxis give 100 µg (1 ml of 1 in
10 000)
• In mild anaphylaxis give 10 µg (0.1ml of 1 in 10 000).

◆

For children up to 10 kg—give one tenth of these doses per
kg: dilute 100 µg (1 ml of the 1 in 10 000 solution) to 10 ml to
make 10 µg ml−1 (a ratio of 1 in 100 000):
• In moderate or severe anaphylaxis give 10 µg kg−1 (1 ml kg−1 of
1 in 100 000)
• In mild anaphylaxis give 1 µg kg−1 (0.1ml kg−1 of 1 in 100 000).

◆

◆

For children of 10 kg or more it makes no sense to give a bigger
dose than one would give an adult so these larger children can
reasonably be treated as adults for this purpose.
In all cases, reassess (particularly heart rate and rhythm, and
blood pressure) and repeat as necessary every 1 or 2 min.

If i.v. access is not available give the adrenaline IM. This raises an
interesting practical problem because for this purpose 1 mg ml−1
is more practical, but it is arguable that only one concentration
of adrenaline should be provided. The recommended doses using
1 in 10 000 are 500 µg for an adult (5 ml of 1 in 10 000 or 0.5 ml of
1 in 1000), 300 µg under 12 years, and 150 µg under 6 years.
Half the blood volume (or more) may extravasate in 10–15 min
so aggressive fluid replacement is essential. ‘Boluses’ of 20 ml kg−1
are recommended; this translates to nearly 1.5 litres for a 70 kg
adult, so large-bore i.v. access will be required. If colloids were running at the time of the anaphylaxis they should be discontinued (as
they may be the culprit); otherwise either colloids or crystalloids
may be used. Patients should be placed supine.
There is no evidence to support the use of steroids during anaphylaxis, but they may be of value in the later period of management. Antihistamines should not be used.
The management of refractory anaphylaxis is outlined in a separate card provided by the Australian and New Zealand Anaesthetic
Allergy Group (Australian and New Zealand Anaesthetic Allergy
Group 2012). In essence, this is a crisis, so help is essential (and
should be called for as soon as moderate or severe anaphylaxis is
diagnosed). Cardiac massage might become necessary. Monitoring
should be escalated to include an arterial line and central venous
line when practical. Secondary vasopressors (metaraminol, vasopressin, and glucagon) may be needed as well as adrenaline.
Salbutamol may be needed for bronchospasm. The ultimate treatment, if available, is to institute extracorporeal membrane oxygenation or cardiopulmonary bypass—this is in fact an ideal treatment
and anaphylaxis during the pre-bypass stage of cardiac cases should
prompt immediate administration of heparin and institution of
cardiopulmonary bypass.
The most important point about post-crisis management of these
cases is that the pathology may persist for many hours (sometimes,
more than 24 h). The patients may well need an ongoing infusion
of adrenaline, so this should usually be instituted if more than a
minimal dose of adrenaline has been required. Surgery should be
curtailed and ended, and the patient should usually be transferred
to intensive care for monitoring.
Serum tryptase is released from activated mast cells (Schwartz
2006). There are other causes of elevated tryptases, so it is important to show that concentrations return to normal after the episode
of anaphylaxis. After anaphylaxis, tryptase peaks at 15–20 min, and
then declines with a half-life of 2 h. Tryptase is usually measured at
1, 4, and 24 h. It is unstable in whole blood so samples need to be
sent urgently to the laboratory for immediate testing.
In due course, patients should be counselled in some detail about
their event and the implications of this for future anaesthesia. Skin
testing should be undertaken in a specialist clinic to establish the
trigger if possible, and patients provided with written information about their event and the results of the testing. A Medic Alert
bracelet should be arranged, as appropriate.
One of the more vexatious aspects of managing patients with
known allergies is the question of cross-sensitivity (e.g. within
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classes of neuromuscular blockers, antibiotics, colloids, and blue
dyes). For example, it is often stated that a proportion (perhaps
10%) of patients allergic to penicillins will also react to cephalosporins on the basis of the shared β-lactam ring. It is very difficult
to find a robust source in the literature to support this contention,
and the experience at Auckland City Hospital would suggest that
the true rate is much lower than this.
Nevertheless, anaesthetists should keep the possibility of cross-
reactions (known or unknown) in mind. More generally, a clear
history of allergy suggests that a patient may well be at greater risk
generally. For future anaesthetics, it makes sense to choose drugs
that have a low propensity to cause allergy, such as local anaesthetics (so regional techniques are appropriate where possible) propofol, fentanyl, and vecuronium. Nevertheless it is appropriate to
maintain a high level of awareness of the possibility of a further
reaction in such patients, and to take the precaution of preparing
for such an eventuality.

Other drug reactions
Many drugs have inherent side-effects that may manifest in overdose, or in susceptible individuals. Space does not allow a comprehensive treatment of this topic, but, as one example of particular
relevance to anaesthetists, non-steroidal anti-inflammatory drugs
(NSAIDs) may cause gastric bleeding, precipitate renal failure or
increase the risk of myocardial infarction (ibuprofen, and probably
all NSAIDs, should be avoided in patients taking aspirin as part of
the management of coronary artery disease). The stress of surgery
and anaesthesia may add to the risk of these drugs. Opioids are
another example. Opioid overdose may, of course, cause respiratory
depression but even normal doses of these agents may cause severe
nausea and vomiting. The hazard of constipation may be under-
appreciated and can contribute to prolonged hospitalization (Harari
et al. 2007). There is increasing concern about the misuse of these
drugs, which is relevant to the postoperative management of pain,
particularly after patients are discharged from hospital. All of these
possibilities are more pronounced in some people than others, so
a good history is important, and renal and hepatic impairment are
obviously relevant. It is not widely appreciated that risks of addiction are very low in older people who have never been addicted, but
on the other hand some older people may be in circumstances that
make it difficult keeping track of opioid medication and avoid the
risk of its being stolen.
An idiosyncratic drug reaction is a qualitatively abnormal and
harmful drug effect that occurs in a small number of individuals
and is often precipitated by even small doses of the drug. There is
often an associated genetic defect and the reaction may be severe
or even fatal. Suxamethonium (succinylcholine) sensitivity, malignant hyperthermia and acute intermittent porphyria are important
examples of drug idiosyncrasy in anaesthetic practice.

Acute intermittent porphyria
The porphyrins are involved in a wide range of reactions related
to the utilization, transport and storage of oxygen (James and Hift
2000). They are produced through a complex synthetic pathway,
involving various enzymes, including δ-amino laevulinic acid synthetase and porphobilinogen deaminase. A defect in any of these
enzymes leads to the accumulation of intermediary products and a
porphyria. The porphyrias are classified according to the site of the
enzymatic deficiency (hepatic or erythropoietic), the defect, or the

presence or absence of symptoms. The enzyme deficiency tends to
be partial, typically 50% suggesting complete lack of activity in the
defective allele so the homozygous condition is probably incompatible with life. The implication is that many patients are asymptomatic, or ‘silent’, at least for long periods of their lives. Incidence
varies with geographical region—acute intermittent porphyria
(AIP) is particularly common (between 1:250 and 1:500) in South
Africans of Afrikaner descent. The acute porphyrias are of practical relevance to anaesthetists, because these may be associated with
life-threatening reactions to various drugs. All hepatic porphyrias
are acute except for porphyria cutanea tarda.
Except for plumboporphyria (which is very rare) acute porphyrias show autosomal dominant inheritance, non-sex-linked,
with variable expression. Nevertheless, attacks are more common
in women. They seldom manifest before puberty and may be precipitated by various factors including hormonal fluctuation, fasting,
dehydration, infection, and certain drugs. Severe abdominal pain,
electrolyte disturbances, autonomic instability, and neuropsychiatric signs and symptoms (including neuromuscular weakness and
seizures) characterize the attacks, which vary from mild to fatal.
Between attacks patients are typically asymptomatic.
Drugs may trigger an attack through multiple mechanisms, so it is
difficult to give confident guidance about which are safe and which
are not. Dose and duration of exposure are relevant. Exposure to
multiple triggers is much more dangerous than exposure to a single
trigger. Barbiturates are known triggers. Etomidate is probably also
unsafe. Lidocaine is potentially porphyrogenic in animal models
but experience suggests that its use in clinical settings is probably
safe and local and regional anaesthesia are not contraindicated.
Propofol is the induction agent of choice in porphyric patients.
Benzodiazepines, nitrous oxide, the commonly used vapours, morphine and its analogues, and most neuromuscular blocking agents
seem to be safe.
The management of patients with a family history of porphyria
begins with a careful history and examination, particularly of the
neurological system. The best approach is to limit drugs to those
with a good safety record. If an acute attack does occur, the mainstay of management is supportive, with fluids, carbohydrates, and
analgesia. Tachycardia and hypertension may need to be managed. Electrolyte disturbances should be monitored and treated.
Haematin is the only specific treatment and it should be used with
specialist advice.

Morbidity associated with anaesthetic agents
and oxygen
Potent anaesthetic vapours
Hepatotoxicity is a well-known, sporadic yet serious, hazard of
modern potent anaesthetic vapours. A mild self-limited transaminitis is relatively common after halothane anaesthesia in adults.
A rare, but more serious hepatitis may occur, usually within 2 days
to 2 weeks after an anaesthetic, with mortality in halothane-induced
cases reported in recent series from Iran (Eghtesadi-Araghi et al.
2008) and South Africa (Voigt et al. 1997) as 12% and 27% respectively. Although this form of hepatitis has long been considered an
acute disease ending in either death, transplantation, or full recovery, there is a recent report of three cases of chronic hepatitis that
were almost certainly caused by anaesthetic vapours (Nicoll et al.
2012). The use of halothane is associated with the highest incidence
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of hepatitis, measured in one study at 3.5 cases per 100 000 anaesthetics (95% CI 2.06–5.0) (Voigt et al. 1997). In contrast, while cases
of hepatitis after administration of isoflurane (Kusuma et al. 2011),
sevoflurane (Zizek et al. 2010), and enflurane (Chin et al. 2008) are
sporadically reported, the incidence of such events is immeasurably low. Indeed, these cases are so rare that the diagnosis can easily
be confused with other rare causes of acute onset hepatotoxicity,
which must be excluded before anaesthetic agents are implicated
(Katz et al. 1994).
There is convincing evidence that hepatitis reactions to anaesthetic vapours are caused by an auto-immune mechanism in which
a metabolite of the drug (such as trifluoroacetyl chloride) forms
a hapten conjugate with a native protein, and this structure then
elicits a T-cell or humoral response which damages the hepatic
tissues (Anderson et al. 2007). Not surprisingly, the likelihood of
an anaesthetic vapour causing hepatotoxicity correlates with the
degree to which it is metabolized (Njoku et al. 1997). In the case
of sevoflurane, which is not metabolized to trifluoroacetyl chloride, it is possible that ‘Compound A’ (fluoromethyl-2,2-difluoro-
1-(trifluoromethyl) vinyl ether), formed during interaction with
carbon dioxide absorbent, can behave in a similar manner (Zheng
et al. 2001; Singhal et al. 2010). Risk factors are best characterized for halothane-induced cases but probably apply to all of the
agents. They include female gender, age (adults are more vulnerable), prior exposure, obesity, prior liver enzyme induction, and
an inherited susceptibility (Cousins et al. 1989). It is notable that
although an immune sensitization mechanism is proposed, prior
exposure is not a prerequisite for hepatitis after anaesthesia with
either halothane (Voigt et al. 1997) or more modern agents (Ihtiyar
et al. 2006).
Because of concerns about hepatotoxicity and other side-effects
(such as arrhythmogenicity), and the availability of safer agents,
the use of halothane has dwindled in hospitals in high-income
countries, especially for adult anaesthesia. However, it remains an
important agent in some less affluent countries, largely for economic reasons. The potential disparity in price between halothane
and sevoflurane, which can both be used for inhalation induction in children, is substantial [e.g. sevoflurane was assessed as
16 times more expensive than halothane for use in a Bain circuit
(Nava-Ocampo et al. 2004)]. Therefore, some authorities have concluded that continued use of halothane, albeit according to strict
guidelines, can be justified (Mahboobi et al. 2012). Such guidelines include advice to avoid re-exposure completely in patients
with a history of previous reaction and to avoid re-exposure in any
patient if possible, with arbitrary recommendations about minimum intervals (sometimes set at 3 months) if re-exposure cannot
be avoided.
Nitrous oxide
The pharmacology of nitrous oxide is described in more detail elsewhere in this book, but it creates a controversial potential hazard
in otherwise uneventful anaesthetics, so it deserves mention here.
Nitrous oxide was, by a narrow margin, the first inhaled anaesthetic used clinically, and it has a long subsequent history of use for
analgesia and general anaesthesia. Nitrous oxide has been used as
a single-agent general anaesthetic when administered under pressure (Fontaine 1879), but its most important modern anaesthetic
application is as a co-agent with potent anaesthetic vapours. It is
also used in various settings (e.g. dentistry, trauma services, and
obstetrics) as an analgesic.

Nitrous oxide has advantages and disadvantages (Myles et al.
2004). Advocates point to its long history of use, analgesic properties, rapid onset and offset of effect, low cost, and possible
advantages in reducing awareness and hypotension under general
anaesthesia. The second gas effect allows nitrous oxide to facilitate
gaseous induction with vapours such as halothane and sevoflurane. Detractors highlight an increased incidence of postoperative
nausea and vomiting, a tendency to expand anatomical gas spaces
and gaseous emboli, support of combustion, a risk of dilutional
hypoxia during emergence, and above all, an inhibition of methionine synthetase and oxidation of its cofactor vitamin B12. These
effects are dose dependent but potentially significant after even
a single exposure to nitrous oxide (Amos et al. 1982). There are
two primary consequences: hyperhomocysteinaemia and a reduction in tetrahydrofolate production. Hyperhomocysteinaemia can
cause endothelial dysfunction (Chambers et al. 1999) and hypercoagulability (Mayer et al. 1996) which, in turn, may predispose to
perioperative myocardial events; this hypothesis is supported by a
small randomized trial in which patients receiving nitrous oxide
during carotid endarterectomy were more likely to experience
myocardial ischaemia (Badner et al. 2000). A reduction in tetrahydrofolate production may impair DNA synthesis and cell turnover
in vulnerable tissues, particularly where patients have pre-existing
deficiencies of vitamin B12 or folate (or both) (Deleu et al. 2000).
The resulting potential for megaloblastic changes in bone marrow
(Amos et al. 1982) and neurotoxicity, usually manifest as myelopathy (Marie et al. 2000) and sometimes cognitive impairment (El
Otmani et al. 2007).
On this background, in a large study (designated ‘ENIGMA’—
Evaluation of Nitrous oxide in the Gas Mixture for Anaesthesia)
adult patients undergoing major non-cardiac surgery for longer
than 2 h were randomized to receive a general anaesthetic based
either on a potent vapour only (in 80% oxygen, balance nitrogen),
or on a potent vapour plus nitrous oxide (in 30% oxygen). There
was no statistically significant difference between the groups in
the primary outcome measure (duration of hospital stay) but the
non-nitrous group suffered fewer postoperative complications and
less nausea and vomiting (Myles et al. 2007). Long-term follow-up
(median 3.5 years) showed no difference between groups for risk
of death but an increase in the risk of myocardial infarction (odds
ratio 1.59, 95% CI 1.01–2.51, P = 0.04) in the nitrous oxide group
(Leslie et al. 2011). Interpretation of the short-term results was
complicated by the systematic difference in oxygen dose received
by the respective groups; thus, it was not possible to be certain
whether the reduction in complications was as a result of elimina
ting nitrous oxide, or increasing oxygen, or both (Hopf 2007; Myles
et al. 2007). This problem has now been addressed with the release
of the ENIGMA II study, in which the oxygen dose was standardized (Myles et al. 2009, 2014): there was no difference between
groups in mortality or morbidity. Nitrous oxide was associated with
a higher rate of nausea and vomiting, but this difference was lost if
antiemetics were administered prophylactically.
Oxygen
Oxygen is used in every general anaesthetic. The consequences
of administering too little oxygen are obvious, but there are also
adverse effects (and possibly benefits) that may arise from administering more oxygen than required to maintain adequate arterial oxygen tensions. Many practitioners have tended to perceive
high doses of oxygen as beneficial at best and benign at worst. This
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perception is reinforced by oxygen’s position near the top of almost
any emergency first aid protocol. Furthermore, hyperbaric hyperoxia is used as an established therapy in selected pathologies such
as decompression sickness (Doolette and Mitchell 2011) and non-
healing wounds (Londahl et al. 2010)—an indication in which one
of the putative benefits is improved killing of bacteria in wounds
(Bennett 2011). Consequently, there have been arguments for the
use of high inspired fractions (~80%) of oxygen in anaesthesia with
the same objective. Two randomized trials demonstrated a benefit
(Greif et al. 2000; Belda et al. 2005) whereas two others (Pryor et al.
2004; Meyhoff et al. 2009), including the very large ‘PROXI’ study
(Meyhoff et al. 2009), did not, and a meta-analysis of the relevant
studies showed no generally applicable benefit, except perhaps in
colorectal surgery (Togioka et al. 2012). Thus, the use of perioperative hyperoxia for prevention of wound infections does not seem
justified, given the potential disadvantages discussed below.
One potential hazard of very high fractions of oxygen in anaesthetized patients is so-called absorption atelectasis. This is frequently
explained by relatively rapid absorption of oxygen from the alveoli,
which, in the absence of a significant fraction of a slowly absorbed
inert gas (such as nitrogen), leads to alveolar collapse. Atelectasis
probably results from the complex interplay of multiple factors
including mechanical events (e.g. the reduction in functional residual capacity and the tendency to hypoventilation that may occur
during general anaesthesia, particularly in the head down position and in obese patients), changes in surfactant function, and gas
absorption (Hedenstierna and Edmark 2010). However, there is little doubt that high fractions of oxygen in alveoli at induction and
throughout the anaesthetic are contributory (Joyce and Williams
1999). It has been postulated that atelectasis predisposes to postoperative pulmonary complications such as respiratory infections
(Hedenstierna and Edmark 2010). By association, high fractions of
inspired oxygen (which may contribute to atelectasis) should also
predispose to such complications, but this is controversial. Patients
receiving an inspired oxygen fraction of 80% in the PROXI trial did
not suffer more postoperative pulmonary complications (Staehr
et al. 2011), and in a separate study, ventilation with 80% oxygen
did not reduce the Pa O2 FIO2 perioperatively, nor the postoperative
functional residual capacity, when compared with patients ventilated with 30% oxygen (Staehr et al. 2012). Whatever its cause and
postoperative implications, intraoperative atelectasis can produce
troublesome hypoxaemia. This can be ameliorated by ‘recruitment
manoeuvres’ in which a static inspiratory airway pressure of 30–
40 cm H2O is maintained for approximately 7 s (Rothen et al. 1999).
This is assisted by an FIO2 of 0.4 (compared with 1.0) (Rothen et al.
1995) and PEEP (Neumann et al. 1999; Reinius et al. 2009) with
10 cm H2O being more effective than 5 cm H2O (Talab et al. 2009).
A second potential hazard of oxygen is pulmonary oxygen toxicity. Prolonged exposures to high fractions of inspired oxygen can
cause toxicity characterized by an early exudative phase (atelectasis, consolidation, oedema) and a late proliferative phase (arteriolar hyalinization, alveolar cell proliferation), which, if allowed to
progress, can result in irreversible changes including pulmonary
fibrosis (Clark and Lambertsen 1971). The oxygen doses required
to progress to overt toxicity are highly unlikely to be achieved in
healthy patients, even after a very long anaesthetic (Calzia et al.
2010) but could be achieved in patients undergoing prolonged ventilation in intensive care, especially if their lungs are already injured
(Nader-Djalal et al. 1997). Adjustment of the inspired oxygen

fraction to the minimum required to achieve adequate oxygenation may be important if such patients are taken to the operating
room for surgery. This may also be important when anaesthetizing patients previously or currently treated with the antineoplastic drug bleomycin. Bleomycin can produce a pneumonitis similar
to pulmonary oxygen toxicity, and there is evidence that the two
processes can be synergistic. A 1978 case–control study appeared
to demonstrate a substantial risk of fatal postoperative respiratory
complications if even modestly increased fractions of inspired oxygen were administered to anaesthetized patients who had received
bleomycin 7–12 months earlier (Goldiner et al. 1978). Other
studies have not supported this finding (Donat and Levy 1998).
Indeed, patients given bleomycin between 1 month and 20 years
earlier have been treated uneventfully with hyperbaric oxygen,
and it appears the risks of oxygen exposure after bleomycin treatment may have been overstated (Torp et al. 2012). Synthesis of
the evidence suggests that attempts to minimize oxygen dose are
appropriate in patients exhibiting pre-existing lung injury caused
by bleomycin or in patients who have received the drug within the
last 2 months. Other patients are at minimum risk from oxygen
exposure (Mathes 1995).
A third possible hazard relates to a broad range of effects of
hyperoxia on cardiovascular function. In healthy subjects, oxygen
therapy increases systemic vascular resistance (SVR) and reduces
heart rate and the cardiac index (Waring et al. 2003; Thomson
et al. 2006). In patients with congestive cardiac failure, there is an
increase in SVR and pulmonary wedge pressure and a decrease in
cardiac output and diastolic function (Haque et al. 1996; Mak et al.
2001). Oxygen administration also increases coronary artery resistance and decreases coronary flow (Farquhar et al. 2009), though
one small study suggested that overall oxygen supply and demand
is favourably influenced by these changes (Ganz et al. 1972). The
clinical significance of these various haemodynamic effects of oxygen therapy is not known though the potential for harm has been
raised (Farquhar et al. 2009), and the need for oxygen supplementation in normoxic patients (particularly those with cardiac disease)
has been questioned (Mak et al. 2001). There are insufficient data to
justify practice recommendations.
Finally, an area of emerging interest in relation to oxygen supplementation is the potential for enhancement of inflammatory
and reperfusion injury where ischaemic tissues are perfused or
re-perfused with blood containing supra-physiological pressures
of oxygen. For example, the question of whether patients experiencing myocardial infarction should receive supplemental oxygen
is being studied (Stub et al. 2012). The answer to this question is
of potential relevance to cardiac surgery where there is already
some evidence supporting normoxic perioperative management.
The broader application of precisely controlled and individually
tailored oxygen doses to maintain normoxia, or even permissive
hypoxia, during anaesthesia and critical care has been reviewed
(Meyhoff et al. 2012; Martin and Grocott 2013), with the conclusion that more research is needed (Martin and Grocott 2013). It is
not a simple issue, especially when it is considered that hyperbaric
oxygen therapy can, paradoxically, reduce tissue reperfusion injury
(Buras and Reenstra 2007).
Notwithstanding these potential hazards, there are specific situations in anaesthesia when the administration of high fractions of
inspired oxygen is considered routine and important, notably circumstances where airway patency and maintenance of ventilation
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may be compromised. Pre-oxygenation can considerably increase
the safety of tracheal intubation. There is emerging interest in the
possible advantages of transnasal rapid-insufflation of humidified
oxygen in the management of patients with difficult airways (Patel
and Nouraei 2015).

Drug error
The one thing all anaesthetists do regularly is administer drugs.
Survey data suggest that the vast majority of anaesthetists make
occasional errors in this fundamental aspect of their work (Merry
and Peck 1995; Orser et al. 2001). These errors are often without
consequence, but they sometimes result in adverse drug events
[ADEs: defined as injuries resulting from medical interventions
related to a drug (Bates et al. 1995)].

The frequency and consequences of drug error
Drug errors are not confined to anaesthesia. For example, in a New
Zealand study based on the methods used in the Harvard Medical
Practice Study (Brennan et al. 1991), 12.9% of public hospital
admissions were associated with an adverse event of any type. ADEs
were identified once per 200 admissions (Davis et al. 2002). In the
United States, Bates et al. (1995) estimated that 6.5 ADEs occur per
100 admissions in a ward context. In a general intensive care unit,
19 preventable and potential events were identified per 1000 patient
days (Cullen et al. 1997). Several studies in these more general settings have shown that ADEs increase the length of hospital stay by
estimated averages ranging from 1 or 2 days to over a week (Bates
et al. 1997; Davis et al. 2001). Some deaths have been attributed to
ADEs, and some practitioners have faced criminal charges arising
from these (Skegg 1998).
In anaesthesia, recent estimates of the rate of drug administration error have come from facilitated incident reporting, in which
a report is returned for every anaesthetic. Anaesthetists simply
indicate in the first instance whether or not an error occurred.
If so, more details are provided. This approach identified one
drug administration error per 135 anaesthetics in New Zealand
(Webster et al. 2001), a very similar rate in China (Zhang et al.
2013), 1 per 150 in the United States (Bowdle et al. 2003), and 1
in 274 in the Republic of South Africa (Llewellyn et al. 2009). It
is plausible that 1 in 100 of these errors results in an ADE (Bates
et al. 1995). On this basis, 1 in every 13 500–27 000 patients is
harmed (approximately)—so 1 in 20 000 is probably a reasonable
point estimate of the rate. Many anaesthetists probably administer 20 000 anaesthetics in a lifetime (e.g. four anaesthetics a day,
4 days a week, 42 weeks a year for 30 years), so, on average, an
anaesthetist may expect to harm a patient from this cause once in
his or her career.

A ‘New Paradigm’
In the United States, the problem of drug administration error
in anaesthesia has been taken seriously by the Anesthesia Patient
Safety Foundation (APSF) (Eichhorn 2010). Two meetings of
experts to address medication safety in the operating room have
resulted in the promulgation of a ‘New Paradigm’ (Eichhorn
2010) (Box 44.2).
Responding to preventable harm in healthcare requires a complex mix of science, system redesign, and culture change. The
aim should be to reduce harm rather than focusing exclusively on

reducing error. This is illustrated by road safety initiatives. These
have included measures such as limits on speed and alcohol on one
hand (measures to reduce error) and, on the other, improved car
designs, seat belts, and air bags (measures to mitigate the consequences of error). The New Paradigm is primarily concerned with
preventing medication error. It is consistent with the messages that
have emerged from an ongoing programme of research begun in
Auckland over a decade ago (Merry et al. 2001, 2007, 2011; Webster
et al. 2001, 2010;). One recommendation not covered by the New
Paradigm that has arisen from this work (Merry et al. 2001) is that
empty ampoules should be retained in an orderly fashion. This provides a form of physical record that allows confirmation of what has
or has not been given at any point during an anaesthetic. If an error
is identified from review of the ampoules (and, anecdotally, this
does occur quite frequently), it can often be addressed. As with any
form of adverse event (see below), it is also important to manage
the aftermath of ADEs appropriately when they occur (Runciman
et al. 2007).

The six rights of medication safety
Six important ‘rights’ of drug administration are that the right drug
should be given in the right dose at the right time by the right route
to the right patient and correctly recorded (Merry and Anderson
2011). It is important not only to achieve the six rights but also to be
able to demonstrate that they have been achieved (Australian and
New Zealand College of Anaesthetists 2009). Keeping the empty
ampoules, as described earlier, facilitates this.
Achieving the six rights involves understanding the pharmacology of the drugs administered, knowing the relevant medical
information about the patient, and ensuring that a number of processes are correctly carried out, including the purchase and storage
of drugs, drawing up and labelling drugs, and injecting the drugs.
ANZCA has promulgated guidance on these matters in the form of
PS51: ‘Guidelines for the Safe Administration of Injectable Drugs
in Anaesthesia’ (‘PS51’) (Australian and New Zealand College of
Anaesthetists 2009).

Labelling
Labelling is an important part of drug administration. The
International Organization for Standardization (ISO) has
brought together standards from several countries in the form
of ISO 26825:2008(E): Anaesthetic and Respiratory Equipment—
User-applied Labels for Syringes Containing Drugs Used During

Box 44.2 A ‘new paradigm’ for medication safety in anaesthesia
◆
◆

◆

◆

Standardization (drugs, concentrations, equipment)
Technology (drug identification and delivery, automated
information systems)
Pharmacy (satellite pharmacy, premixed solutions and prefilled syringes whenever possible)
Culture (recognition and reporting of drug errors to reduce
recurrences).

Reprinted with the permission from the Anesthesia Patient Safety
Foundation from the APSF newsletter (Spring) 2010; 25(1): 1–7.
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Anaesthesia—Colours, Design and Performance (‘ISO Standard’)
(2008). In the United Kingdom, the National Patient Safety
Agency has produced the document, Design for Patient Safety.
A Guide to Labelling and Packaging of Injectable Medicines
(National Patient Safety Agency 2008). These documents all
relate specifically to anaesthetists. A guideline on labelling that
is more general in scope but still of relevance to anaesthetists is
National Recommendations for User-Applied Labelling of Injectable
Medicines, Fluids and Lines (‘Labelling Recommendations’)
(Australian Commission on Safety and Quality in Health Care
2010). Of particular interest in this document are the provisions related to drugs used in sterile fields. A recent tragedy in
Australia involved the erroneous injection of chlorhexidine into
the epidural space instead of saline (which had become lightly
coloured by blood during a prior attempt) in a loss of resistance
test. This was attributable (at least in part) to the use of an unlabelled receptacle for holding the chlorhexidine. All drugs should
be labelled, even in a sterile field, unless they are drawn up and
administered in one uninterrupted process without ever putting
down the syringe.

Drug errors in children
Paediatric anaesthesia has some particular hazards related to drug
administration (Merry and Anderson 2011). The immaturity of
their physiology may render young children more vulnerable to
drug errors than adults. Errors in dose are particularly common, in
part because relevant pharmacokinetic and pharmacodynamic data
to inform paediatric dosage is available for relatively few drugs.
Furthermore, appropriate oral formulations are often unavailable,
so i.v. preparations are sometimes given orally without information
on their hepatic extraction ratio or the effect of any vehicle used to
facilitate this.

Responding to the hazard of drug administration error
There have been several calls to action in relation to preventable
ADEs in anaesthesia (Orser and Byrick 2004; Merry and Webster
2008; Eichhorn 2010; Llewellyn et al. 2011). Without doubt, this is
an aspect of anaesthesia practice that has failed to keep pace with
the systems improvements that have characterized many other
aspects of this specialty. Clear direction for progress is to be found
in the New Paradigm, the ANZCA’s guidelines, and other recent
sources discussed above. It is simply unacceptable that this hazard
continues to be tolerated and a concerted effort to address it is long
overdue.
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CHAPTER 45

Hazards in anaesthetic
practice: body systems
and occupational hazards
Alan F. Merry, Simon J. Mitchell,
and Jonathan G. Hardman
The respiratory system
Can’t intubate, can’t oxygenate
As discussed in Chapter 44, it is rare today for a young adult, ASA
1 or 2, to die from anaesthesia. However, one way in which this
happens is through loss of the airway and the development of a
‘can’t intubate, can’t oxygenate’ (CICO) crisis (also often called a
‘can’t intubate, can’t ventilate’ or CICV crisis). There have been
at least four coronial enquiries into such cases in Australia in
recent years (Greenland et al. 2011), and the tragic case of Elaine
Bromiley in the United Kingdom is now very well known. Indeed,
her husband, Martin Bromiley, an airline pilot and founder of the
Clinical Human Factors Group, wrote the foreword for The Fourth
National Audit Project of the Royal College of Anaesthetists and
the Difficult Airway Society (NAP4) (http://w ww.rcoa.ac.uk/
nap4), which has provided authoritative estimates from prospectively collected data of the incidence of major complications of airway management in NHS hospitals in the United Kingdom. Cook
and colleagues have summarized the key messages arising from
the report (Cook et al. 2011a, 2011b) (see Box 45.1). Chapter 48 in
this textbook provides an overview of the hazards that arise from
the need to manage the airway during anaesthesia, and appropriate approaches to avoiding these hazards, or to managing them if
they occur.
It is relevant to our previous discussion in Chapter 44 on anaesthetic mortality that, in NAP4, the incidence of airway complications resulting in death was estimated ‘optimistically’ as 1 in
180 000 general anaesthetics. The upper 95% confidence limit of
this estimate was about 1 in 120 000 but the authors offer a ‘pessimistic’ estimate (based on possible under-reporting) of 1 in 45 000.
The incidence of death or brain damage (the latter being at least
equally feared by many people) was about 1 in 150 000, with an
upper 95% confidence limit of about 1 in 104 000. These rates,
which relate to just one cause of death, reinforce the view that the
figures in Table 44.1 and Table 44.2 are probably under-estimates,
even in relation to Category 1 in Table 44.3 (see Chapter 44).

Aspiration was the most frequent cause of airway-related deaths.
It is disconcerting that the reported cases of aspiration included
several in whom rapid sequence inductions were considered indicated but not used, and several in whom supraglottic airways were
used despite good reasons for endotracheal intubation.

Why airway problems occur
The preoperative assessment and prediction of difficult airways is
an essential part of minimizing the risk of CICO, and is discussed
in detail in Chapter 48. However, none of the current clinical methods for doing this are completely reliable (Yentis 2002; Shiga et al.
2005). Furthermore, an under-appreciated aspect of predicting
these difficulties lies in anticipating problems during extubation
(see Chapter 48). Even so, CICO crises are uncommon. A related
hazard lies in the fact that failure to predict a really difficult airway
problem is rare amongst experienced anaesthetists, and many will
never face a CICO crisis (Wong et al. 2005).
The difficulty therefore lies in the lack of familiarity with a very
tense situation, with strictly limited time, the need to stay calm and
effective, and the need to maintain sufficient awareness to progress
through the steps of a difficult airway algorithm right through to
forming an emergency surgical airway if necessary (Gaba et al.
1994, Henderson et al. 2004; Heard et al. 2009). There are many
barriers to achieving this (Table 45.1), but the most important one
is likely to be a lack of recent regular practice to facilitate sound
rule-based decision-making.

Responding to the hazard of difficult airways
Training, experience, and continued professional development
underpin the considerable skill and expertise of anaesthetists in
most of the things they are expected to do. It is interesting, therefore, that relatively few anaesthetists (or surgeons for that matter) have recent training or experience in crisis management and
decision-making in an emergency or are truly competent in the
skills of creating a surgical airway, even in elective circumstances
(Awad and Pothier 2007; Riley et al. 2009). The skill to manage a
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Box 45.1 Some of the important messages related to anaesthesia
cases arising from The Fourth National Audit Project of the Royal
College of Anaesthetists and the Difficult Airway Society
(i)	More than half of the patients were male, ASA I–II, aged
<60, and most events occurred during elective surgery
under the care of anaesthetic consultants.
(ii)	Aspiration was the most frequent cause of anaesthesia
airway-related mortality.
(iii) Obese patients were disproportionately represented.
(iv)	Obstructing airway lesions generated a large number of
complications, many reports showed evidence of poor
planning of primary and rescue techniques.
(v)	Cricothyroidotomy by anaesthetists was associated with a
high rate of failure.
(vi)	One in four events occurred at the end of anaesthesia or in
the early recovery room [period].
(vii)	Omission or incorrect interpretation of capnography led
to undiagnosed oesophageal intubation.
(viii)	Elements of poor management were observed in the
majority of airway complications and most deaths.
Reproduced with permission from Cook, T. M., N. Woodall and C.
Frerk. Major complications of airway management in the UK: Results of
the Fourth National Audit Project of the Royal College of Anaesthetists
and the Difficult Airway Society. Part 1: Anaesthesia. British Journal of
Anaesthesia, 2011, Volume 106, Issue 5, pp. 617-631, by permission of the
Board of Management and Trustees of the British Journal of Anaesthesia.

CICO crisis probably can only be acquired through courses that
variably include practice in simulation, practice on anaesthetized
animals, and sometimes just didactic teaching, notwithstanding
limitations to these approaches to training. There is considerable
face validity to the notion that learning the basic theory of human
decision-making and the nature of human error (see Chapter 35)
and practising essential skills (albeit in simulators or on animals)
is worthwhile.
It has been suggested that a further barrier to the decision to
proceed to a surgical airway may lie in the fact that few anaesthetists wield scalpels on a regular basis (Greenland et al. 2011).
Indeed, these days, some may never have made a substantial skin
incision of any type on a patient, not even as a student or junior
doctor. Understandably, therefore, many anaesthetists are probably
much more comfortable with needle-based airway-rescue techniques, and some argue these should be promoted for that reason.
Certainly it makes sense to work through a selection of less difficult
and more familiar steps before resorting to a surgical airway—but
the caveat is that a surgical airway is essential if all else fails. It is relevant that in NAP4, emergency tracheostomies performed by ENT
surgeons were almost all successful, whereas cricothyroidotomies
performed by anaesthetists were often unsuccessful, particularly
when small-bore needles were used (Cook et al. 2011a). Only 9 of
25 surgical airways undertaken by anaesthetists were successful in
the first instance (15 of these patients were subsequently rescued
in various ways). In respect of less invasive airway techniques and
devices, it is far better to choose a few and become thoroughly

familiar with these than to attempt to master all that are now available. Standardization of emergency airway trollies is very important (Baker et al. 2007; Baker et al. 2011), and this should ideally
reflect a consensus developed within each department or (preferably) region.
After surgery, patients sometimes obstruct their airways while
being carefully observed in postoperative recovery units. It is
important, therefore, for ward staff (nurses and junior doctors, and
actually anaesthetists as well) to have some understanding of how
airway obstruction may develop and present. Unfortunately, signs
may be deceptive, and progression through successive stages of
airway compromise may be masked by opioids. Tachypnoea, voice
changes, and poor cough (secondary to oedema of the glottis) are
all worrying signs. Stridor, anxiety, and cyanosis occur later and
may signal impending airway obstruction too late for help to be
called and tracheal intubation to be undertaken safely. Doubt about
a patient’s airway should be good enough reason to transfer him
or her to high dependency care, and the threshold for elective re-
intubation should be low.
Patients with difficult airways may be managed in the first
instance by people other than anaesthetists. In NAP4, at least one
in four major airway events occurred in intensive care units (ICUs)
or emergency departments. The outcome of these events was particularly adverse. The risk of a major airway complication was 36
times higher in emergency departments and 56 times higher in
ICUs than during anaesthesia (Woodall et al. 2012). Repeated deficiencies in care were identified. Notably, failure to use capnography
contributed to nearly three-quarters of cases that ended in death
or persistent neurological injury (Cook et al. 2011b). Much work
is clearly needed to address airway management outside operating
theatres.

Hypoxaemia
Hypoxaemia is an inadequate partial pressure of oxygen in arterial
blood. Hypoxia is oxygen deficiency at the tissue level. A practical
classification of the causes of hypoxaemia is given in Table 45.2.
Hypoxaemia threatens all tissues. The brain and heart are particularly vulnerable. There is no categorically safe or unsafe cut-
off point for arterial oxygen tension Pa O2 or saturation Sa O2 .
The result of hypoxaemia depends upon the duration of exposure and on a combination of factors, including the patient’s haemoglobin concentration, cardiac output, state of hydration, and
co-morbidities (especially atheromatous disease of the heart and
brain). Arterial oxygen saturations above 92% are unlikely to be
associated with organ damage and should be achievable for most
anaesthetized patients with inspired oxygen fractions FIO2 of 30%
or above (see later discussion of the risks of 100% oxygen). In fact,
few patients will be harmed by arterial oxygen saturations of 80%
and above, but the shape of the oxygen–haemoglobin dissociation
curve implies that the margin of safety is really not adequate much
below 90%. Clearly patients with chronically lower arterial oxygen
saturation (e.g. because of intra-cardiac shunts or chronic lung disease) are a different matter.
Hypoxaemia is typically associated with tachycardia (bradycardia is commoner in children), sweating, hypertension, and
arrhythmias. Spontaneously breathing patients may respond with
tachypnoea. Bradycardia and hypotension follow, as a result of myocardial depression. Eventually, the heart will arrest. By this stage,
irreversible ischaemic damage may have occurred, particularly to

(

)

( )

( )
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Table 45.1 Five hazardous thought patterns identified in the aviation industry as possible barriers to appropriate
decisions by anaesthetists in a crisis
Hazardous attitudes

Description

Anti-authority
(‘Don’t tell me’)

An attitude that is resentful of rules, regulations, procedures or instructions. A reluctance to
follow algorithms and guidelines on difficult airway management and CICO scenarios

Impulsiveness
(‘Do it quickly’)

An attitude that something has to be done immediately even if the action is not well thought
out and may not be appropriate

Invulnerability
(‘It won’t happen to me’)

A mindset that accidents and incidents occur to others but not oneself

Macho
(‘I can do it’)

A competitive attitude leading to a willingness to take extra and unnecessary risks to prove
oneself. Despite the name, this trait is applicable to both men and women

Resignation
(‘What’s the use?’)

A belief that outcomes are never dependent on one’s own action. In effect this reflects an
external locus of control—a sense that outcomes are determined by luck or chance. This view
promotes leaving decision making to others

Reproduced with permission from Greenland, K. B., C. Acott, R. Segal, G. Goulding, R. H. Riley and A. F. Merry. Emergency surgical airway in
life-threatening acute airway emergencies –Why are we so reluctant to do it? Anaesthesia and Intensive Care, Volume 39, Issue 4,
pp. 578–584, Copyright © Australian Society of Anaesthetists 2011.

Table 45.2 Causes of hypoxaemia during anaesthesia
Hypoxic inspired gas mixture
Equipment

Oxygen supply failure (disconnection, leak)
Flowmeters (leak, fracture, misconnection)
Breathing system (obstruction, disconnection, leak)

Low cardiac output
Patient

Many causes. Low cardiac output exaggerates the effect of pulmonary
venous admixture because of worsened venous desaturation

Hypoventilation
Equipment

Failure of ventilator or inappropriate settings
Breathing system (disconnection, obstruction, leak)
Tracheal tube (obstruction, failed/oesophageal intubation)

Patient

Respiratory depression
Obstruction (e.g. bronchial tumour/mucous/foreign body)

V̇/Q̇ mismatch
Patient

Endobronchial intubation
Secretions
Atelectasis
Pneumothorax
Bronchospasm
Aspiration (gastric contents, blood)
Pulmonary oedema
Embolus (gas, thrombus, amniotic fluid)
Methaemoglobinaemia

Other
Patient

Malignant hyperthermia
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the brain, but also to the heart, kidneys, and liver. On the other
hand, it is important to realize that many patients have made a full
recovery from hypoxaemic cardiac arrests.
Hypoventilation is common during anaesthesia, but in the
presence of supplemental oxygen, hypoxaemia manifests late.
Hypercapnia occurs much earlier. Pulmonary shunting and atelectasis are much more likely than hypoventilation to cause hypoxaemia during anaesthesia.

Management
The routine use of pulse oximetry in countries with adequate
resources has revolutionized the early detection of hypoxaemia
during anaesthesia. Pulse oximeters have effective alarms (notably
the use of a variable pitch) and can alert anaesthetists to developing
problems long before clinically apparent cyanosis develops.
Obviously, FIO2 should be increased when hypoxaemia is detected
(to 100% if there is any concern at all), but the next and most
important element of an effective response to developing hypoxaemia lies in differentiating between causes arising from equipment
and causes arising from the patient. Problems with equipment are
often overlooked, have a tendency to resist drug therapy, and tend
to be lethal. The distinction is best made by eliminating the anaesthetic machine and circuit, and replacing these with a self-inflating
bag and reservoir bag connected to 100% oxygen (an oxygen analyser should be in routine use and machine checks should always
establish that the gas emerging when oxygen is dialled up actually
is oxygen).
If this is not effective, the airway devices (endotracheal tubes
and laryngeal masks) should be checked. The capnograph provides
the first clue to the patency and position of an endotracheal tube.
This can be checked definitively with a fibreoptic laryngoscope
if one is immediately available (and in many units this is usually
the case today). If in doubt, the endotracheal tube or supraglottic
airway should be removed (i.e. ‘if in doubt take it out’). An algorithm developed as part of the educational material provided with
Lifebox® oximeters is reproduced in Figure 45.1.
Once causes related to equipment have been eliminated, those
related to the patient should be considered in a systematic fashion (see Table 45.2). Keep in mind that reduced cardiac output
can have a profound effect in the presence of any cause of V̇/Q̇
mismatch. Search for pneumothorax early and explicitly. If atelectasis or reduced functional residual capacity (FRC) is contributory, a recruitment manoeuvre followed by PEEP as described in
Chapter 44 should improve oxygenation. Remember the possibility
of malignant hyperthermia (MH) (see ‘Malignant hyperthermia’
section)—measure core temperature. If problems persist, consider
arterial blood gas analysis and chest X-ray examination.

Apnoea
Apnoea often occurs during anaesthesia. During apnoea, Pa CO2
increases by 0.4–0.8 kPa min−1 and arterial pH decreases by
approximately 0.025 min−1. Atelectasis tends to develop rapidly,
particularly in obese patients. If the lungs are full of oxygen, hypoxaemia may take some time to develop, but once it is apparent, it
will progress rapidly. This is particularly the case in patients with
high oxygen consumption and small FRC, such as children, obese
patients, or pregnant patients (particularly in the third trimester).
Because of its water solubility, very little carbon dioxide enters
the lungs during apnoea so gas will flow through an open airway to

the alveoli to replace oxygen as it is consumed. However, other factors, such as atelectasis, may come into play. It follows that adequate
oxygenation can be provided for some time by administering 100%
oxygen via an unobstructed airway in the presence of apnoea. This
may be useful in the presence of appropriate monitoring, for example, in assisting a surgeon during an intrathoracic procedure by
pausing ventilation for a short period. However, this phenomenon
may also mask unintended apnoea, and may potentially be dangerous. High-flow insufflation of humidified oxygen transnasally
may extend the period of apnoeic oxygenation that can be achieved
(Patel and Nouraei 2015).

Hypercapnia
Hypercapnia is an abnormally high partial pressure of carbon dioxide in arterial blood Pa CO2 , (i.e. greater than 6 kPa). Hypercapnia
is most commonly caused by hypoventilation, effectively a mismatch between alveolar ventilation and carbon dioxide production.
Contributory factors may include inappropriate ventilator settings,
reduced respiratory drive in spontaneously breathing patients, and
increased pulmonary dead space. Carbon dioxide rebreathing is
also contributory and may result from inadequate fresh gas flow
into rebreathing anaesthetic breathing systems (Mapleson A to E),
accidents in anaesthetic machines fitted with a carbon dioxide supply, or from exhaustion or bypass of carbon dioxide absorbent in a
circle system. Carbon dioxide production increases during pyrexia,
MH, drug reactions, hyperthyroidism, and shivering. In addition,
carbon dioxide may be absorbed during laparoscopic procedures.
Hypercapnia stimulates sympathetic nervous activity and causes
tachycardia, sweating, and arrhythmias (usually ectopics and
tachyarrhythmias), increased cerebral blood flow (and volume),
increased pulmonary artery pressure, increased intracranial pressure, tachypnoea, and alterations in blood pressure. As anaesthesia
suppresses autonomic responses, these signs may not occur until
Pa CO2 is markedly increased. Acute respiratory acidosis produces an
increase in serum potassium concentration.

(

)

Hypocapnia
Hypocapnia is an abnormally low Pa CO2 (i.e. <4.5 kPa). The most
common cause is mechanical hyperventilation. Decreased carbon
dioxide production may occasionally be responsible if the patient
is cold or very deeply anaesthetized. Hypocapnia produces respiratory alkalosis with a decrease in serum potassium concentration.
There is generalized vasoconstriction, and reductions in cerebral
blood flow, cardiac output, and tissue oxygen delivery. Patients with
critical cerebrovascular stenosis may risk cerebral ischaemia, but
otherwise hypocapnia tends not to produce significant morbidity.
There may also be a delay in onset of spontaneous ventilation at
the conclusion of anaesthesia, while Pa CO2 increases to levels that
stimulate ventilation.

Pneumothorax
Pneumothorax may occur spontaneously in patients with predisposing pulmonary pathology (e.g. asthma or chronic obstructive
respiratory disease, particularly with bullae) particularly during
positive pressure ventilation. Pneumothorax may also be caused
by extrinsic trauma or ventilatory barotrauma, or be a complication of inserting a central line or needling the brachial plexus.
Pneumothorax can lead to varying degrees of collapse of the lung,
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SpO2 < 94 %

Assume HYPOXIA until proven otherwise

Administer high flow oxygen
Consider hand ventilation with large tidal volumes

Probe on patient?
Good waveform?

NO

Reposition probe
If necessary check probe
on your own finger

YES

Is the problem with the patient?
Is the problem with the equipment?
Call for help if needed
Check A B C D E
Patient problems
AIRWAY

Use chin lift/jaw thrust if using a mask
Reposition LMA, if necessary
Check position of tracheal tube
If in doubt take LMA or tracheal tube out
Treat laryngospasm if present

BREATHING

Check adequate rate
Check adequate tidal volume
Check ET CO2
Listen to both lungs
Bronchospasm? - consider bronchodilators
Pneumothorax? - consider chest drain

Equipment problems
EQUIPMENT

Check oxygen supply/concentrator/cylinder
Check for breathing circuit disconnection
Check for breathing circuit obstruction
If problem not resolving:
Eliminate circuit - use self inflating bag
If self inflating bag not available consider:
Mouth to mouth/tracheal tube ventilation

CIRCULATION

Check pulse
Check blood pressure
Check ECG
Blood loss/dehydration/fluid loss?
Consider IV fluid replacement

If no pulse/BP/signs of life
Start CPR
Find and treat the cause

DRUG EFFECTS

Opioids
Volatile agent
Sedatives
Muscle relaxant
High spinal?

Figure 45.1 Action plan if oxygen saturation falls below 94%.
Reproduced with permission from Lifebox® Pulse Oximetry Tutorial 2—advanced (http://www.lifebox.org/education/po-training/). Copyright Lifebox Foundation.
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with pulmonary shunting leading to hypoxaemia, and hypoventilation leading to hypercapnia. A tension pneumothorax will shift the
mediastinum towards the opposite side, reduce venous return, and
impair cardiac output. Nitrous oxide may exacerbate the tension by
diffusing into air-filled spaces more rapidly than nitrogen diffuses
out. Mechanical ventilation may force gas into the pleural space,
and increase the size and tension of the pneumothorax. Life threatening cardiovascular collapse and hypoxaemia may follow.
The clinical signs of pneumothorax include unexpected changes
in ventilation parameters, hypoxaemia, unequal air entry, asymmetrical chest movement, wheeze, surgical emphysema, elevated
central venous pressure, and tracheal deviation. Chest X-ray examination provides a definitive diagnosis and should be done before
anaesthesia if there is any suspicion of pneumothorax before an
operation, particularly in patients who have suffered recent chest
trauma. If anaesthesia involving mechanical ventilation is necessary in a patient with fractured ribs, the possibility of a pneumothorax developing is significant and consideration should be given
to inserting a chest drain before inducing anaesthesia.
If a pneumothorax is suspected intraoperatively, there may not be
time to obtain a chest X-ray. Nitrous oxide should be discontinued
and 100% oxygen administered. A needle should be used to aspirate the pleural space on the suspected side via the second intercostal space in the mid-clavicular line or in the fifth space in the
mid-axillary line. Air under tension may be released. A large-bore
i.v. cannula may then be used to release the tension (which may be
lifesaving), and left in place while a formal chest drain is inserted.
A bronchopleural fistula with substantial air leak may make ventilation ineffective, and an endobronchial tube (either single or
double lumen) or high-frequency ventilation may be required in
addition to a chest drain.

The cardiovascular system
Hypertension and hypotension
Maintaining a relatively stable blood pressure and pulse rate is a
fundamental aspect of anaesthesia. Changes in haemodynamic stability will often be a sign of other hazards, such as awareness or
blood loss. However, hypertension and hypotension may both be
hazardous in their own right, and so may bradycardia or tachycardia, depending in each case on their severity and duration, on the
general fitness of the patient, and on the mechanism of their causation (e.g. hypotension attributable to venodilation may be very different in its significance from hypotension attributable to reduced
cardiac output induced by ischaemia). Myocardial ischaemia and
stroke are discussed elsewhere in this chapter.

Hypovolaemia
Preoperative hypovolaemia may present a considerable hazard in
anaesthesia, and hypovolaemia may also develop intraoperatively
or after an operation. Haemorrhage is the most obvious cause, and,
if concealed, may be difficult to evaluate, for example, in the case of
intra-abdominal bleeding or a fractured femur. Dehydration from
vomiting or diarrhoea may cause significant hypovolaemia preoperatively. Burns are a potent cause of fluid loss. Fever, diuretics,
bowel preparations, and fasting may all contribute. Patients may
maintain a reasonable blood pressure by means of increased sympathetic tone, perhaps with a tachycardia, which may be the only
sign of potential trouble. Inducing anaesthesia has the potential to

dramatically reduce sympathetic tone, and positive pressure ventilation may impede venous return and exacerbate the situation. The
possibility of sudden profound collapse on induction of anaesthesia
should be kept in mind in any patient in whom preoperative hypovolaemia is a possibility. Careful clinical assessment should elicit
signs of hypovolaemia, including thirst, dryness of mucous membranes, cool peripheries, oliguria (<0.5 ml kg−1 hour−1), reduced
tissue turgor, tachycardia, and postural hypotension. Electrolytes
may also be dangerously abnormal. If possible, adequate fluid
resuscitation and restoration of intravascular volume should precede surgery.

Arrhythmia
Arrhythmias are very common during anaesthesia. They are the main
reason for the fact that continuous intraoperative ECG monitoring is
virtually mandatory today. Lead II is recommended for this because
it best demonstrates atrial activity. The management of arrhythmias
depends primarily on the extent to which they cause haemodynamic
instability. The diagnosis and treatment of different arrhythmias, and
of cardiac arrest, are dealt with in detail elsewhere (see Chapters 83 and
91). A key point, however, is that arrhythmias may be a manifestation
of myocardial ischaemia, which may be precipitated by hypoxaemia,
hypotension, or hypertension. Other factors that may predispose to
arrhythmias include hypercapnia or hypocapnia, increased catecholamines from surgical or other stimulation (notably intubation of
the trachea) in the presence of light anaesthesia, sympathomimetic
agents such as adrenaline, electrolyte disturbances, hyperthyroidism,
and MH. Vagal tone may be increased by traction on an eye, the anus,
or the peritoneum; or reduced by vagolytic agents such as atropine,
glycopyrronium bromide, and pancuronium. In cardiac or thoracic
surgery, direct stimulation or manipulation of the heart is an everyday cause of arrhythmias.
Extracellular potassium concentration has a particularly important effect on myocardial electrical activity. Hypokalaemia increases
ventricular irritability and predisposes to ventricular ectopics, tachycardia, and fibrillation. This effect is potentiated in the presence of
ischaemic heart disease or digoxin. Hyperventilation alters acid–
base balance, with a decrease in serum potassium concentration of
approximately 1 mmol litre−1 for every 2.5 kPa reduction in Pa CO2 .
Hyperkalaemia can lead to atrioventricular conduction block or
ventricular fibrillation. Suxamethonium (succinylcholine) can precipitate fatal hyperkalaemia in the presence of burns, denervating
injuries, and some neuromuscular disorders (Gronert 2009). This
‘sensitivity’ takes several days to develop after acute events such as
burns and spinal trauma, so suxamethonium remains safe immediately after the initial injury.
Left bundle branch block is always an indication of significant
cardiac disease, most typically ischaemic heart disease. Patients
with ‘pre-excitation’ syndromes such as Wolff–Parkinson–White
syndrome may readily develop unstable supraventricular tachycardia (SVT) at any time during the perioperative period. The
treatment of choice is adenosine by rapid i.v. injection. Adenosine
blocks atrioventricular conduction (and so is contraindicated in
patients with atrioventricular conduction block) without compromising ventricular function. Direct current cardioversion is indicated if the SVT is associated with hypotension and adenosine is
unavailable.
New-onset atrial flutter and fibrillation occurring during anaesthesia, either de novo or as a paroxysmal episode in patients with
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pre-existing disease presents a particularly interesting problem.
Very little has been published on the management of these conditions in the context of an anaesthetized patient. The first consideration should be the underlying factors that predisposed to the
development of the arrhythmia, and if surgery has not yet begun,
it might well be wise to defer the operation until further investigations can be undertaken. However, whether surgery is to proceed
or not, the question arises of how best to treat the arrhythmia. In
an awake patient there is a considerable overhead in using cardioversion as the primary treatment—namely that some form of
anaesthesia is required. This, of course, simply doesn’t apply in an
anaesthetized patient. The use of drugs to manage rate is certainly
an option (as it is in an awake patient), but the case for cardioversion under these circumstances is strong, once predisposing factors have been considered and corrected if possible. The primary
concern is the possibility of stroke from an embolus arising from
thrombus in the left atrium. If the atrial fibrillation is truly new
there should be no reason for thrombus to be present, but there is a
risk that the atrial fibrillation has actually been intermittent, rather
than new. If the patient is haemodynamically stable, it would make
sense to undertake transoesophageal echocardiography (if readily
available, as it often is today) to rule out this possibility, although if
sinus rhythm was clearly present before operation and there was no
history of previous episodes, the risk will be low.
An embolus is the passage of a mass other than blood through
the vascular system. Typically, this mass will lodge somewhere
(often the lung), and cause obstruction, distal ischaemia, and other
problems.

pulmonary angiogram) can be undertaken. If intraoperative PE
is suspected, the lungs should be ventilated with 100% oxygen
and bronchodilator therapy considered. There may be a need for
fluid loading and inotropic support. In extreme presentations,
cardiac arrest protocols should be followed. After management of
the initial haemodynamic disturbance (and if a PE is confirmed),
appropriate therapy can be considered. Unfortunately treatment
is complicated by the proximity to surgery and the presence of
surgical wounds. This often contraindicates thrombolysis though
various innovative approaches have been described, such as direct
infusion of thrombolytic agent to the clot via a catheter (Molina
et al. 1992), and administering a short-acting thrombolytic agent
whilst the operated limb (where relevant) is protected using a tourniquet (Wright et al. 2011). Other potential interventions include
surgical thrombectomy, the insertion of an inferior vena cava filter,
and anticoagulation. Intensive care management is often necessary.
There is overwhelming evidence that the use of prophylactic
measures to prevent DVT markedly reduce PE and perioperative
mortality (Collins et al. 1988). Patients with risks factors should
therefore be actively managed to prevent DVT. Oral contraceptives
should be stopped at least 6 weeks prior to surgery in patients at
risk. Prophylactic unfractionated or low-molecular-weight heparin
(LMWH), graduated compression stockings, and intraoperative
intermittent calf or foot compression reduce the likelihood of new
thrombosis. The addition of LMWH administration to the use of
compression stockings reduces the risk of both distal and proximal
deep venous thrombosis (relative risk approximately 0.5) (Agnelli
et al. 1998). Subarachnoid or epidural anaesthesia appear to reduce
the risk of postoperative venous thromboembolism in some surgical groups (Urwin et al. 2000).

Thromboembolus

Gas embolus

Thromboembolism, usually arising from clots formed in the deep
veins of the leg (‘deep vein thrombosis’ or DVT), is a relatively common complication in hospitalized patients. Indeed, in the absence of
prophylactic measures, approximately half of patients undergoing
major lower limb joint replacement will develop venous thrombi,
and about 5% of these will exhibit related symptoms (Anderson and
Spencer 2003). The most important risk factor is the nature of the
patient’s illness or surgery. Thus, hip or lower limb fractures, spinal cord injury, hip or knee replacement, major trauma, and major
general surgery are associated with high risk. Other important risk
factors include malignancy, pregnancy, oral contraception, previous thromboembolic events, immobility, older age, smoking, obesity, low output states, and thrombophilias such as antithrombin
deficiency, protein C or S deficiency, and lupus anticoagulant.
The most feared complication of DVT is pulmonary embolism
(PE), which is more likely if the clot propagates into the proximal
leg veins. PE may be life-threatening. The incidence is markedly
context sensitive, being influenced by the presence of risk factors
for DVT and the use (or not) of prophylactic measures (see later in
this section). PE is rare during anaesthesia, but intraoperative cases
may present with tachycardia, hypoxaemia, arrhythmia, hypotension, bronchospasm, an acute decrease in the end-tidal carbon
dioxide concentration, or cardiovascular collapse. Unfortunately
most of these manifestations are relatively non-specific and accurate diagnosis in the acute setting is frequently challenging, at
least until the patient is stabilized with generic supportive therapy
and appropriate investigation (such as computed tomography

In the surgical setting, gas (usually air) most commonly enters the
venous circulation through a vascular catheter or through a surgical
wound. Sub-atmospheric venous pressure greatly encourages the
entrainment of air into the venous system. Therefore, patient positions that place the operative site (or an inadvertently open central
venous catheter port) above the right atrium carry an increased risk
of this complication. Such positions include sitting, park bench,
knee-chest, and head-up position. Gas embolism (usually carbon
dioxide) can also occur during laparoscopy and thoracoscopy.
Arterial gas embolism can occur as a result of pulmonary barotrauma during positive pressure ventilation (usually in patients
with pulmonary gas trapping lesions). Exposure to arterial bubbles also occurs in cardiopulmonary bypass (CPB). Some degree
of exposure to arterial microbubbles is almost inevitable, and CPB
accidents can rarely result in massive gas embolism. Finally, arterial gas embolism can occur if venous gas crosses a right-to-left
shunt such as a persistent foramen ovale (PFO). A PFO is found
in about 25% of the adult population. A small proportion of PFOs
allow spontaneous shunting of bubbles, whilst many require some
provocative event that increases right atrial pressures in order for
shunting to occur. Such provocation may arise from the marked
increase in pulmonary artery pressure that can accompany significant venous gas embolism.
The manifestations of gas in the circulation are dependent on the
volume of gas and whether the gas is introduced to the venous or
arterial systems. Small volumes of venous gas (such as a small bubble in a venous fluid infusion) seem well tolerated by adults and are
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efficiently filtered from the circulation by the lungs. This should not
be assumed in children and especially neonates in whom persisting right-to-left shunts are likely. In this setting, even small bubbles are potentially harmful. Definitive data on what constitutes a
harmful ‘dose’ of venous gas in adults are elusive. Volumes greater
than 12.5 ml in dogs produce progressively greater increases in pulmonary artery pressure and haemodynamic compromise, though
greater volumes of carbon dioxide are tolerated because of its high
solubility and the consequent tendency for bubbles to spontaneously
involute. The lungs are capable of eliminating incoming venous gas,
so the likelihood of overwhelming this ‘compensation’ and development of clinical manifestations varies with the volume and rate of
gas entry into the circulation. If enough gas enters the right heart an
air-lock may develop, preventing ejection of blood and causing cardiac arrest. At lesser volumes, there may be systemic hypotension,
pulmonary hypertension, tachycardia, arrhythmias, and a decrease
in end-tidal CO2 pressure (potentially preceded by transient spike in
end-tidal CO2 if CO2 is the embolizing gas). A ‘mill wheel’ murmur
may be heard via a precordial or oesophageal stethoscope, although
this is a late sign and only occurs with very large volumes of gas. As
with thromboembolic PE (and with the exception of the ‘mill wheel’
murmur) these are relatively non-specific signs and diagnosis in
real time can be difficult. Transoesophageal echocardiography and
precordial Doppler ultrasound are the most sensitive monitors for
gas embolus but may not be immediately available.
If clinically significant venous air embolism is suspected, further air entry must be prevented. Depending on context, strategies
may include flooding the operative site with saline, compressing
the jugular veins to increase venous pressure during head and neck
procedures, and lowering the operative site relative to the right
atrium. The application of PEEP may elevate venous pressures and
reduce further ingress of air. During laparoscopic procedures, the
surgeon should be advised to depressurize the insufflated body
cavity. Nitrous oxide should be discontinued to avoid expansion
of gas bubbles and the lungs should be ventilated with 100% oxygen. Occasionally, gas can be aspirated from the right ventricle or
atrium via a venous catheter. However, insertion of a catheter for
this purpose is usually impractical and time-consuming, and gas
aspiration is only worth attempting if a catheter is already in place.
Expansion of the intravascular fluid volume, inotropic support of
the circulation, and internal or external cardiac massage may be
necessary.
Arterial gas embolism is an unusual cause of intraoperative
haemodynamic instability unless arising via a PFO from a concomitant massive venous gas embolism in volumes sufficient to air-lock
the left heart, or unless bubbles enter the coronary vessels and produce myocardial ischaemia. Arterial gas embolism involving very
small ‘microbubbles’ (as often seen during CPB) may appear clinically silent, but larger and more numerous bubbles increase the risk
of adverse outcomes. The principal target organ is the brain, which
receives a significant proportion of the cardiac output and therefore
a similar proportion of any bubbles in the arterial blood. Extensive
exposure to microbubbles can cause inflammatory changes in the
cerebral circulation which may contribute to postoperative confusional states or cognitive dysfunction (see later) (Mitchell and
Gorman 2002). Larger bubbles can cause stroke-like manifestations,
which are typically multifocal (because bubbles tend to distribute to
multiple locations in the cerebral circulation). These manifestations
will not become apparent until after emergence from anaesthesia.

In these cases, urgent hyperbaric oxygen therapy should be considered, if available, but transfer of a complex or very sick patient to a
remote site for hyperbaric treatment may not be justified.

Other emboli
Emboli other than thrombi and gas can occur in a variety of settings. The instrumentation of arteries by anaesthetists or surgeons
can dislodge fragments of atheroma which can then circulate distally. This is a particular hazard of aortic cannulation in cardiac surgery, where the presence of mobile plaque in the aorta is associated
with a substantial increase in the risk of stroke (Barbut et al. 1997).
Fat dislodged from trauma to long bones or arising from subsequent surgical intervention may embolize to the lungs and cross a
PFO (as described for bubbles). In this so-called fat embolism syndrome, patients typically develop mental disturbance such as confusion, shortness of breath, hypoxaemia, and skin or subconjunctival
petechiae. Intriguingly, onset may be biphasic, with an acute phase
probably explained by transient microvascular obstruction (similar
to that caused by bubbles), and a delayed phase appearing 24–48 h
after the injury. The underlying mechanism (Shaikh 2009) for the
latter is uncertain, but may relate to biochemical and inflammatory
changes induced by the presence of the emboli. Fat globules may
be seen in the urine, in the sputum, or in the retinal vessels during
fundoscopy. There should be a high index of suspicion if an unexpected haemodynamic event or hypoxaemia occurs in patients
undergoing surgery for pelvic or lower limb fractures. Treatment is
supportive, and similar to that for suspected venous gas embolism.

The peripheral nervous system
Peripheral nervous injury occurs during 0.1% of anaesthetics.
Peripheral nerves are more resistant to injury than the central nervous system, but are vulnerable to imperfect positioning or traction.
The brachial plexus and superficial nerves of the limbs (ulnar, radial,
and common peroneal) are most commonly involved. Tourniquets,
surgical retractors, leg stirrups, or other equipment may subject
superficial nerves to ischaemia from compression of the vasa vasorum. Compartment syndrome may also cause nerve injury. Most
injuries to peripheral nerves recover eventually, but pain, dysaesthesia, and weakness can be very prolonged and debilitating.
Needles, including epidural or spinal needles, may damage
nerves directly. There is certainly advocacy for the use of ultrasound guidance for peripheral nerve blockade to reduce such risks,
but evidence is conflicting and debate on this topic is ongoing
(Barrington and Snyder 2011). Chemical toxicity may also injure
nerves, typically when the wrong agent is administered in error.
Conscious patients will probably report pain in either case, but the
view that all regional or central blocks should be performed in conscious patients is debatable.
Warning signs include paraesthesia, pain in the distribution of a
nerve, pain during injection of local anaesthetic, or failure to abolish the muscular twitch from a nerve stimulator when a minimal
stimulus is applied. Peripheral nerve injury may result in severe
and intractable chronic pain, so it is wise to desist immediately
and withdraw the needle if any concern arises, but the relationship
between warning signs and damage is by no means absolute.

Local anaesthetic toxicity
Excessive serum concentrations of local anaesthetics may occur
with accidental i.v. injection or unexpectedly rapid absorption of
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the drug perhaps because of local vascularity, or simply through
giving an overdose. Intercostal nerve blocks are particularly prone
to rapid absorption of local anaesthetic.
Elevated serum concentrations of local anaesthetic may produce cerebral effects, manifesting as dizziness, drowsiness, confusion, tinnitus, circumoral tingling, and a metallic taste, followed
by tonic–clonic convulsions. Local anaesthetics directly depress
the myocardium and cause systemic vasodilation. Bradycardia
with hypotension may occur, but conversely, if an adrenaline-
containing preparation is used, tachycardia and hypertension may
be seen. Cardiovascular collapse typically occurs at four to six times
the serum concentration at which convulsions occur. Bupivacaine
binds to the myocardium so cardiovascular collapse occurs earlier
than with lidocaine. Excessive serum concentrations of bupivacaine,
typically associated with accidental i.v. injection (even of a small
dose of the drug), may cause severe and intractable arrhythmias.
It follows that secure i.v. access, careful monitoring, and adequate
resuscitation equipment and drugs are prerequisites for any substantive local anaesthetic block. Patient variation should be taken
into account in estimating safe doses. Adding adrenaline to local
anaesthetic slows its absorption, typically reducing the maximum
serum concentration by about 50%. Local anaesthetics should be
injected slowly with repeated aspiration for blood, and with constant verbal contact and observation of the patient. A test dose of
adrenaline-containing local anaesthetic will usually produce an
almost immediate increase in heart rate if it turns out to be intravascular. See Table 45.3.
If a patient suffers a convulsion, the priority is to ensure adequate
oxygenation, which may require intubation of the trachea. Muscle
relaxation and anticonvulsants (e.g. diazepam 10 mg or thiopental
50 mg) may be needed. Hypotension should respond to i.v. fluids
and vasopressors. Severe heart block may require an infusion of
isoprenaline or cardiac pacing. Chest compressions are required if
there is no palpable pulse. There is now strong support for the use
of i.v. Intralipid® solution in treatment of local anaesthetic toxicity.
Comprehensive guidelines should be consulted but the most common recommendation is for Intralipid® 20% administered in a dose
of 1.5 ml kg−1 over 1 min followed by an i.v. infusion of 0.25 ml kg−1
min−1. If response is inadequate, two further boluses can be given
at 5 min intervals, and the infusion rate can be increased to 0.5 ml
kg−1 min−1 (Bourne et al. 2010). Consideration should be given to
instituting CPB in refractory cases. In the debate about the benefit
over the use of ultrasound to improve safety of peripheral nerve
blockade, it is notable that the most convincing evidence in support of ultrasound guidance relates to reduction in the incidence
of inadvertent intravascular injection and local anaesthetic toxicity
(Barrington and Kluger 2013).
Table 45.3 Commonly used local anaesthetics—maximum
safe doses alone or (in brackets) with 1:200 000 adrenaline
Drug

Maximum dose, mg kg−1

Lidocaine

4 (7)

Prilocaine

6 (8)

Bupivacaine

2 (2)

Levobupivacaine

2.5 (2.5)

The central nervous system
Virtually all neurological organs, including the brain, spinal cord,
peripheral nerves, and the organs of special sense, are vulnerable
to harm in the perioperative period. Some neurological injuries are attributable to surgical events, and others are caused by
anaesthetic interventions. Confident attribution of causation is
frequently difficult. Some of the relevant injuries are dealt with
in specialist chapters elsewhere in this text. These include spinal
cord injuries in surgery to the thoracic aorta and in spinal surgery itself, spinal cord injuries as a result of neuraxial anaesthesia
or arising during management of the trauma patient, peripheral
nerve injuries in regional anaesthesia or related to positioning,
stroke during carotid surgery, and brain injury after intracranial
surgery.
In the context of chemotherapy for malignant conditions, the
catastrophic mixing up of vincristine (which should be given i.v.)
with drugs such as methotrexate (given intrathecally on the same
occasion) has occurred repeatedly in the United Kingdom and
other countries. Other disastrous examples have included epidural administration of chlorhexidine and tranexamic acid. There
is a really clear message in these rare but devastating cases: every
practitioner who undertakes neuraxial injections should be aware
of this particular hazard. Every possible systems-based measure to
mitigate the risk should be implemented, but in the end, neuraxial
injection warrants redoubled vigilance on the part of each practitioner. Every trainee who learns to do epidural and spinal injections
needs to be informed about these cases, and to have imprinted on
his or her brain the potential for disaster.

Stroke
Stroke is a devastating and highly feared hazard of surgery and
anaesthesia. Stroke may be caused by occlusive events (local
thrombosis or emboli from distant sites), haemorrhagic events,
or hypoperfusion of vascular territories partially occluded by atheroma or in ‘watershed’ zones. Risk is highly influenced by the
reference surgical group and is further dependent on individual
factors. Thankfully, the risk seems extremely small in well patients
undergoing anaesthesia for low-risk surgery. Indeed, most available
incidence data apply to patients with pre-existing risk factors. The
most relevant contemporary study recorded outcomes for 523 059
non-cardiac, non-neurological, and non-major vascular patients
entered in the American College of Surgeons National Surgical
Quality Improvement Program database (Mashour et al. 2011).
The overall incidence of perioperative stroke was 0.1%, but several
qualifying observations are necessary. First, ‘perioperative’ in this
context referred to any stroke arising within 30 days of surgery,
so many of these events did not occur during anaesthesia per se.
Second, 99% of patients in this large cohort were ASA 3 or above,
and so the related stroke risk cannot be extrapolated to ASA 1 and
2 patients, in whom it is almost certainly much lower. Finally, certain comorbidities and patient factors were found to increase risk
significantly (Table 45.4).
A risk index classification system for individual patients was
based on the number of factors present (Mashour et al. 2011).
Thus, risk was classified as low with two or fewer, medium with
three or four, and high with five or more. The measured risks for
these groups were 0.1% (baseline risk), 0.7% [odds ratio (OR) 8.1
(6.8–9.9)] and 1.9% [OR 21.2 (12.9–34.5)] respectively.

757

758

758

PART 6

management of anaesthesia

Table 45.4 Independent risk factors for perioperative stroke in a
cohort of 523 059 non-cardiac, non-neurologic, and non-major vascular
surgical patients
Risk factor

Odds ratio for stroke (95% CI)

Age greater than 62 years

3.9 (3.0–5.0)

MI within 6 months

3.8 (2.4–6.0)

Acute kidney injury

3.6 (2.3–5.8)

History of stroke

2.9 (2.3–3.8)

Renal failure requiring dialysis

2.3 (1.6–3.4)

Hypertension

2.0 (1.6–2.6)

History of TIA

1.9 (1.3–2.6)

Chronic obstructive pulmonary disease

1.8 (1.4–2.4)

Current smoker

1.5 (1.1–2.9)

Data from Mashour GA, A. M. Shanks and S. Kheterpal (2011). Perioperative stroke
and associated mortality after noncardiac, nonneurologic surgery. Anesthesiology 2011;
114(6): 1289–1296.

The incidence of perioperative stroke in surgical procedures
known to carry high risk is greater than the numbers cited earlier.
For example, the risk of stroke associated with carotid endarterectomy is 2.5% (Calvillo-King et al. 2010). It is 1.7 and 2.6% in octogenarian patients undergoing off-pump and on-pump coronary artery
bypass grafting (CABG) respectively (LaPar et al. 2011). These risks
are also modified by patient factors (Calvillo-King et al. 2010),
potentially dramatically. For example, the risk of stroke in patients
undergoing on-pump CABG who have mobile atheromatous plaque
in the aortic arch may be as high as 33% (Barbut et al. 1997).
There is little evidence that general anaesthesia per se significantly
modifies the risk of stroke. For example, in carotid endarterectomy
(which carries a high risk of stroke), it seems to make little difference to outcome whether anaesthesia is provided using a general or
local technique (GALA Trial Collaborative Group 2008; Rerkasem
and Rothwell 2008). Although certain anaesthetic vapours and i.v.
agents have repeatedly been shown to be neuroprotective against
focal ischaemic injury in vivo, there are no positive studies in
humans that are convincing and have not been refuted by subsequent studies (Koerner and Brambrink 2006). There is one human
study that suggests that short-term preservation of cognitive function is better with sevoflurane than propofol in patients experiencing cerebral desaturation during cardiac surgery (Schoen et al.
2011), but there is presently little basis for choosing or rejecting an
anaesthetic agent for its influence on the risk of stroke.
On the other hand, physiological derangements related to anaesthesia may alter the risk of stroke. For example, hypertensive
spikes associated with laryngoscopy or intubation can cause rupture of a berry aneurysm (Tsementzis and Hitchcock 1985), and
intraoperative hypotension can predispose to stroke (POISE Study
Group 2008). Indeed, the recent finding of a higher risk of stroke
in those cardiac surgery patients who exhibit impaired autoregulation, and the concomitant demonstration of a wide range of mean
arterial pressures representing the lower limit of autoregulation
(Joshi et al. 2012) suggests hypotension combined with a pressure
passive circulation may cause unexpected stroke. This supports the
findings of an older randomized study in cardiac surgery patients

in which maintenance of a higher mean arterial pressure during
CPB (80–100 mm Hg vs 50–60 mm Hg) was associated with fewer
postoperative strokes (2.4% vs 7.2% respectively) (Gold et al. 1995).
Finally, specific anaesthetic interventions may occasionally predispose to stroke. Examples include the possibility of vertebral
territory ischaemia in association with direct laryngoscopy or prolonged neck hyperextension (Weintraub and Khoury 1998), and
stroke caused by carotid artery injury during attempted internal
jugular central venous cannulation (Reuber et al. 2002). Care with
positioning, and the use of ultrasound guidance respectively should
mitigate these risks.

Postoperative cognitive dysfunction
Postoperative cognitive dysfunction (POCD) is a dysexecutive
syndrome that follows surgery. It may be transient or permanent
(Newman et al. 2001b) and is important because it may negatively
impact on patients’ independence and quality of life (Newman
et al. 2001a). The effects are frequently noticeable by the patients
themselves or their relatives, but POCD is formally diagnosed
on the basis of cognitive function testing. In related research the
usual approach is to apply a battery of tests that interrogate different cognitive modalities before and after surgery. A deficit is considered present if there is a decline in performance greater than a
pre-defined threshold. The incidence of deficits diagnosed in this
way is readily influenced by factors such as the nature of the test
battery, the number of tests, the postoperative timing of tests, and
the thresholds chosen to indicate a significant decline in function.
Accordingly, there have been attempts to encourage standardization of methodology (Murkin et al. 1997). The inclusion of non-
operative groups of otherwise equivalent subjects can control for
expected changes in cognitive function and practice effects over the
time frame of the study (Selnes et al. 2012).
Historically, interest in POCD had a distinct focus on cardiac
surgery. Within a decade of the introduction of CPB, stroke and
POCD were being reported (Gilman 1965) and, with some supportive evidence, blamed on CPB (Lee et al. 1969).The two earliest
causative hypotheses, cerebral embolization and hypoperfusion,
were eventually supported by emerging evidence that cerebral
emboli exposure (Hammon et al. 1997) and indices of low mean
arterial pressure (Stockard et al. 1973) were positively correlated
with the risk of POCD.
Since the mid 1990s, much research has aimed at reducing
POCD and other neurological complications after cardiac surgery. Relevant strategies included attention to reducing the elution
of emboli from the CPB machine (Mitchell et al. 1997; Willcox,
Mitchell et al. 1999; Jones et al. 2002); reducing emboli from the
surgical field (Milsom and Mitchell 1998); using epiaortic scanning prior to aortic manipulation (Zingone et al. 2006); improving
rewarming strategies to prevent cerebral hyperthermia (Grigore
et al. 2002); optimization of pH management during CPB (Murkin
et al. 1995); optimization of systemic perfusion pressure (Gold et al.
1995; Siepe et al. 2011); management of pericardial suction blood
(Rubens et al. 2007); optimization of perioperative glycaemic control (Puskas et al. 2007); optimization of CPB circuit coatings to
reduce the inflammatory response to CPB (Heyer et al. 2002); and
the use of a variety of neuroprotective drugs such as nimodipine
(Legault et al. 1996), lidocaine (Mitchell et al. 1999; Mathew et al.
2009; Mitchell et al. 2009), statins (Mathew et al. 2005), pegorgotein
(Butterworth et al. 1999), and pexelizumab (Mathew et al. 2004).
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While some of these initiatives appeared to improve cognitive
outcomes and others did not, this body of work has collectively
formed the basis for many contemporary reviews and best practice
guidelines (Hogue et al. 2006; Shann et al. 2006; Selnes et al. 2012;
Bartels et al. 2013). There is evidence of progressive uptake of some
of the relevant recommendations (Corkey et al. 2005). Whether
these efforts have materially affected cognitive outcomes after cardiac surgery is unknown because comparisons between older and
more contemporary studies are confounded by differences in definition and methods, and also by the fact that the surgical population has become older, with more co-morbidities (Tarakji et al.
2011). Nevertheless, there is a perception that many important
risk factors for neurological injury have been identified and ameliorated. It is notable that although cognitive outcomes were not
considered, a large, single-centre study reported a steady decline
in perioperative stroke rate in cardiac surgical patients between
1982 and 2009. The authors attributed this, in part, to improved
intraoperative surgical and anaesthetic techniques (Tarakji et al.
2011). Similar results and opinions have been reported by others
based on analysis of the Society of Thoracic Surgeons Database
(Ghanta et al. 2013).
There is now an increasing body of evidence suggesting that the
contemporary risk of POCD is no different after cardiac surgery
conducted with or without CPB (Van Dijk et al. 2002; Ernest et al.
2006; Hernandez et al. 2007; Marasco et al. 2008), and indeed, no
difference between cardiac surgery and other procedures involving
elderly patients (Sweet et al. 2008; Evered et al. 2011). A study by
Evered et al. (2011) (involving more than 600 patients) is of particular interest because of its methodological rigour. Four groups of
subjects (non-operative controls and patients undergoing cardiac
surgery with CPB, total hip joint replacement, or coronary angiography) were investigated by the same researchers using identical tests and definitions. At 3 months post-procedure there was no
significant difference in the incidence of POCD between the three
patient groups (21%, 16%, and 16% respectively).
These findings are changing thinking around POCD today. The
role of CPB is being questioned, though the notion that it has
been ‘exonerated’ as a contributor to POCD (Silbert et al. 2011) is
probably not sustainable. Older studies did indicate higher risk
of POCD in cardiac surgery involving CPB when compared with
other surgical procedures (Smith et al. 1986; Shaw et al. 1987),
and improvement in the safety of modern CPB may mean that the
numbers needed to demonstrate a significant hazard from CPB are
now larger than before, without necessarily implying that its effects
have been completely eliminated. It would certainly be inadvisable
to ignore strategies to minimize potentially harmful events associated with CPB such as cerebral hyperthermia and emboli exposure.
Nevertheless, the overwhelming weight of recent evidence does
point to a pre-eminent role for patient factors in causation of POCD
in the modern context whether CPB is involved or not. One such
patient factor is pre-existing mild cognitive impairment, which is
prevalent in the aged community and, therefore, also among surgical patients drawn from that community (Silbert et al. 2007; Evered
et al. 2011). There is considerable interest in the potential for perioperative events to interact with the underlying pathology causing
such impairment and to accelerate its progression. One possibility
under active investigation is the potential for anaesthetic agents to
promote the progression of subclinical Alzheimer’s disease (Scott
et al. 2013): if this were demonstrated, an intriguing possibility

would be to pre-emptively identify at-risk patients and ameliorate
that risk (Crosby et al. 2011).

Accidental awareness
For patients, accidental awareness during general anaesthesia
(AAGA), especially if associated with paralysis and pain, is one
of the most feared hazards of anaesthesia. The true incidence of
such events is unknown because only explicit recall of them can be
quantified. Although there are contrary views (Sanders and Sleigh
2011) it can be argued it is only events that are remembered which
matter (Crosby 2011). The recent publication of the results of the
5th National Audit Project (NAP5) provides the best basis so far for
understanding the frequency and nature of this important problem
(Pandit et al. 2014a, 2014b).
From 1 June 2012 to 31 May 2013, 300 reports of AAGA were made
to NAP5 of which 141 (47%) were considered to be certain/probable or possible, providing the following estimates of incidence: 1:19
600 anaesthetics [95% confidence interval (CI) 1:16 700–1:23 450]
overall; 1:8200 (1:7030–1:9700) with neuromuscular block (NMB);
and 1:135 900 (1:78 600–1:299 000) without NMB. The rate during Caesarean section was 1:670 (1:380–1:1300). Induction of and
emergence from anaesthesia accounted for two-thirds of the cases.
The following risk factors for accidental awareness were identified: female sex, age (younger adults, but not children), obesity,
anaesthetist seniority (junior trainees), previous awareness, out-of-
hours operating, emergencies, type of surgery (obstetric, cardiac,
thoracic), and use of NMB. Additional factors during induction of
anaesthesia included use of thiopental, rapid sequence induction,
obesity, difficult airway management, NMB, and interruptions of
anaesthetic delivery during movement from anaesthetic room to
theatre. Residual paralysis was perceived by patients as accidental
awareness during emergence from anaesthesia.
Errors are an important contributory factor to AAGA (Errando
et al. 2008), particularly drug administration errors (Bergman et al.
2002) (NAP5 data included 17 cases of brief awake NMB resulting
from the inadvertent administration of a neuromuscular blocker to
a patient not yet anaesthetized). However, many cases involve no
obvious problem with the anaesthetic (Sandin et al. 2000).
Awareness profoundly influences patients’ satisfaction with their
care (Myles et al. 2000). It can lead to post-traumatic stress disorder
and a morbid fear of future surgery (Leslie et al. 2010). The NAP5
data identified the sensation of paralysis as particularly stressful.
Tools for preventing awareness include volatile agent monitors and
depth of anaesthesia monitors [such as the Bispectral Index™ (BIS™),
Medtronic Minimally Invasive Therapies, Minneapolis, MN, USA].
In the ‘B-Aware trial’, patients considered to be high risk for
awareness were randomized to undergo general anaesthesia with
either titration of the anaesthetic dose to achieve a BIS™ value
between 40 and 60, or standard care. Significantly fewer episodes
of awareness (1.6 vs 8.9 events per 1000 anaesthetics) occurred in
the BIS™ group (Myles et al. 2004). A second large study (the ‘B-
Unaware trial’) also randomized patients to receive BIS™ or not,
but additionally required that the no-BIS™ group had the end-tidal
volatile agent minimum alveolar concentration (MAC) maintained
at a minimum of 0.7. The addition of this measure appeared to
abolish any difference in the incidence of awareness between the
groups (this was about 2 per 1000 cases in both). This study was
criticized for having enrolled a lower risk cohort of patients (Myles
et al. 2008) and therefore for being underpowered (Kelley et al.
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2008; Myles et al. 2008). However, a larger follow-up study (the
‘BAG-Recall trial’) utilizing the same protocol again failed to demonstrate superiority for BIS™ over end-tidal anaesthetic concentration monitoring for reducing awareness (Avidan et al. 2011). It now
seems unlikely that maintaining a BIS™ reading between 40 and
60 is superior for preventing awareness to maintaining end-tidal
volatile anaesthetic concentrations at 0.7 MAC or above. However,
the B-Aware trial results do indicate an advantage for BIS™ in those
situations where total i.v. anaesthesia (TIVA) is used (Tourtier et al.
2011) or when the use of low end-tidal volatile anaesthetic concentrations is anticipated, such as during management of frail elderly
patients. Recent data suggest that a combination of low mean arterial pressure with a low MAC fraction of inhaled vapour may be
an important predictor for mortality, particularly when BIS™ values
are also low (Sessler et al. 2012).

Infection and haematoma
When epidural catheters are used, small epidural haematomas
are relatively common but most are asymptomatic and resolve
spontaneously. Larger haematomata are more worrying and may
cause permanent nervous injury. Any abnormality of coagulation,
reflected by an abnormal international normalized ratio (INR), is
a contraindication to the use of epidural catheters. Warfarin may
need to be discontinued for several days. Low-dose heparin for
thrombosis prophylaxis should be stopped for at least 12 h before
placing an epidural. If a ‘bloody tap’ occurs in a patient who is going
to be heparinized (e.g. for cardiac or vascular surgery), the procedure should be postponed for 24 h.
A spinal abscess is a potentially disastrous complication of central nervous blockade. It typically presents as sudden, painless loss
of motor function. Such infections may reflect a failure in aseptic
technique but in vitro inoculation is also possible.
Any patient suspected of having either a spinal abscess or a significant spinal haematoma should have urgent magnetic resonance
imaging and be referred to a neurosurgeon immediately.

Body temperature
Hypothermia
Hypothermia may be defined as a decrease to a ‘core temperature’
below 36°C. Surprisingly, it is difficult to find a definition of ‘core
temperature’ and the concept is arguably of limited value anyway.
To understand this, it is salutary to appreciate that, during cooling and rewarming on CPB, temperatures in the pulmonary artery,
the brain, the kidneys, the heart, and the liver may all be different,
and may be markedly different from temperatures measured in the
nasopharynx, bladder, or tympanic membrane (Pawley et al. 2013).
Hypothermia can protect organs, notably the brain, and may be
induced precisely for this reason, for example, after head injury or
drowning, or to facilitate cardiac surgery (sometimes with complete
circulatory arrest). In the context of routine anaesthesia, however,
reduction in temperature may cause various physiological derangements and may increase perioperative morbidity.
Anaesthesia typically reduces metabolic rate and hence the production of heat. At the same time, hypothalamic function may be
altered with the loss of shivering. Vasodilation distributes heat to
the peripheries, and the exposure of surfaces increases heat loss by
radiation. Ventilating the lungs with dry gases (that are usually also
cold) increases evaporative heat loss. So does the use of wet packs,

and operations on open body cavities. Low ambient temperatures
and high theatre air-flow exacerbate these effects. So does the use of
cold fluids intravenously or for irrigation. Neonates, patients with
low metabolic rates (such as the elderly), and patients with burns
are particularly prone to hypothermia,
Hypothermia itself reduces metabolic rate—by approximately
10% for each 1°C reduction in ‘core temperature’. Other physiological consequences include decreased cardiac output, increased affinity of haemoglobin for oxygen which reduces the release of oxygen
to the tissues, metabolic (lactic) acidosis, oliguria, and reduced
hepatic blood flow with slower drug metabolism. The MAC of
volatile agents is reduced (also by approximately 10% for each 1°C
decrease) and neuromuscular blocking agents have a longer and
more variable duration of effect. Platelet and clotting function are
reduced, which may have a profound impact on the management
of severe bleeding.
Postoperatively, the effects are different. Shivering increases
oxygen consumption and myocardial work. Peripheral vasoconstriction increases afterload. There may be a risk of myocardial
ischaemia in susceptible individuals.
Active efforts should be made to maintain the temperature of
anaesthetized patients. It is possible to become quite cold before
anaesthesia is even induced, or during the preparation of the surgical field before drapes are applied to the patient. Room temperature
and humidity should be maintained as high as is comfortable for
staff working in the operating theatre. Convective warming blankets (e.g. Bair Hugger™, 3M, St. Paul, MN, USA) provide an effective means of maintaining temperature or treating hypothermia.
I.V. fluids and inspired gases should ideally be warmed—and the
latter should be humidified as well using a heat exchange filter.
If marked hypothermia does develop it may be worth keeping
the patient anaesthetized while instituting the above-mentioned
measures, particularly in the presence of potential cardiovascular
or cerebrovascular disease.

Hyperthermia
Hyperthermia may be defined as a ‘core temperature’ greater than
37.5°C and may reflect sepsis, anaphylaxis, incompatible blood
transfusion, excessive catecholamine activity (phaeochromocytoma, thyroid storm), or MH. Metabolic rate increases, which may
promote acidosis, vasodilation, tissue hypoxia, seizures and central
nervous system damage may ensue. In recent years, it has been recognized that overwarming before coming off bypass is a contributor to POCD.
Hyperthermia may be treated by exposing the body surface,
applying ice packs, using fans, and administering cold i.v. fluids.
Paracetamol and non-steroidal anti-inflammatory agents may be
helpful but there is controversy over the value of reducing mild
pyrexia associated with infection. Any unexplained elevation in
temperature raises the possibility of MH.

Malignant hyperthermia
MH is an uncommon, inherited pharmacogenetic disorder of
skeletal muscle triggered by certain anaesthetic agents, notably
suxamethonium and volatile anaesthetics, and possibly stress. The
disorder is associated with increased calcium release from stores
in the sarcoplasmic reticulum (Struk et al. 1998) leading to sustained muscle contraction resulting in accelerated metabolic rate,
depletion of high energy muscle phosphate stores, increased heat
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and carbon dioxide production, increased oxygen consumption,
and metabolic acidosis. Mutations in the ryanodine receptor gene
(RYR1) and much less commonly the α1 subunit gene (Cav1.1 or
CACNA1S) of the dihydropyridine receptor (DHPR) are associated
with MH in up to 70% of susceptible individuals.
The incidence of MH susceptibility varies by geographical region
from 1:2000 to 1:8500 although certain regions (e.g. New Zealand,
Austria, Quebec, and Wisconsin) have a relatively large incidence
of susceptibility because of the presence of large susceptible families. The disorder was named MH because of the rapid increase in
temperature and the high mortality in early years after initial identification (Litman and Rosenberg 2005). Mortality is now estimated
to be 1.4% (Larach et al. 2008).
Increased end-tidal CO2 is the earliest sign of a reaction in
about 90% of cases and tachycardia, tachypnoea (if the patient is
breathing spontaneously), and pyrexia are early signs. In a typical
fulminant reaction, temperature increases rapidly. This increase
can exceed 1°C (5 min)−1 but in other cases it may be slower and
less substantial. Masseter muscle rigidity is sometimes seen after
administration of suxamethonium and this may be the first indication of a reaction [masseter spasm is associated with positive muscle biopsies in 50% of cases (Ramirez et al. 1998)].
Sweating, cyanosis, mottled skin, and hypoxaemia may occur,
although hypoxaemia may be masked by the administration of
supplemental oxygen. As the reaction advances, ventricular ectopics and respiratory and metabolic acidosis may develop although
the latter has tended to be milder in recent years because of earlier
diagnosis (Glahn et al. 2010). Coagulopathy, rhabdomyolysis with
hyperkalaemia and typical ECG changes, myoglobinuria, oliguria,
and acute kidney injury may also occur. Eventually, in the absence
of effective treatment, MH may progress to coma and cardiac arrest.
Initial management involves discontinuing and eliminating all
volatile agents (this implies removing vaporizers, and changing or
removing the circuit, soda lime, and ideally the machine itself).
Even a new circuit should be flushed with 100% oxygen at high flow
to wash out exhaled volatile agent and to provide increased FIO2 .
Almost simultaneously administer dantrolene, cool the patient,
and supply an alternative method of anaesthesia (TIVA). The initial
dose of dantrolene is 2.5 mg kg−1 repeated every 5–10 min depending on patient response and typically 6–7 mg kg should control
the initial reaction. There is no limit to the amount of dantrolene
administered although increased doses may result in temporary
side-effects (e.g. muscle weakness) (Glahn et al. 2010). Cooling is
best managed by 1 litre of cooled saline (4°C) and up to 4 litres can
be administered over 1 h (decreases temperature by 0.5°C litre−1),
ice cubes in bags applied to all exposed surfaces or if available the
Blanketrol® (Cincinnati Sub-Zero Products, Inc., Cincinnati, OH,
USA) (Plattner et al. 1997). In extreme cases, peritoneal lavage with
cold saline will decrease temperatures by 5–10°C h−1.
Recrudescence can occur in up to 25% of cases so the patient
should be managed in a high dependency area and further i.v.
boluses of dantrolene administered as necessary.
The patient should be referred to a specialist centre for assessment. Muscle biopsy or in vitro contracture testing (IVCT) to
halothane and caffeine are initially undertaken although with
the development of DNA analysis some patients may initially be
screened for RYR1 and Cav1.1 causative mutations before biopsy.
A positive DNA test for a causative mutation is diagnostic of MH
susceptibility but a negative DNA test has to be confirmed by a

negative IVCT because not all mutations have been identified and
there are multiple variants in some families.

Anaesthesia for the MH-susceptible patient
The essential principle is to avoid triggers. Regional anaesthesia or
TIVA with propofol and non-depolarizing neuromuscular blocking agents, narcotics, non-steroidal anti-inflammatory drugs, and
antiemetics where indicated are the techniques of choice. Central
core disease, multiminicore disease, King–Denborough syndrome
and centronuclear myopathy are muscular or musculoskeletal disorders with a definite association with MH. A ‘clean’ anaesthetic
machine is required if a vapour-free machine is not available.
Flushing a machine is time-consuming, requiring up to 70 min to
obtain a safe anaesthetic concentration of 5 parts per million (ppm).
A recent development is the availability of activated charcoal filters
(ACFs) requiring 3 min of flushing at 10 litres min−1, insertion of
ACFs, maintaining a flow of 10 litres min−1 for a further 90 min
and then reducing flows to 3 litres min−1 (Bilmen and Gillies 2014).
Temperature, end-tidal CO2, ECG, pulse rate, and SpO2 should
be monitored although there seems to be little risk of triggering
an MH reaction from the stress of anaesthesia and surgery in the
absence of triggering agents. Dantrolene should be present in any
theatre complex where triggering agents are administered.

Hospital-associated infection
Healthcare-associated infections (HCAIs) are a major problem
in surgical services around the world and result in an enormous
financial and human burden, notwithstanding stringent infection
control measures and the widespread use of prophylactic antibiotics in surgery (Classen et al. 1992). For these reasons, the World
Health Organization (WHO) selected HCAI as the topic for the
first Global Patient Safety Challenge (Pittet and Donaldson 2005).
It is therefore disconcerting that there seems to be insufficient recognition of the importance of basic infection control measures
by at least some anaesthetists (Ryan et al. 2006), notwithstanding
guidelines to the contrary (Australian and New Zealand College
of Anaesthetists 1995). There is a plethora of research investigating hand-washing in healthcare generally, so it is interesting that
very few published studies have addressed the hand-washing practices of anaesthetists. One such study found that practices varied
considerably; it also found that thorough drying is essential for
hand-washing to be effective (Merry et al. 2001). Improvements
in compliance with the WHO’s ‘Five Moments of Hand Hygiene’
using alcohol-based rubs have been achieved in hospital practice
generally (Grayson et al. 2011), but anecdotal evidence suggests
that many anaesthetists who may comply well on the wards have
difficulty seeing how these ‘moments’ apply in the operating room.
This is an area in which more work is needed.
Pronovost et al. (2006) demonstrated that the effective implementation of a bundle of safety procedures for the insertion of
central venous lines reduced the median rate of catheter-related
bloodstream infection per 1000 catheter days from 2.7 infections
at baseline to zero at 3 months. Initiatives to reduce central line-
associated bacteraemia (CLAB) are now part of national safety
projects in several countries, and the standard of care for this procedure has been redefined. This research has also prompted a re-
evaluation of perspectives on CLAB. Previously, a certain incidence
of CLAB was seen as inevitable; now CLAB is seen as a hazard that
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can be virtually eliminated. In this light, it is timely to consider
other ways in which anaesthetists may be contributing to the wider
problem of HCAI.
Anecdotal and observational (Gargiulo et al. 2012) evidence suggests that the way some anaesthetists draw up, handle, and administer i.v. drugs falls far short of standards considered appropriate
by other groups, notably pharmacists. Loftus et al. (2008) showed
that bacterial contamination may be transferred from anaesthetic
machines to i.v. stopcocks and have linked anaesthetists’ hand
contamination to the development of postoperative infections in
patients (Loftus et al. 2011, 2012). Other work has demonstrated
unacceptably frequent microbiological contamination of injected
drugs during high-fidelity simulated anaesthetic cases (Gargiulo
et al. 2012) and in clinical practice (Gargiulo et al. 2016). There
seems ample evidence to justify an increased commitment to best
practice in all aspects of infection control related to anaesthesia.

Hazards of anaesthesia from a global
perspective
Anaesthesia in low-income areas of the world
As we have discussed, in those parts of the world today with
adequate infrastructure and reasonable wealth, anaesthesia has
become remarkably safe (notwithstanding the need for agreement
on relevant definitions and some residual uncertainty about the
data). Unfortunately, there are still many areas in which the situation is far less satisfactory. For much of the world’s population,
essential surgery and safe anaesthesia are simply not available.
Anaesthesia is often particularly inadequately resourced, to the
extent that basic equipment and drugs (including oxygen), and
even clean water may not be available. Those charged with the
responsibility of providing anaesthesia may have very little training
and very low status and therefore little ability to insist on proper
standards of care. For example, amongst 91 anaesthesia providers
who attended a national refresher course in Uganda in 2006 only
one was medically qualified, and more than half had had less than
18 months training. Only 44 personally owned an anaesthesia textbook (Hodges et al. 2007; Walker and Wilson 2008). When surgery
is undertaken, the risks from anaesthesia may be 1000-fold higher
than in regions such as the United Kingdom, Australia and New
Zealand, Europe, and North America (Heywood et al. 1989; Ouro-
Bang’na Maman et al. 2005). It has been estimated that 77 700 operating rooms worldwide are without pulse oximetry, with substantial
differences between geographical regions. There can be little doubt
that the best return on investment aimed at reducing the hazards of
anaesthesia is to be obtained in those areas of the world with low
expenditure on healthcare.
The question is: how? How are we to move from the present situation to one in which the aspirational goal of the Anaesthesia Patient
Safety Foundation—to ensure that ‘No patient shall be harmed by
anesthesia’ (Cooper 2002; Eichhorn 2010)—is achieved (even partially) not just in wealthy nations but everywhere in the world?
There are many areas in which the primary challenges are political. War is particularly detrimental to public health: for every military death there is typically at least one civilian death, attributable
to the indirect effects of social disruption (Murray et al. 2002). War
kills large numbers of women, children, and adolescents. Countries
need to defend themselves, but it is surprising that in some wealthy

countries military expenditure rivals or exceeds healthcare expenditure. For example (noting that there are many countries that illustrate this general point), even a moderate proportion (perhaps a
third) of the US military budget would meet the total WHO recommendation for aid worldwide (Sachs 2005). The Jakarta Declaration
clearly enunciated the key requirements for health, and peace is
high on the list (United Nations 1997).
Notwithstanding these larger challenges, there are substantial ongoing efforts to improve the standards of anaesthesia (and
thereby the safety of essential surgery) in low-income areas of the
world. Many national societies (and other organizations—notably
colleges) of anaesthesia have aid programmes, and many of their
members work assiduously to this end.
The Second Global Challenge of the WHO, ‘Safe Surgery Saves
Lives’, included several anaesthetists in an inter-professional group
charged with identifying initiatives to improve the outcomes of surgery around the world. This initiative led, amongst other things,
to the promulgation of the WHO Surgical Safety Checklist (WHO
2009). There are several aspects of the Checklist that address the
potential hazards of anaesthesia. The presence of pulse oximetry
is one. Pulse oximetry was included to emphasize its importance
for those hospitals that currently are without this technology.
Interestingly, a key idea behind the Checklist was that it would be
universally applicable and useful, reducing the hazards of surgery
and anaesthesia in high-and low-income regions alike. In practice
so far, it has probably done more to reduce harm in high-income
countries simply because uptake and implementation have proved
far easier in these settings. This is ironic because its greatest potential probably lies in less wealthy countries.
The World Federation of Anaesthesiologists (WFSA) provides a
focus for efforts by anaesthetists, through their national organizations, to improve the standards of anaesthesia globally. Through its
education and publications committees, anaesthetists from around
the word have made very important contributions to the training and education of anaesthetists, particularly in areas of limited
resource. In addition, the WFSA has promoted standards through
the International Standards for a Safe Practice of Anaesthesia (the
Standards) (Merry et al. 2010a, 2010Bb). The Standards recognize
that different hospitals are able to provide basic, intermediate, or
optimal services for patients, but it is also made explicit that certain standards are mandatory (other than in emergency procedures
to save life or limb) and that failure to meet these is simply not
acceptable. Some of these standards may be aspirational for many
hospitals, but the Standards provide an important resource for
advocating and driving improvement.
Although the WFSA emphasizes that anaesthesia is a medical
speciality, its policies and initiatives recognize the reality that there
simply are not enough medically qualified anaesthetists to care for
all the patients in the world. Thus the Standards stress the importance of the professional aspects of anaesthesia, including training,
making records, reporting incidents, participating in peer review
and continued professional development, and managing workload.
At the heart of the Standards is the clear statement that ‘The first
and most important component of peri-anaesthetic care, including monitoring of the anesthesia delivery system and the patient, is
the continuous presence of a vigilant anesthesia professional during
anesthesia’.
There is also guidance on essential equipment. Anecdotally, one
of the problems in under-resourced hospitals is poor prioritization
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of resource. Often, expensive but non-essential equipment stands
rarely used (sometimes there are no staff trained in its use) alongside glaring deficiencies in essential equipment. Maintenance is
also critically important. Many hospitals have cupboards filled with
unused donated equipment that is beyond the means of local practitioners to maintain.
Against this background, the Quality and Safety Committee of
the WFSA began the Global Oximetry Project in 2004 (Merry et al.
2009). The aim of this project was to achieve a sustainable improvement in anaesthesia care globally through the provision of a package which includes the Standards, an appropriate and affordable
oximeter, training (or training materials at least), and (latterly) promotion of the Checklist. From the start, great emphasis has been
placed on the importance of working with local anaesthesia providers in ways that they see as valuable. Proof of concept was undertaken in Uganda, Vietnam, India, and the Philippines (Walker et al.
2009). Much was learned, and the results were encouraging. This
work led to the establishment of the independent charity, Lifebox®
(http://www.lifebox.org/). Importantly, the Lifebox® pulse oximeters are highly specified: they meet ISO standards, are robust, and
have visual and audible (tonal) alarms, inexpensive probes, and
very clear displays. To date, more than 8000 of these oximeters
have been distributed alongside various educational initiatives supported by data collection and underpinned by fundraising.
An occasional criticism of this project is that pulse oximetry is
expensive and that many regions have not yet achieved basic public
health requirements such as adequate rates of immunization or, in
some cases, even basic sanitation. However, this argument denies
that elective surgery is a basic public health requirement. In fact
it is. The 234.2 (95% CI 187.2–281.2) million surgical operations
carried out in the world annually is roughly double the number of
babies born (Weiser et al. 2008)—and there is little dispute over the
importance of childbirth to population health. Unfortunately, these
operations are very unevenly distributed: only 3.5% are carried out
in countries spending US$100 or less per person on healthcare,
representing approximately a third of the world’s population. Thus,
many patients are unable to access essential surgery, and many who
do, end up being harmed by that surgery. Essential surgery requires
safe anaesthesia. Pulse oximetry enhances safety, but the firm
insistence on it also carries a strong message. The message is that
anaesthesia is hazardous, so the safe provision of modern anaesthesia requires technology, and therefore practitioners with sufficient training, expertise, and skill to interpret and respond to the
information provided, with the resources to make their responses
effective (notably oxygen).

Hazards to anaesthetists
Addiction
All medical professionals are at risk of developing an addiction to
recreational or therapeutic drugs, and anaesthetists are no exception. Indeed, there is a long-standing perception that anaesthetists
are at particularly high risk, primarily because of ready access to
opioids and other psychoactive drugs and perhaps because of the
stressful nature of the job and the psyche of the typical anaesthetist
(if such a person exists) (Garcia-Guasch et al. 2012). The weight
of evidence does suggest a higher prevalence of drug addiction
amongst anaesthetists than in other medical specialties (Farley
and Talbott 1983; Talbott et al. 1987; Gallegos et al. 1988; Gold

et al. 2006) but this is not an invariable finding (Hughes et al.
1992; Lutsky et al. 1994). Although this debate addresses various
implications for causation and therefore prevention, it is otherwise
unhelpful. Whether anaesthetists are worse than anyone else or not,
addiction is a serious problem, and its prevalence, though difficult
to measure, is disturbingly high. One survey across multiple anaesthesia training programmes in the United States suggested that
2% of trainees were substance abusers (Menk et al. 1990). A more
recent (2002) study reported drug abuse in 1% of consultant-level
anaesthetists, and 1.6% of trainees (Booth et al. 2002).
One epidemiological aspect over which there is strong agreement
is that anaesthetists are more likely than other doctors to abuse
opioids such as fentanyl and to administer them intravenously
(Gallegos et al. 1988; Gold et al. 2006; Skipper et al. 2009), and less
likely to abuse more common recreational drugs such as alcohol
(Gallegos et al. 1988; Skipper et al. 2009). This may be explained by
anaesthetists having the access, knowledge, and skills required to
obtain and administer i.v. opioids. An alternative hypothesis is the
possibility that inadvertent occupational exposure to aerosolized
drug exhaled by patients may sensitize reward pathways in the
brain and make addictive responses more likely (Gold et al. 2006;
McAuliffe et al. 2006). This hypothesis is controversial, and not all
investigators have found evidence for the presence of trace drug
aerosols in the operating room (Law et al. 2010). Investigation is
ongoing.
Contemporary reviews highlight the reluctance of addicted
anaesthetists to recognize or acknowledge their problem and
their tendency to denial, so the role of colleagues in identifying
addictive behaviour and intervening appropriately is emphasized
(Bryson and Silverstein 2008). Typical behavioural red flags include
withdrawal, mood swings, anger, spending increasing time at the
hospital (e.g. by volunteering for extra call), and unusual narcotic use patterns (e.g. discrepancies between patient comfort and
the amount of narcotic allegedly administered). All departments
and programmes should have relevant protocols and a dedicated
authority to whom suspicions of drug abuse can be reported and
who can direct subsequent action. It is universally agreed that withdrawal from medical practice and commencement of professional
addiction treatment are mandatory once drug abuse is confirmed.
Residential care is frequently advocated for drug abusers, preferably
in an environment where other health professionals are also treated
(Pelton and Ikeda 1991). Various mandatory administrative processes, involving regional or national medical boards or councils,
apply. Unfortunately, relapse is common, and proof of sustained
rehabilitation may involve processes such as the random screening
of urine or hair for evidence of continued drug abuse. Along with
scrupulous control of drug supply, periodic reconciliation of supply
and use, and educational strategies, random urine testing within
anaesthetic departments may also have a broader, albeit controversial, role as a preventative strategy (Fitzsimons et al. 2008).
The return of ‘rehabilitated’ practitioners to work as anaesthetists is controversial. Several studies have reported discouraging
outcomes. In one, 66% of rehabilitated opiate-abusing trainees
relapsed on return to work in anaesthesiology, and a quarter of
these had fatal outcomes (Menk et al. 1990). In another, fewer than
half of those trainees making a return to anaesthesia were able to
complete their residency (Collins et al. 2005), and an Australasian
survey showed that only 19% of abusers made a successful recovery within the specialty (Fry 2005). These data form the basis for
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frequent recommendations that drug abusers be advised to retrain
in another medical specialty, but there is no consensus on this. It
seems sensible that each case should be carefully assessed on its
merits (Bryson and Silverstein 2008).

Suicide
Many anaesthetists believe that the rate of suicide amongst anaesthetists is worryingly high. Anecdotal support for this is strong—
for example, the authors of this chapter knew several colleagues
who have taken their own lives. Finding objective data to support
or refute this concern about anaesthetists is difficult. On one hand,
the rate of suicide in the community is high enough to provide a
plausible explanation for anecdotal observations such as this. On
the other, research into the rate of suicide is particularly difficult.
Suicide is a verdict rather than a diagnosis. There may be cultural
and regional differences in the willingness of coroners to make a
finding of suicide. In some circumstances, it may be very difficult
to distinguish between an accident and a deliberate act intended to
end life. Attempts to study populations over extended periods may
be confounded by changes in the rate of suicide over time. Age,
gender, and socioeconomic status are relevant to interpreting rates
of suicide.
Several measures are used to describe the rate of suicide. One
that is comparatively easy to understand is the relative risk (RR).
In this context, RR is the risk of suicide in a group with a particular factor (e.g. being an anaesthetist) compared with the risk in
the group without that factor (e.g. all other doctors). This can be
estimated on the basis of the annual suicide rate (ASR) per 100 000
individuals.
Several studies have reported a higher suicide rate among anaesthetists in general (Lew 1979; Alexander et al. 2000; Hawton et al.
2001) and female anaesthetists in particular (Carpenter et al.
1997) than for other medical specialties or the general public (Bruce
et al. 1974). For example, Hawton et al. (2001) undertook a retrospective cohort study of doctors in the National Health Service who
died from suicide (according to their death certificates) between
1991 and 1995. The ASR per 100 000 individuals (95% CI) for male
doctors collectively was 19.2 (16.4–22.3), which is about two-thirds
that for the general population. However, for women doctors it was
18.8 (14.2–24.5), about double the general population and approximately equal to that for male doctors. To put this in context, the
risk for men (in general) of dying from ischaemic heart disease in
most high-income countries is about seven times higher than this
and the risk for women about three times higher. Compared with
doctors in general hospital medicine, the RR (95% CI) for anaesthetists was 6.8 (2.2–20.8). The RR was also high for community
health doctors, general practitioners, and psychiatrists (Hawton
et al. 2001).
There are probably multiple reasons for this, but the most important factors are probably the possession of the skills and knowledge
to commit suicide efficiently and painlessly, and ready access to the
means to accomplish this.
The importance of depression as a precipitant of suicide has been
highlighted in the context of anaesthesia (Rose and Brown 2010),
and although there is no convincing evidence that depression is
more common among anaesthetists than other medical groups, it is
conceivable that it is more dangerous when combined with one or
more of the risk factors for suicide listed. Although the anaesthetic
profession is probably not ready for periodic formal screening for

depression (Bryson 2010), depression in an anaesthetist is a diagnosis that should be taken particularly seriously.
An extensive review of suicide amongst anaesthetists was provided by Swanson et al. (2003), and little has emerged since then to
advance our understanding of this topic.

Infections and transmission of disease
The transmission of communicable diseases from patients to anaesthetists is a well-recognized professional hazard. Transmission
may be through aerosols, through fluid contamination of mucous
membranes, or via percutaneous injuries with needles (‘needle
stick’ injuries) or other instruments. One study reported 6.4 ‘sharp
device’ exposures to patient blood or body fluids per 1000 surgical cases among operating room staff (Myers et al. 2008). Nurse
anaesthetist exposures represented only 2.6% of these. Consultant
or trainee anaesthetists were not distinguished from their surgical
counterparts in the data. Nevertheless, the fact that suture needles
were involved in 51% of the events and hypodermic needles in only
6.4% suggests that surgeons are at much higher risk. Hypodermic
needle exposures probably represent the greatest danger to anaesthetists and most accidents occur during two-handed recapping
(Talaat et al. 2003).
The risk of needle-stick transmission of disease from an infected
patient is dependent on the disease. Three diseases commonly
discussed are hepatitis B and C, and human immunodeficiency
virus (HIV). Seroconversion rates for hepatitis B after needle-stick
injury to a non-immunized subject are relatively high at 10–30%
(Shiao et al. 2002). Rates for hepatitis C are lower but vary between
studies. A rate as high as 10% was reported in a small prospective
study (Mitsui et al. 1992), but more recent and larger studies have
reported lower rates when measured both retrospectively (0.75%)
(Kubitschke et al. 2007) and prospectively (0.31%) (De Carli et al.
2003). The HIV transmission rate is low (0.3%) even after needle-
stick injury (Henderson et al. 1990), though the risk is higher if
the injury is deep (Young et al. 2007). Transmission of HIV by
contamination of mucous membranes is very rare (Henderson
et al. 1990).
The pivotal strategy for prevention of the transmission of disease
is adherence to so-called universal precautions, modified and comprehensively described in Centers for Disease Control (CDC) recommendations as ‘standard precautions’ (Siegel et al. 2007). These
include hand washing at appropriate times, proper disposal of contaminated sharps without recapping, and the wearing of gloves,
masks, and eye protection. The implication of the words ‘universal’
or ‘standard’ is that these measures should be implemented for all
patients at all times irrespective of perceptions of the infective risk
they represent. This is also appropriate to prevent reverse transmission of known or unknown infections from healthcare professionals to patients, which is well documented in anaesthesia (Stark et al.
2006). Anaesthetists are also strongly advised to be immunized
against hepatitis B, a strategy credited with a marked reduction of
this infection in healthcare workers in the United States (Mahoney
et al. 1997). Finally, there has been considerable attention given to
the use of prophylactic chemotherapy in cases of injury by needles
used in patients with relevant infections. In hepatitis B exposure,
hepatitis B immunoglobulin may be administered along with initiation of a course of vaccination. Hepatitis C exposure is normally
not treated (Edlich et al. 2010), and though there are few supporting
data and the risk of seroconversion is low, multiagent antiretroviral
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chemotherapy is usually offered in cases of HIV exposure (Young
et al. 2007; Edlich et al. 2010).

Harmful occupational exposures
It is well recognized and somewhat inevitable that anaesthetists,
surgeons, other operating room staff, and post-anaesthesia care
nurses will be exposed to volatile anaesthetic agents used in the
care of patients. Risk factors for greater exposure in the operating
room include high fresh gas flows; leaks around oro-nasal masks;
use of laryngeal masks or uncuffed endotracheal tubes; absent
scavenging; use of open circuit systems such as a Jackson-Rees T
piece; inhalation inductions; and poor operating room ventilation
(Meier et al. 1995, Hoerauf et al. 1999b). Not surprisingly, paediatric anaesthesia, in which some of these risk factors are frequently
relevant, is considered high risk for exposure.
With the exception of sporadic cases of halothane hepatitis in
anaesthetists (Klatskin and Kimberg 1969), surgeons (Neuberger
et al. 1981), other healthcare workers (Johnston and Mendelsohn
1971), and research staff (Sutherland and Smith 1992), evidence
for persistent and clinically obvious harm from occupational exposure to volatile agents is limited. The biggest concern has been the
potential for harm to the fetuses of female anaesthetists and other
operating room staff who are pregnant. A report describing 18 miscarriages, 2 premature births, and 1 birth defect in 31 female anaesthetists routinely administering volatile anaesthetics was published
in 1967 (Vaisman 1967). This was followed by data from surveys in
the United States also suggesting an apparently high rate of spontaneous miscarriage and birth defects among female anaesthetists
(Cohen 1974; Corbett et al. 1974; Guirguis et al. 1990). In pointing
the finger of blame at volatile agent exposure, these studies drew
inference from in vitro and in vivo work, comprehensively summarized elsewhere (Byhahn et al. 2001), which demonstrated teratogenicity and damaging effects on DNA by volatile agents, with
halothane the most harmful. However, none of the clinical surveys
were designed to prove causation, and the relevant animal studies frequently involved drug doses higher than would result from
trace exposures in humans (Ferstandig 1978). In addition, most
early data probably related to anaesthetists using halothane, and
they are difficult to interpret in the context of modern practice
because of differences in anaesthetic drugs and their administration techniques, waste gas scavenging technology, and operating
room ventilation.
Much the same can be said for the other evidence of harm from
occupational exposure to volatile anaesthetics. There is weak evidence for increased numbness, tingling, and muscle weakness in
dentists heavily exposed to nitrous oxide (Brodsky et al. 1981).
There is some evidence for a decrement in psychomotor performance during exposure to potentially relevant concentrations
of volatile agents (Bruce and Bach 1976; Malhotra et al. 1993).
There are also numerous reports of markers of subclinical harm
in anaesthetists and co-workers compared with non-exposed subjects, which include increased DNA damage (Wronska-Nofer et al.
2009) and sister chromatid exchanges in (Hoerauf et al. 1999c),
decreased neutrophil apoptosis (Tyther et al. 2002), increased total
urinary protein and changes in other indices of renal function
(Trevisan et al. 2003), reduced antioxidant concentrations (Turkan
et al. 2005), decreased vitamin B12 concentrations (nitrous oxide
exposure) (Krajewski et al. 2007a), and the asymptomatic development of the autoantibodies associated with volatile agent-induced

hepatitis (Njoku et al. 2002). Some of these studies are more recent
and have arisen from contemporary operating room environments
where anaesthetists are using modern agents, but none of them was
designed to definitely attribute cause, and they must be interpreted
cautiously.
In highlighting the weaknesses in the extant data it must be
acknowledged that definitive studies on causation of harm to
humans would be difficult, but the circumstantial case for potential
harm is strong. Thus, it seems prudent to minimize occupational
exposures to volatile agents below recommended thresholds, but
prescription of a maximum ‘safe’ exposure is inevitably arbitrary.
The National Institute of Occupational Safety and Health (NIOSH)
in the United States is the most conservative in recommending a
maximum time weighted average across an 8 h shift of 25 parts
ppm for nitrous oxide and 2 ppm for all the potent volatiles. Other
national authorities are less conservative, for example, allowing up
to 100 ppm for nitrous oxide and 50 ppm for isoflurane (Hoerauf
et al. 1999a). Exposures in modern operating rooms still frequently
exceed the NIOSH limits (Hoerauf et al. 1997). Strategies to prevent this revolve around the choice of anaesthetic technique [such
as the use of TIVA (Irwin et al. 2009)], the practices of individual
anaesthetists (such as using low fresh gas flows and minimizing
leaks around oro-nasal masks during induction), and the environmental configuration of the operating room. A study demonstrated
that optimal control of nitrous oxide concentrations below allowed
exposure limits was achieved with pressure exhaust ventilation
(turning over room air more than 12 times h−1) combined with
scavenging at the anaesthetic machine (Krajewski et al. 2007b). It
is encouraging that even in paediatric surgery on young children
where inhalation anaesthetic inductions are used, attention to
detail can still result in exposures below the NIOSH limits (Byhahn
et al. 2001).

Medico-legal hazards to anaesthetists
If a patient is harmed or simply unhappy about the treatment
received, there is a risk of a complaint. How this plays out will
depend on factors that vary between countries, including legal and
regulatory frameworks and the culture of the community. It will
also depend on how the anaesthetist responds to the complaint
and indeed on his or her overall relationship with the patient in
question. This applies to all practitioners, but there is a particular
hazard for anaesthetists in that anaesthesia is intrinsically dangerous and the causal link between alleged failures in care and adverse
outcomes is often very obvious. Furthermore there is sometimes
a tendency for legal responses to unexpected and tragic events in
healthcare to reflect the severity of the harm rather than the extent
of the negligence (Runciman et al. 2003; Merry 2009). Thus, if a
patient dies or suffers severe brain damage because of an anaesthetic, the concept of res ipsa loquitur (i.e. ‘the facts speak for themselves’) may be thought to apply even if little or no negligence was
involved. A basic understanding of the elementary legal and ethical
principles is therefore worthwhile.

The elements of a legal and regulatory response to a
harmed patient
A patient who has suffered injury from healthcare can reasonably
expect an acknowledgement that something has gone wrong, an
apology, and an assurance that steps will be taken to ensure that
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the same thing will not happen again to someone else (Vincent
et al. 1994). In addition, he or she may wish compensation and
may wish to see the person responsible punished or at least
held accountable in some way (Vincent et al. 1994; Runciman
et al. 2007).
In general, compensation is intended to adjust for loss. This is
reasonable on the assumption that a patient has suffered a loss
(through harm) for which he or she is not responsible. Perhaps no
one was to blame. For example, if a patient dies from anaphylaxis
to a drug for which no previous history of allergy exists, the anaesthetist who administered the drug clearly caused the death but has
not been negligent or even made a mistake. In many legal systems,
a loss of this nature would simply be left to lie with the patient.
Alternatively, perhaps someone was to blame—perhaps the anaesthetist, because of some fault in management. In that case the law
typically argues that the loss should be fully or partially transferred
to the blameworthy person. It is not possible to transfer the harm
itself, but financial compensation for costs, loss of income, and perhaps suffering can be paid. The provision of compensation in this
way is not usually intended to punish the anaesthetist, although the
process, publicity, and expense often does amount to punishment,
albeit incidentally.
Three elements are usually required to justify the award of
compensation:

deterrence. Usually compensation will also be awarded. Some
very large awards have been in the form of exemplary damages,
but compensatory damages may also be very high in cases involving serious disability in young people for example. Regulatory or
disciplinary authorities may also punish practitioners—for example, by the removal of a doctor’s licence to practise. An important
difference between the civil and criminal courts and disciplinary
procedures is that the requirement for a patient to be harmed may
not apply in disciplinary procedures: it may be possible to punish
negligence or other forms of poor practice (such as rudeness to a
patient or sexual impropriety) even if no harm occurred or can be
proved.
Whatever the details, both compensatory and punitive processes
(other than no fault compensation) tend to be very unpleasant and
costly for all parties, and may generate adverse publicity and loss of
reputation. In evaluating the appropriateness or otherwise of this,
the extent of the negligence involved is the relevant issue, not the
extent of harm that ensues (Merry and McCall Smith 2001). This
example of death from anaphylaxis (in the absence of a history of
allergy) stands in marked contrast (for example) to a case in which
an anaesthetist who left a patient unattended with the result that
a circuit disconnection was not identified in time to avert brain
damage (Williams 1995), even though the outcome was similar in
each case.

1. That there was a duty of care (in this context, duty of care is
a given)

Mitigating the risk and managing the aftermath
of harm to patients

2. That the patient suffered harm
3. That the harm was caused by negligence.
Compensation is generally provided through the civil courts, and
proof is required only to the standard of the balance of probabilities. The standard of care required is often described as ‘reasonable’—the term ‘reasonable knowledge, skill, and care’ is sometimes
used. A failure to meet this standard constitutes negligence. It can
be very difficult for patients to establish negligence and then also
show that the negligence was the cause of the harm in question.
Therefore some countries, notably New Zealand, have adopted no-
fault compensation systems that substantially circumvent the need
for this (Paterson 2005).
Justification for punishment usually requires a further element:
4. That the negligence was substantial, often called ‘gross negligence’.
Gross negligence is rather difficult to define without the use of
circular reference. For example, it is sometimes called ‘negligence
deserving punishment’. The idea of a substantial failure in the
required standard of care has also been used (Skegg 1998). Proof
beyond reasonable doubt is usually required.
Punishment can be provided through the criminal courts.
Criminal prosecutions arising from the normal practice of health
professionals have generally been uncommon, but there does seem
to have been a worrying increase in their frequency in New Zealand
in the 1990s (which led to a change in the law) (Skegg 1998), and
in the United Kingdom (Ferner and McDowell 2006) (and perhaps
Australia) since the turn of the century. Our view would be that the
criminal law should be reserved for cases in which the egregiousness of the actions is uncontroversial (Merry 2007).
Punishment can be provided in other ways. Exemplary damages, although typically awarded through the civil legal system,
go beyond compensation with the intention of punishment and

The link between negligence and actions for compensation is weak
(Brennan et al. 1991), but safe practice is, nevertheless, the best
protection against medico-legal risk. It is therefore not surprising
that the medico-legal risk for an anaesthetist today seems to be less
than it was a few decades ago, presumably because anaesthesia has
become safer. For example, in the United States, claims for deaths or
brain damage during anaesthesia decreased significantly between
1975 and 2000 (Cheney et al. 2006), and premiums for professional
liability insurance (in 2005 US dollars) decreased from approximately $30 000 per year in 1985 to $20 000 in 2005 (Domino 2005).
A compassionate and honest response to patients who are
harmed is essential for mitigating the consequences to all concerned and it is also ethically appropriate (Runciman et al. 2007).
The evidence is unclear on whether full disclosure reduces medico-
legal risk (Studdert et al. 2007), but it is clear that many patients
sue doctors out of frustration over difficulty in finding out what
happened to them, or anger over a lack of compassion (or perhaps
just an apparent lack of compassion) in the way they are treated
after a harmful event (Vincent et al. 1994). It may well be necessary to stop or re-allocate ongoing routine clinical commitments
in order to ensure that proper attention is given to the physical and
emotional needs of a harmed patient and those close to him or her.
This may be difficult for an anaesthetist, because of pressure to continue with a list for example, but it is of fundamental importance.
Furthermore, it may be unsafe to continue with routine work after
a seriously upsetting incident.
An adequate response to a serious adverse event requires time.
It is prudent to obtain appropriate legal advice early. Ideally, there
should be a coordinated process overseen by experienced senior
colleagues working within a well-established institutional framework to ensure that both the patient and the practitioner are properly cared for and supported (Runciman et al. 2007).
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Conclusion
The Lifebox® initiative is just one example of the work undertaken
over many years by many anaesthetists to reduce the hazards of
anaesthesia in all countries of the world. When resources are adequate, anaesthesia today is very safe, and it is interesting to reflect
on how much progress has been made in reducing these hazards in
the relatively short time since Hannah Greener succumbed to the
inexpert administration of chloroform. However, as we have shown
in this chapter and in Chapter 44, there is no room for complacency. The relentless pursuit of the goal of safe anaesthesia for all
must continue, everywhere, but particularly in the substantial areas
of the world where resources are severely limited.
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Post-surgical analgesia
and acute pain management
Francis Bonnet, Marc E. Gentili,
and Christophe Aveline
Introduction
Postoperative and acute pain remains uncontrolled in many
instances, leading to the risk of development of chronic pain
syndromes. After tissue damage, activation of postsynaptic N-
methyl-D-aspartate (NMDA) receptors, also induced by opioid
administration, plays a key role in postoperative pain sensitization,
allodynia, and hyperalgesia. Pain intensity may depend on sex, age,
anxiety, and genetic factors but in clinical practice, surgical procedure is the main determinant of pain although pain may vary from
one patient to another. Serial pain measurements are mandatory to
assess pain intensity and to guide pain treatment. They are based on
unidimensional simple pain scales. Multimodal analgesia combining opioid and non-opioid agents and regional block or infiltration
is the rule postoperatively although evidence is sometimes lacking
to support all the combinations commonly used. Opioids should
be used on demand while other agents are administered systematically. Non-steroidal anti-inflammatory drugs (NSAIDs) decrease
opioid demand, as does paracetamol, although to a less extent.
Antihyperalgesic agents including NMDA blockers (ketamine) and
α2-δ ligands (gabapentin, pregabalin) have an opioid-sparing effect
and may prevent the occurrence of chronic pain syndromes after
surgery. Regional blocks and infiltration provide good quality analgesia but the balance between advantages and drawbacks of central
block need to be evaluated carefully for each surgical procedure.

History of the therapeutic approach
of acute postoperative pain
More than 200 000 surgical procedures are performed worldwide
each year (Weiser et al. 2008); most of the patients scheduled for
these procedures experience postoperative pain. Postoperative pain
is one of the main concerns of surgical patients. For years, the treatment of postoperative pain has been considered less than optimal
(Benhamou et al. 2008). Surveys repeatedly pointed out that a significant number of patients experienced acute postoperative pain
after major but also minor surgery and that many of them suffered
from severe pain (Sommer et al. 2008). In ambulatory surgery, pain
is one of the leading causes for hospital readmission associated with
a significant economic burden (Apfelbaum et al. 2003). Pain has
been underestimated or even not evaluated, and its treatment has
been neglected, healthcare providers being concerned by many other

issues during the postoperative course. A significant change in physicians’ attitudes occurred in the 1980s with the introduction of simple
scales allowing systematic and repeated measurements of pain intensity to be performed, and patient-controlled analgesia (PCA) devices
that introduced the new concept of patient self-medication for pain
control (Grass 2005). Regional analgesia has also been extensively
developed, including not only neuraxial continuous analgesic blocks
but also peripheral blocks performed through perineural catheters
(Chelly et al. 2010; Ifeld 2011). Besides improvement in pain intensity
control, postoperative pain has been demonstrated to be associated
with postoperative morbidity and consequently pain treatment has
been considered as an integral part of patient care aiming to improve
rehabilitation, to decrease postoperative morbidity, and to shorten
hospital stay (Kehlet and Dahl 2003). Changes in surgical techniques
were also advocated to decrease postoperative pain and were sometimes promoted because of this advantage. Recognition of the importance of pain treatment has led to the publication of guidelines by
many North American and European anaesthetic scientific societies.
Nevertheless, despite significant improvement, post-surgical pain
control remains a challenge that requires a real commitment from
anaesthetists and surgeons.

Physiopathology of postoperative pain
and consequences for postoperative
morbidity
Acute surgical pain has long been considered as a model of pain
related to nociceptive stimulations in excess. There is, in fact, a
growing amount of evidence that favours more complex mechanisms of postoperative pain related to the inflammatory response
to surgery (Dirks et al. 2002). Tissue injury induced by surgical
procedures produces a release of agents able to activate or to sensitize polymodal nociceptive receptors in nerve endings of Aδ and
C fibres, such as hydrogen and potassium ions, serotonin, bradykinin, prostaglandins, neurokinins, nerve growth factor (NGF),
and cytokines (Sommer and Kress 2004). Further to substance P
and calcitonin gene-related peptide (CGRP) but also serotonin and
neurokin A release, the axonal reflex produces a local inflammatory response. The same mediators are released distant to the surgical site into the spinal cord. In addition, binding of NGF with
tyrosine kinase receptors promotes tetrodotoxin-resistant (TTXr)
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sodium channel synthesis, and NGF also facilitates the release by
nerve endings of substance P and CGRP (Donnerer et al. 1992).
Prostaglandin synthesis depends on cyclooxygenase (COX) activity and especially on COX-2 activity. COX-2 activity is induced by
cytokine release (interleukin 1β, tumour necrosis factor α) related
to tissue injury through bradykinin and other peptide release.
Prostaglandins induce nociceptor sensitization. Other receptors
such as vanilloid receptor (VR1) are expressed as a consequence of
the development of the inflammatory process. Peripheral nervous
system stimulation is duplicated by activation of the same mediators at the level of the central nervous system (Ek et al. 2001). COX-
2 activation and the consequent synthesis of prostaglandins have
also been documented in the cerebral spinal fluid (Buvanendran
et al. 2006). Transportation of NGF and brain-derived neurotrophic
factor (BDNF) occurs through axonal flux of Aδ and C fibres to the
central nervous system.
Short-term changes in nociceptor sensitivity are followed by
long-term changes, especially induced by glutamate release and
activation of NMDA receptors of wide dynamic range (WDR)
neurones of the dorsal horn of the spinal cord (Nishimura et al.
2004). NMDA receptor activation promotes calcium entry by
shifting a magnesium ion, and nitric oxide synthase activation leading to nitric oxide synthesis. Presynaptic neuronal
voltage-gated N-calcium channels are responsible for the release
of glutamate, their expression increases with nerve lesion or
nerve stimulation. Back migration of nitric oxide enhances the
expression of voltage-gated calcium channels and the release
of glutamate, resulting in the pain ‘wind-up’ phenomenon.
Prostaglandins not only increase presynaptic glutamate release,
but also activate postsynaptic protein kinases and consequently
activation of ions channels leading to cell depolarization.
Prostaglandins also decrease the activity of inhibitory interneurones releasing γ-aminobutyric acid (GABA) and glycine. Nitric
oxide, on the other hand, activates c-Fos, c-Jun, and COX-2 gene
expression and other genes encoding for substance P and neurotrophin receptors (Coderre et al. 1993).
This abnormal central nervous system sensitization results in
increased pain response (hyperalgesia) and pain response from
previously non-nociceptive stimulations (allodynia). Primary
hyperalgesia is restricted to the inflammatory tissue while secondary hyperalgesia is extended outside. Primary hyperalgesia
is related to peripheral sensitization and secondary hyperalgesia
results from central sensitization. Primary and secondary hyperalgesia have been documented around surgical incisions after different surgical procedures (Dahl et al. 1992; Tverskoy et al. 1994;
Stubhaug et al. 1997; McConaghy et al. 1998; Ilkjaer et al. 2000;
Martinez et al. 2007). It is noteworthy that the cutaneous surface of
mechanical hyperalgesia varies widely from one patient to another,
and could be correlated with the occurrence of chronic pain syndromes after surgery. Thus, nervous system wind-up or plasticity,
initially suggested as a key mechanism of chronic pain syndromes,
is also documented after surgery and could be responsible for difficulties in controlling acute pain and for the occurrence of chronic
pain after surgery.
Factors other than tissue damage may contribute to the development of hyperalgesia. Opioids may indeed indirectly stimulate
NMDA receptors (Larcher et al. 1998). Perioperative administration
of high-dose opioids, results in an acute tolerance and an increase in
postoperative demand (Chia et al. 1999). This is especially but not

exclusively documented with high-dose remifentanil (Guignard
et al. 2000; Joly et al. 2005).
A better understanding of postoperative pain physiopathology
has thus contributed to adaptations in pain treatments and the
introduction of new therapeutic agents. Besides their other well-
documented side-effects, opioid-induced hyperalgesia is an argument to support a usage restriction, based on their combination
with other analgesic agents. In addition, antihyperalgesic agents
have been introduced as part of the postoperative pain control
strategy. Agents such as COX-2 inhibitors or local anaesthetic have
been demonstrated to have antihyperalgesic properties (Koppert
et al. 1998; Troster et al. 2006). Other categories of antihyperalgesic
agents include NMDA blockers (ketamine, magnesium, dextropropoxyphene) (Larcher et al. 1998) and α2δ-calcium channels blockers (gabapentin, pregabalin) (Van Elstraete et al. 2008; Bannister
et al. 2011).

Perioperative factors predisposing
to postoperative pain
Pain is thought to be difficult to predict, based on the great variability in pain intensity and patient-controlled opioid consumption observed in postoperative patients. Nevertheless, a reasonable
prediction of postoperative pain might be helpful for planning
pain treatments. Postoperative pain depends on two types of factors: those related to the patient and those related to the surgical
procedure.

Patient-related predictors of postoperative pain
Patients undergoing the same surgical procedure may experience
significant differences in pain intensity and analgesic requirements.
It is difficult to identify predictors of postoperative pain related to
the patient. One of the most commonly documented psychological
traits related to pain intensity is anxiety (Katz et al. 2005; Keogh
et al. 2006; Kain et al. 2000; Pan et al. 2006). Preoperative anxiety
is measured on a specific questionnaire. A series of studies have
pointed out the relationship between a high level of anxiety and
postoperative pain intensity and duration. Patients with preoperative anxiety require more postoperative analgesics than others (Pan
et al. 2006). In contrast, when anxiety is relieved, especially by preoperative explanations about pain and its treatment, pain intensity
is consequently decreased (Caumo et al. 2009).
Sex-related differences in pain perception have been documented (Taenzer et al. 2000; Cepeda and Carr 2003; Aubrun et al.
2005). When using PCA, morphine consumption is more important and self-rating of pain is higher in women (Taenzer et al. 2000;
Cepeda and Carr 2003; Aubrun et al. 2005). Women were consequently supposed to experience more severe pain than men when
submitted to the same surgical procedures. This remains to be
confirmed because factors other than pain intensity may interfere
with morphine consumption. In addition, whatever the difference,
it remains moderate. In contrast, nalbuphine has been documented
to be more effective in women, a result that could be because of
the presence of a higher density of κ-opioid receptors (Sarton et al.
2000; Fillingim and Gear 2004; Fillingim et al. 2005).
The effect of age on pain intensity and opioid consumption is
controversial (Aubrun et al. 2002, 2003; Gagliese and Katz 2003;
Gagliese et al. 2005). Age differences in postoperative pain depend
on pain scale measurement (Gagliese and Katz 2003). Aged patients
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do not require less morphine for immediate postoperative titration
in the recovery room, but morphine demand could be decreased
in the ward compared with younger patients (Aubrun et al. 2002,
2003). Elderly patients are also prone to developing side-effects
from opioids that may restrain their consumption.
Genomic variations interfere not only with pain perception but
also with the effect of analgesic agents. Alterations in drug effect
can be caused by a polymorphism affecting drug transport, receptors, metabolism, and excretion. For example, codeine undergoes
O-demethylation to morphine that depends on cytochrome P450
(CYP) (Poulsen et al. 1996b). Some individuals display decreased
metabolism of codeine related to a recessive trait of non-functional
CYP alleles, whereas multiple duplication of the CYP2D6 gene is
related to ultrarapid metabolism. Ultrarapid metabolism conveys
a high risk of serious morphine side-effects (Gasche et al. 2004).
In contrast, CYP2D6 poor metabolizers have a weaker response to
codeine and to a lesser extent to tramadol (Poulsen et al. 1996a;
Stamer et al. 2003; Lotsch et al. 2004). Hepatic metabolism of tramadol by CYP450 produces (+)-O-desmethyltramadol, which demonstrates a high affinity for μ-opioid receptors (Poulsen et al. 1996a).
High metabolizers of tramadol experience a high incidence of side-
effects such as sedation, nausea, and vomiting. Polymorphism may
also impair the expression and function of opioid receptors. The
single-nucleotide polymorphism A118G of the μ-opioid receptor
gene has been associated with decreased potency of morphine and
morphine-6-glucuronide (Chou et al. 2006). Variability in gene
expression and functional polymorphisms in the COX-2 gene
PTGS2 may also explain some of the interindividual variations in
acute pain and the analgesic efficacy of NSAIDs and selective COX-
2 inhibitors (Lee et al. 2006).
Unfortunately, individual differences in pain perception and efficacy of analgesics can rarely be turned into changes in daily clinical
practice. Adaptation of analgesic treatments to individual patients
is more likely to be related to the risk of side-effects. For example,
NSAIDs are contraindicated in patients with chronic renal failure,
or recent gastroduodenal ulcer; and patients with sleep apnoea syndrome are susceptible to bradypnoea or apnoea under opioid treatment. In a given patient, the choice of one or several analgesics is
thus driven not only by efficacy but also by the potential drawbacks.

Surgical procedure-related factors
of postoperative pain
Different surgical procedures produce different types of pain. Pain
can be incisional, visceral, or referred. Laparoscopic surgery, for
example, induces incisional pain at the site of trocar insertion, visceral pain related to peritoneal inflammation, and shoulder pain
that is attributed to pneumoperitoneum (Joris et al. 1995). In addition, patients may experience pain at rest or on moving or coughing. For certain surgical procedures, pain on moving or coughing is
a major challenge because physiotherapy and mobilization are integral parts of patient rehabilitation. Incisional pain depends on the
location of the surgical incision and scar. Pain localized to a parietal area is accessible to local treatment based on the use of local
anaesthetics, but visceral pain is also likely to be reduced by local
application of an analgesic agent such as a local anaesthetic infused
through a preperitoneal catheter. In orthopaedic surgery, pain that
is localized to a specific segmental area of a limb can be blocked
by regional anaesthetic techniques or intra-articular injection of a
local anaesthetic solution.

post-surgical analgesia and acute pain management
Major surgical procedures such as thoracic or upper abdominal surgery are usually the most painful procedures. Conversely,
some minor surgical procedures such as haemorrhoidectomy or
bunionectomy can be extremely painful despite low postoperative
morbidity. Endoscopic surgery is usually less painful than open
surgery and consequently, analgesic strategy determined for a
given open surgical procedure needs to be revisited according to
changes in the surgical technique. Most surgical procedures have
been classified in accordance with the expected intensity and duration of pain, and analgesic protocols have been adapted to this
classification (Rosenquist et al. 2003). The cost–benefit analysis of
each analgesic technique or agent depends on the surgical setting.
For example, epidural administration of local anaesthetics with or
without opioids provides very effective analgesia after abdominal
surgery (Werawatganon et al. 2005). However, epidurals are not
worth using for most laparoscopic surgical procedures, although
they are more effective than systemic administration of analgesics, because of an unfavourable balance between drawbacks and
advantages. In contrast, for laparotomy, epidural analgesia conveys
advantages above and beyond pain control (Ballantyne et al. 1998;
Popping et al. 2008).

Evaluation and measurement of pain
Pain is a subjective perception and, as such, difficult to assess
by healthcare providers. Assessment of pain by nurses or physicians usually results in underestimation. Pain is also multimodal
and cannot be restricted to a one-dimensional evaluation. At first
glance, although different parameters may interfere with the development of pain sensation, postoperative pain is mainly assessed by
determination of pain intensity. In the postoperative setting, a pain
intensity measurement method needs to be understood by most
of the patients, rapidly performed, reproducible, without interference between measurements, and reliable. The gold standard for
pain intensity measurement is the visual analogue scale (VAS). The
VAS consists of a horizontal line on which patients make a mark
with a cursor, according to pain intensity that may vary between
‘no pain’ at one end, and ‘worst pain imaginable’ at the other end
(Huskisson 1981). The scale is graduated from 0 to 10 or 100
allowing healthcare providers to record pain intensity. Pain is considered as mild for a VAS score of 30 mm or less, moderate when
the score is between 30 and 60 mm, and severe when the score is
above 60 mm on a 100 mm scale. Patients having a score of 30 or
more should receive analgesic treatments and patients with a score
under 30 may be considered as having satisfactory pain relief. This
scale is very sensitive but about 10% of the patients have difficulty
in using a VAS (Aubrun et al. 2001). Other unidimensional scales
include a numerical scale and a verbal rating scale. Numerical rating scales, graduated between 0 and 10, have a reasonably low rate
of failure (<7%) and are so easy to use that they are strongly supported by healthcare providers (Kremer et al. 1981; Jensen et al.
1986; Aubrun et al. 2003). Simple verbal scales are categorical
scales that present four or five qualifications for pain: no pain–
mild–moderate–severe–unbearable pain. They are poorly sensitive
and provide only a limited number of categories. Signification of
each qualification may vary from one patient to another and the
efficacy of pain treatment is consequently more difficult to assess
(Breivik et al. 2000). The three scales of pain intensity rating are
reasonably correlated (Jensen et al. 1986; Breivik et al. 2000). See
Table 46.1.
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Table 46.1 Comparison of unidimensional pain intensity rating scales
Advantages

Drawbacks

Indication

VAS

Offer a large extent of responses
Reproducible in the same patient
Sensitivity to detect changes induced
by analgesics
Usable as soon as 5 years old

10% failures

Gold standard but could be difficult to
use immediately after awakening from
anaesthesia

NRS

Easy and rapidly usable

Overestimation compared to VAS

Appropriate in the recovery room

VRS

Very low failure rate
Easy to use in aged patients
Good correlation with VAS

Poorly sensitive to changes in pain
intensity
Bias related to interpretation
of wordings

Good to confirm rating performed
with another scale

VAS, visual analogue scale; NRS, numerical rating scale; VRS, verbal rating scale.

In poorly communicating adults, especially elderly patients, a
hetero-evaluation is necessary. Elderly patients have difficulty in
using the VAS (Kremer et al. 1981). Pain measurement can be based
on patient behaviour from quietness and peacefulness to uncontrolled agitation, confusion associated with tachycardia, and hypertension. On the other hand, aged patients can be prostrated because
of very severe pain. In children under 5 years old, pain evaluation is
based on compartmental observation as developed in the CHEOPS,
OPS, TPPPS, and FLACC scales (McGrath 1987; Tarbel et al. 1992;
Wilson and Doyle 1996; Voepel-Lewis et al. 2002).
In routine practice, acute postsurgical pain needs to be evaluated
repeatedly in the recovery room and on the ward. Guidelines point
out that pain has to be measured not only at rest but also on mobilization, coughing, or both. Results of pain measurements have to
be reported in the patient’s chart. Pain measurements guide pain
treatment and no patient would leave the recovery room with a
pain score over 30 mm on a VAS. In clinical trials, the efficacy of an
analgesic treatment is not only evaluated on changes in pain scores
(compared with a placebo) but also on rescue analgesic consumption. Intravenous (i.v.) PCA morphine is usually the technique of
rescue medication and the analgesic effect is based on a decrease
in morphine demand. The use of a rescue medication for ethical
reasons impairs difference in pain scores between patients receiving the treatment assessed as an analgesic and those who received
placebo. Pain intensity difference is thus partly an indicator of
the efficacy of pain treatment. In other clinical trials, the efficacy
of analgesic is based on the calculation of the number-needed-to-
treat (NNT) to achieve 50% pain relief. Provided pain stimulation
is comparable (i.e. for the same surgical procedure), comparisons of
NNTs allow comparisons of analgesic efficacy (the lower the NNT,
the higher the efficacy). NNT can be coupled with the calculation
of the number-needed-to harm (NNH) for side-effects, providing an objective balance of advantages and drawbacks of a given
analgesic agent.

Treatment of postoperative pain
Patient-controlled analgesia
The use of opioids for postoperative pain treatment is closely,
although not exclusively, related to PCA. PCA is a concept based
on the determination of analgesics need by the patient themselves.

Practical application was developed during the 1970s and the 1980s
through the use of i.v. opioid, mainly morphine, with programmable infusion pumps (Grass 2005). Other drugs (local anaesthetic
agents) and other routes of administration (epidural, perineural)
are nevertheless available. PCA has been introduced on the report
of undertreatment of postsurgical pain and failure of the prn (pro
re nata) traditional approach. As noted previously, evaluation of
pain intensity by healthcare providers consistently resulted in an
underestimation compared with patients’ self-evaluation, while
prn administration of analgesics leads to an unacceptable delay in
pain relief. The other declaration was that i.v. morphine administration more rapidly and more effectively relieved pain than intramuscular or subcutaneous morphine. Since the launch of the first
microprocessor-infusion pump (‘Cardiff Palliator’), devices have
dramatically evolved and became portable and easier to handle.
Programmable parameters include bolus size, lockout interval,
background continuous infusion rate, and 1 h and 4 h limits. Safety
is based on alarm indicators, feature of infusion tubing (unidirectional valve, distinction of i.v. vs epidural or perineural), ability for
dosing limits, and facilities for retrieving information concerning
the amount and timing of analgesic used. Considering the wide
variability in opioid demand, each patient has the ability to self-
titrate the opioid that achieves pain control. When PCA is used
with an opioid by the i.v. route, continuous infusion has been progressively abandoned because of the risk of overdosage, to the benefit of exclusive demand dosing, except in special circumstances
(chronic opioid treatment before surgery) (Parker et al. 1990). In
contrast, epidural or perineural administration of local anaesthetics is traditionally based on the combination of continuous infusion and demand dosing (Mann et al. 2000; Ifeld 2011). Time limits
are controversial and opposite to the concept of PCA, resulting in
many providers not using them. The demand dose varies according to the opioid used (Table 46.2), but the lockout interval ranges
between 5 and 10 min whatever the opioid, as a result of rapid onset
of action of all i.v. opioids (Owen et al. 1987).
The higher the demand dose, the longer the duration of the lockout interval (Badner et al. 1996); nevertheless, if the demand dose
is too small, patients are incompletely satisfied and may increase
the rate of demand up to the point of unsuccessful demands within
the lockout interval. All opioids have been used for i.v. PCA and all
are suitable except remifentanil because of a very short duration of

7

Chapter 46

Table 46.2 Opioid demand doses for intravenous patient-controlled
analgesia
Opioid

Demand dose

Lockout interval (min)

Morphine

1–2 mg

5–10

Hydromorphone

0.2–0.4 mg

5–10

Fentanyl

25–50 mcg

5–10

Sufentanil

4–6 mcg

5–10

Tramadol

10–20 mg

5–10

action leading to frequently repeated demands. Morphine has been
the most extensively studied drug and remains the gold standard.
Side-effects are all the same for opioids: nausea, vomiting, pruritus,
and urinary retention being the most frequent. Sedation is a key
parameter because it usually precedes respiratory depression; this is
fortunately extremely rare but deserves special attention and monitoring. A ceiling effect of i.v. PCA analgesia is commonly observed
not because of a lack of efficacy but because patients retain administration because of side-effects or any other psychological reason
related to their perception of their role in pain treatment (Johnson
et al. 1989). All opioids reduce digestive tract motility and prolongation of postoperative ileus is one of the worrisome side-effects of
i.v. PCA (Liu et al. 1995). Antagonists of µ-opioid receptors with
limited ability to cross the blood–brain barrier, such as alvimopan
and methylnaltrexone, prevent the effect of morphine on digestive
tract motility without affecting analgesia but they are available on
a restricted access programme and only alvimopan is approved
for postoperative use (Wolff et al. 2007; Becker and Blum 2009).
Morphine metabolism produces morphine-6-glucuronide (M6G)
which is an active metabolite liable to induce pain relief but also respiratory depression, especially in patients with renal failure as M6G
is eliminated by the kidney (Anqst et al. 2000). Hydromorphone
and fentanyl are good alternatives in those patients. In contrast,
pethidine has a toxic metabolite, norpethidine, which may accumulate in case of renal failure leading to the risk of seizures, and
for that reason, pethidine should be abandoned (Simopoulos et al.
2002). Tramadol is 1/6th to 1/10th as potent an analgesic as morphine and is used extensively but its metabolite O-desmethyl tramadol, a μ-receptor agonist, depends on pharmacogenomic factors
(Poulsen et al. 1996a). Consequently, a certain number of patients
experience severe side-effects such as nausea, vomiting, and sedation. In addition, the efficacy of tramadol can be partly reversed by
the concomitant used of setrons (Arcioni et al. 2002).
Safety of i.v. PCA relies on the negative feedback control system
but monitoring of patients is also critical for safety. Respiratory rate
and sedation need to be monitored in the recovery room and on the
wards. Monitoring of arterial oxygen saturation by pulse oximetry
alone is not adopted as patients may experience respiratory depression with a normal value of oxygen saturation, especially when they
receive supplemental oxygen. Nevertheless, continuous monitoring
may indicate oxygen desaturation episodes especially in aged and
obese patients (Overdyk et al. 2007). Patients should be monitored
more closely during the first hour after commencement of PCA.
Sedation usually occurs prior to respiratory depression except in
patients suffering from sleep apnoea syndrome or severe obesity,
who may experience obstructive apnoea episodes (Etches 1994).

post-surgical analgesia and acute pain management
These patients require special attention when i.v. PCA is used. The
overall incidence of respiratory depression with i.v. PCA compares
favourably with parenteral morphine injections, but human errors,
although extremely rare (<1:300 000) account for most lethal mishaps (Schein et al. 2009). To avoid such complications, nursing
staff must be trained in the safe use of PCA pumps and recognition and management of complications. Side-effects such as nausea
and vomiting should be systematically prevented by dexamethasone, droperidol, or setrons (e.g. ondansetron). Several studies
have examined the efficacy of adding droperidol (0.015–0.10 mg
per morphine 1 mg) in the morphine solution and found it effective for reducing nausea and vomiting (Tramer and Walder 1999).
Clonidine, subhypnotic doses of propofol, and naloxone have been
suggested as alternative approaches but none of these is commonly
used in daily practice. There is no consensus concerning the treatment of opioid-induced pruritus, small doses (5 mg) of propofol,
naloxone (1 mcg kg−1), 5-hydroxytryptamine-3 (5-HT3) receptor
antagonists, and antihistamines could be appropriate. Small doses
of naloxone can also be used for treatment of urinary retention that
could be monitored by bedside bladder ultrasonography.
Patients’ compliance to PCA is quite good, but close to 10% of
patients do not succeed in using PCA, especially in the recovery
room when they have not completely recovered from anaesthesia.
In this case, initial i.v. morphine titration by nurses is appropriate.
Morphine 2–4 mg boluses are injected until pain score is lower than
4/10, while monitoring sedation and respiratory rate. Compliance
to PCA increases when detailed explanations are provided before
surgery, during or after the anaesthetic consultation. Some anxious
patients may experience difficulty in pressing the PCA button and
may have some dissatisfaction. Incomplete pain control could be
related to different causes. Patients may be prevented from having
additional opioid doses by side-effects and they may accept a balance between side-effects and residual pain. Opioid analgesia could
also be insufficient to control pain and may need to be completed
by non-opioid analgesia or regional analgesia. PCA settings could
be inappropriate as documented by a high number of missed doses
leading to adjustments in bolus size or lockout interval. Whatever
the cause of inadequate pain treatment, it is recommended that the
pump should be used exclusively by patients and not by their relatives. I.V. morphine regimens are comparable in elderly and younger
patients but elderly patients require less opioid and are from time
to time less compliant with i.v. PCA. I.V. PCA is not contraindicated in chronic pain patients who may have developed tolerance
to opioids. The daily dose of morphine-equivalent is calculated in
these patients and provided as a continuous infusion while additional doses of morphine are available on demand. Children older
than 5 years have the capability of using i.v. PCA; parents should be
instructed that they must not push the PCA button but this may be
done occasionally by nurses.
Cost-effectiveness analysis is not always to the advantage of i.v.
PCA compared with prn parenteral opioid but one must place this
analysis in the overall perspective of surgical cost that is much
higher (Choiniere et al. 1998). Comparisons of i.v. PCA with epidural analgesia always point out the superiority of epidural analgesia that sometimes turns into a decrease in length of hospital stay
(Block et al. 2003). Thus today, i.v. PCA is less commonly considered as a first-line treatment of acute surgical pain, because of the
need for decreasing opioid demand and consumption. I.V. PCA
still remains a valuable rescue to be included in many analgesic
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protocols in combination with other non-opioid analgesics according to a multimodal approach of pain treatment.
Patient-controlled transdermal delivery of fentanyl has been
introduced (Viscusi 2008) but is not yet launched. Delivery of the
lipid-soluble fentanyl is induced by pushing a button that provokes
a low electrical current. Iontophoresis delivers a pre-programmed
amount (40 mcg) of ionized fentanyl. Transdermal PCA has the
same efficacy than i.v. PCA but patients’ and healthcare providers’
satisfaction is better. Promoting patient activity and thus facilitating
rehabilitation and recovery is an advantage of needle-free devices,
although using an opioid means that the patient can experience the
side-effects already described.

Regional analgesia
Continuous epidural blocks
For years, epidural analgesia has been reported to be the most
potent analgesic technique (Block et al. 2003). Continuous epidural administration of low-concentration local anaesthetic solution, with or without opioid, was considered as the gold standard
after major surgery. A systematic review documents that over the
first 48 postoperative hours, epidural analgesia better controls
pain intensity than i.v. PCA (Block et al. 2003). Long-acting local
anaesthetics (bupivacaine, levobupivacaine, ropivacaine) are used
preferably. Lipid-soluble (fentanyl, sufentanil) or hydrosoluble
opioids (morphine, hydromorphone) can be combined with local
anaesthetics. The higher the opioid concentration, the better the
pain control and the more frequent are opioid-related side-effects.
Determining the balance between benefits and drawbacks is critical
before choosing epidural analgesia. The list of drawbacks includes
interference with thromboprophylaxis and haemostatic disorders,
technical difficulty especially for thoracic epidural analgesia despite
ultrasound guidance, technical failures and ineffective analgesia,
side-effects such as hypotension, bradycardia, urinary retention,
pruritus, respiratory depression with the administration of opioids, and risk of major complications including epidural abscess
and haematoma. On the other hand, several advantages have been
documented. Epidural analgesia with local anaesthetics improves
digestive tract motility and shortens the duration of postoperative
ileus (Liu et al. 1995). A 1-day difference with i.v. PCA in the duration of postoperative ileus has been reported, which results in a
more rapid oral feeding of postoperative patients. This advantage
vanishes when epidural opioids are combined with local anaesthetics (Liu et al. 1995; Finucane et al. 2001). Epidural analgesia is also
prone to improve respiratory function in postoperative patients
scheduled for major thoracoabdominal surgery (Ballantyne et al.
1998; Popping et al. 2008). Epidural analgesia restores postoperative diaphragmatic dysfunction and improves respiratory volumes.
This may prevent the occurrence of atelectasis and pneumonia.
Popping et al. (2008) have documented that the preventive effect of
epidural analgesia has evolved over years. Twenty years ago, when
the incidence of postoperative pneumonia was quite high, epidural
analgesia played a significant role in the prevention of respiratory
complications after major surgery. As the incidence of pneumonia
has significantly decreased as a result of a global improvement in
patient care, the effect of epidural analgesia is less marked, with
close to 30 patients scheduled for major abdominal surgery having
to be treated with epidural analgesia to avoid one case of pneumonia. Patients with pre-existing chronic respiratory failure, especially those suffering from chronic obstructive lung disease, are

more likely to be improved by epidural analgesia which remains
worth performing in that setting. Evidence for prevention of postoperative cardiac complications by (thoracic) epidural analgesia is
lacking although many staff advocate its use in patients with coronary artery disease (Alvarez et al. 2005). Finally, a meta-analysis
performed in patients scheduled for colon surgery failed to document an earlier discharge from hospital in patients having received
epidural analgesia (Marret et al. 2007). The duration of hospital
stay depends more on rehabilitation procedures than on epidural
analgesia (Marret et al. 2007). In addition, epidural analgesia is a
demanding technique with a significant rate of failure and complications. Moreover, the use of epidural may result in significant
changes in anaesthetic strategy such as an increased requirement in
fluid infusion peri-and postoperatively, that may have some deleterious respiratory effect. Simultaneous thromboprophylaxis and use
of continuous epidural block is an issue. Guidelines advocate the
observance of a delay between the last anticoagulant injection and
catheter placement or withdrawal, according to pharmacokinetic
features of the anticoagulant. For enoxaparin, the duration of this
delay is 12 h while it is more than 24 h for fondaparinux (Horlocker
et al. 2010).

Continuous peripheral nerve blocks
Regional anaesthesia with peripheral blocks provides effective analgesia in the first postoperative hours, but most of the time the analgesic effect vanishes rapidly. To prolong analgesia there is a need
to maintain a significant concentration of local anaesthetic close
to the nerve structures during several hours or days after surgery.
Developments in ultrasound guidance have resulted in an improvement in the reliability in peripheral block performance and catheter
placement (Ifeld 2011). Ultrasound guidance indeed applies for
perineural catheter placement, and is noteworthy in reducing the
risk of catheter misplacement. In addition, multiplication of distal
and less invasive orthopaedic surgical procedures has been considered as an opportunity to perform distal nerve blocks leading to
less impairment than central neural blocks. The concern regarding
epidural haematoma in patients taking thromboprophylaxis has
supported the choice of peripheral vs epidural blocks. Continuous
peripheral nerve blocks provide better analgesia than i.v. PCA,
allow earlier mobilization, shorten hospital stay and the duration of
rehabilitation, and improve patient comfort (O’Donnell and Iohom
2008; Ifeld 2011). Conversely to central blocks, only plain, low-
concentration local anaesthetic solutions are used. Infusion rate
varies from 5 to 10 ml h−1. Reducing the local anaesthetic concentration avoids the occurrence of motor block that could preclude
patient mobilization in orthopaedic surgery and carries a risk of fall
for lower limb blocks.
The type of perineural continuous block is adapted to the surgical
procedure. For hip replacement, the balance between benefits and
drawbacks supports continuous femoral nerve block more than
lumbar plexus block which conveys a risk of psoas haematoma
in patients taking anticoagulants (Ilfeld et al. 2011). Nevertheless,
analgesia provided by femoral nerve block needs to be completed
by systemic analgesia. For knee replacement, a continuous femoral
block, possibly combined with a sciatic block, represents an alternative to epidural analgesia (Paul et al. 2010). For shoulder surgery,
continuous interscalene block is the gold standard and subacromial/
intra-articular should be avoided because of catastrophic chondrolysis (Fredrickson et al. 2010). For upper extremity distal surgery, axillary or infraclavicular approaches are effective, even more
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distal perineural catheters are sometimes placed in order to avoid
muscle block. Other continuous nerve blocks are adapted to different surgical settings. Continuous thoracic paravertebral block
has become more and more popular for thoracic surgery, and
challenges epidural analgesia considered until recently as the gold
standard (Davies et al. 2006). Thoracic paravertebral block induces
unilateral analgesia that is more extended than the one produced by
intercostal block. Paravertebral block is comparably as effective as
thoracic epidural analgesia but induces side-effects such as orthostatic hypotension or urinary retention less frequently. Additional
systemic analgesics are required to ensure complete pain control
after thoracic surgery. Thoracic paravertebral block is also a good
alternative for major reconstructive plastic breast surgery (Tahiri
et al. 2011). A lower paravertebral site of catheter placement could
be used for subcostal incision after liver or kidney surgery. Over
the past years, intra-articular continuous infusion has deserved
consideration: these techniques are less effective than peripheral
nerve blocks. In addition, the risk of chondrotoxicity related to the
continuous infusion of an anaesthetic solution over several days is
a concern (Fredrickson et al. 2010).
Bacterial colonization of perineural catheters is common and
local abscess is rare (Capdevila et al. 2005). Use of transparent
dressing is recommended, allowing monitoring of the puncture site
and withdrawal of catheter in case of local inflammation. Nerve
injury leading to permanent deficit is a potential complication,
occurring in 1:3000–1:5000 cases, but transient deficits limited to
paraesthesia or lasting for a couple of days or weeks are more common (Auroy et al. 2002). Whether ultrasound guidance limits the
occurrence of this complication is still unclear but careful aseptic
placement of the catheter should be the rule (Abrahams et al. 2010).

Patient-controlled regional analgesia
Patient-controlled epidural analgesia (PCEA) aims to optimize
analgesia by titrating delivery of analgesic solutions. In contrast to
i.v. PCA, PCEA combines most of the time a continuous infusion
with intermittent boluses. Low concentrations of long-acting local
anaesthetics (ropivacaine 1–2 mg ml−1, levobupivacaine 0.5–1.25
mg ml−1) are used for continuous infusion, bolus size of the same
solution ranges between 2 and 5 ml, while lockout intervals extend
from 10 to 20 min. Combination of opioid with local anaesthetic
solutions improves the quality of analgesia but increases the incidence of side-effects and may consequently prolong the duration
of hospital stay. Perineural and incisional catheter techniques have
been increasingly used over recent years. Most of the time catheters are connected to elastomeric pumps that deliver a continuous
infusion. This is the case for preperitoneal or incisional catheters.
Some patients scheduled for joint (shoulder, ankle) surgery have
been discharged home successfully, with perineural or periarticular catheters to maintain effective analgesia. Patient-controlled
perineural analgesia is used when patients need physiotherapy that
induces acute postoperative pain in addition to pain at rest. A good
example is provided by femoral nerve block for hip or knee surgery.

Local infiltration and instillation
In many surgical procedures there is a clear distinction between
parietal and visceral pain (Joris et al. 1995). When laparoscopic
surgery is performed, instillation of a long-lasting local anaesthetic
solution significantly improves postoperative pain and decreases
opioid demand and the related side-effects (Kehlet et al. 2005).
Laparoscopic cholecystectomy is a model of laparoscopic surgery
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that has been extensively studied and displays such evidence
(Kehlet et al. 2005). Other laparoscopic procedures are liable to
benefit from local anaesthetic instillation. Parietal pain is attainable by local infiltration (Moiniche et al. 2000). After laparoscopic
surgery, port infiltration results in a decrease in postoperative pain
and opioid demand. A combination of port infiltration and peritoneal instillation is therefore recommended in laparoscopic surgery. Hernia repair is likely to be the most frequent parietal surgical
procedure. Infiltration of operative fields decreases postoperative
pain. As ilio-inguinal and ilio-femoral nerve endings run between
abdominal wall muscles and especially between internal oblique
and transverse abdominal muscles, ultrasound-guided local infiltration provides a better result than blind infiltration. For hernia repair (Callesen and Kehlet 1997), as for many other surgical
procedures that benefit from local infiltration, the duration of the
analgesic effect is limited to a few postoperative hours and does
not cover the whole postoperative period. Combination with other
techniques and agent is therefore recommended.
Local infiltrations include intra-articular infiltrations of local
anaesthetics and adjuvants (Moiniche et al. 1999). Knee surgery
and especially ligament repair has long been considered as a model
for local (peripheral) analgesic effects of many agents and also as
a good indication of this analgesic technique. Morphine, clonidine, NSAIDs, and neostigmine have all been evaluated and documented to produce analgesia after injection into the knee joint at
the end of surgery (Gupta et al. 2001). Intra-articular administration of NSAIDs is not recommended because of the risk of cartilage
damage (Irwin et al. 1998). Intra-articular opioid analgesic effect
remains controversial. Many clinical studies concerning intra-
articular opioids have included patients subjected to weakly painful
surgical procedures and failed to document relevant clinical benefit
for intra-articular injections.

Intravenous lidocaine
A series of studies have highlighted the benefit of a continuous i.v.
infusion of lidocaine peri-and postoperatively (Marret et al. 2008).
An i.v. lidocaine bolus (2 mg kg−1) is usually followed by a preoperative infusion (1.5 mg kg−1 h−1) and a short-duration (12–24 h)
postoperative infusion. After abdominal surgery, i.v. lidocaine not
only decreases pain intensity but also reduces opioid demand,
improves bowel function, and shortens the duration of hospital stay.
Even if the effect on pain of i.v. lidocaine is less pronounced than
that of epidural analgesia, it could be considered as an alternative,
especially in patients who cannot be treated by epidurals because of
contraindications or a less favourable risk/benefit balance.

Non-opioid analgesics
NSAIDs and COX-2 inhibitors
Mechanism of action
As described previously, tissue damage leads to release of arachidonic acid, subject to COX activity. COXs change arachidonic acid
into PGG2, transformed by tissue synthases into thromboxane A2,
and prostaglandins (PGI2, PGE2, PGD2, PGF2-α). COX-2 activity is stimulated by cytokine release and results in an increased
production of prostaglandins in peripheral tissues and at the
level of the dorsal horn of the spinal cord. PGE2 stimulates VR2
receptors in sensory endings and increases nociceptive fibre activity. Prostaglandins also promote local inflammatory responses to
trauma that increase nociceptive stimulations. Constitutive COX-1
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is retrieved in platelets and gastric mucosa. Blockade of COX-1 by
NSAIDs results in transient inhibition of platelet aggregation and
promotes the occurrence of gastric and duodenal ulcers. Selective
inhibition of COX-2 is likely to avoid those side-effects, and COX-2
inhibitors (COXibs) do not impair platelet aggregation. In contrast,
both NSAIDs and selective COXibs decrease renal filtration and
increase the risk of renal failure. Selective inhibition of COX-2 is
related to a specific COXib-phenyl group binding to a hydrophobic channel while Phe-518 Arg-513, Hist-90 form hydrogen bonds
within the hydrophilic side chain of COX-2. Bulky side chains
inhibit entry of COXibs into the narrower COX-1 channel and the
enzyme remains active.
Efficacy and side-effects
NSAIDs decrease opioid demand by 30–50%, and decrease the
incidence of opioid-related side-effects (Marret et al. 2005). They
are therefore considered as an integral part of ‘balanced’ or ‘multimodal’ analgesia. Nevertheless, one in five patients liable to
receive NSAIDs in the perioperative period has a contraindication
(Benhamou et al. 1999). NSAIDs may also promote postoperative
bleeding (Forrest et al. 2002; Marret et al. 2003; Hegi et al. 2004;
Nikanne et al. 2005). For example, despite a better pain control,
NSAIDs increase the risk of bleeding and reoperation (NNH = 30)
after tonsillectomy (Marret et al. 2003). NSAIDs are effective analgesic agents to be used as first-line agents in some procedures
(ambulatory analgesia), nevertheless they cannot benefit some
patients because of contraindications. In these patients, the use of
COXibs could be an alternative. A comparative study concerning
patients scheduled for tonsillectomy has demonstrated that pain
was comparably controlled by ketoprofen and celecoxib but postoperative haemorrhage occurred less frequently in patients receiving celecoxib (Nikanne et al. 2005). Acute gastric toxicity is less for
parecoxib than for ketorolac, and patients with a previous history
of gastroduodenal ulcer could not be considered as a contraindication to its use (Stoltz et al. 2002). In contrast, the incidence of severe
renal failure is comparable with NSAIDs and COXibs. Parecoxib,
the prodrug of valdecoxib, is the only parenteral formulation of
COXibs. Parecoxib has a rapid (10 min) onset of action and a 12–24
h duration. Parecoxib analgesic efficacy is comparable to ketorolac.
The use of parecoxib decreases opioid consumption by 30–40%,
VAS scores by 30% (Hubbard et al. 2003; Malan et al. 2003), and
opioid-related side-effects (Zhao et al. 2004). Patients scheduled
for coronary artery bypass grafting have been demonstrated to
experience twice as many arterial thromboembolic events when
receiving parecoxib during 48 h, followed by valdecoxib during
14 days (Nussmeier et al. 2005). In patients scheduled for abdominal and orthopaedic surgery, in contrast, the risk is not statistically increased (Schug et al. 2009). It is nevertheless wise to avoid
the administration of COXibs, even for a short period of time, in
patients with documented coronary artery disease.
In conclusion, COXibs and NSAIDs have an equivalent efficacy
and opioid-sparing effect. COXibs preserve platelet function and
improve gastrointestinal tract tolerability. They must be used carefully in patients with atherosclerosis and remain contraindicated in
case of chronic renal failure.

Paracetamol
The mechanism of the analgesic action of paracetamol is still
poorly defined but there is evidence to support a central antinociceptive effect (Aronoff et al. 2006). Paracetamol is a selective

inhibitor of the prostaglandin H2 synthase (PGHS), through its
capacity to serve as a co-substrate for the peroxidase-active site
of the enzyme. Paracetamol has a poor inhibitory activity against
platelets (which only express PGHS-1) and activated leucocytes
(which rely on PGHS-2 for eicosanoid production), that is consistent with its weak antiplatelet and anti-inflammatory effect
that does not compare to that of NSAIDs. Paracetamol may also
stimulate the activity of descending inhibitory serotonin pathways
(Bonnefont et al. 2003).
Paracetamol was administered i.v. as a prodrug propacetamol.
The stable ready-to-use i.v. paracetamol has a better tolerability
profile than propacetamol with a comparable efficacy. The recommended dose for i.v. paracetamol injection in adults is 1 g; however,
pharmacokinetic and pharmacodynamic findings suggest that a
better analgesia could be obtained with a 2 g starting dose (Juhl
et al. 2006) but further studies are needed to transfer the evidence
to major surgery. In most of the postoperative studies performed,
paracetamol regimens tested were indeed 4 g per day.
Despite a very low incidence of adverse effects, paracetamol overdose has a recognized potential for hepatotoxicity and is responsible for up to 40% of acute liver failure cases, and one-third of the
deaths (Larson et al. 2005). Alcohol abusers may develop a decrease
in tolerance to paracetamol that also occurs with starvation, or
inter-current disease leading to glutathione depletion. When these
factors are associated, or when hepatic function is compromised, a
dose of 3 g per day should not be exceeded.
Paracetamol is the analgesic treatment of choice in patients
receiving anticoagulants. However, the combination of paracetamol
and oral anticoagulant agents is not as safe as generally believed and
could induce hypocoagulation. Paracetamol 4 g day−1 for 14 days
has been documented to induce a significant increase in INR in
patients receiving a stable treatment of warfarin, increasing the risk
of bleeding associated with warfarin (Mahe et al. 2005).
Paracetamol is extensively used, as a single analgesic agent,
for the relief of mild to moderate pain. Paracetamol is nevertheless less effective than NSAIDs and could be less effective to treat
acute postsurgical pain than pain after dental extraction (Gray et al.
2005). In a recent meta-analysis (McNichol et al. 2011), 37% of
postoperative patients receiving i.v. paracetamol or propacetamol
had at least 50% pain relief over 4 h (NNT = 4). The opioid-sparing
effect of paracetamol is very weak, between 15% and 30%, and not
significant enough to reduce the incidence of opioid-related side-
effects. A synergistic action between paracetamol and NSAIDs has
been reported (Miranda et al. 2006), concordant with several clinical studies showing that the addition of a NSAID to paracetamol
seemed to provide better analgesic efficacy than paracetamol alone
(Hyllested et al. 2002). However, whether this analgesic efficacy is
the result of a true additive effect or the consequence of NSAIDs
being more effective than paracetamol is not clear (Romsing et al.
2002). In contrast, a combination of paracetamol and NSAIDs
is not always more effective than NSAIDs alone (Romsing et al.
2002). The combination of tramadol and paracetamol is superior to
tramadol alone (Smith et al. 2004).
Paracetamol may be combined with PCA using i.v. morphine.
A recent meta-analysis documented that adding paracetamol to
PCA morphine was associated with a morphine-sparing effect of
20% (mean, −9 mg) over the first postoperative 24 h, but without a decrease in the incidence of morphine-related adverse
effects (Remy et al. 2005) in contrast to NSAIDs. Indeed, a 10 mg
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morphine-sparing effect is at least necessary to achieve a 7%
decrease in the incidence of nausea and a 4% decrease in the incidence of vomiting (Marret et al. 2005). These results were confirmed in another meta-analysis demonstrating that even if there
was a significant morphine-sparing effect when adding paracetamol or NSAIDs to i.v. morphine, there was no reduction in pain
intensity at 24 h, or reduction in incidence of nausea/vomiting with
paracetamol, in contrast to NSAIDs (Elia et al. 2005). Thus, there is
no evidence after major surgical procedures, that the combination
of paracetamol with PCA morphine offers some advantages over
morphine alone, at least with the 4 g day−1 dosage.

receptor for a Gi membrane protein, and produce potassium and
calcium channel inhibition. Clonidine is administered i.v., orally,
transdermally, epidurally, spinally, caudally, and perineurally (combined with local anaesthetics), while dexmedetomidine is used for
sedation via the i.v. route of administration. α2-adrenergic agonists produce analgesia, hypotension, bradycardia, sedation, and
hypothermia. Analgesia results from mimicking the endogenous
neurotransmitter, noradrenaline which stimulates specific dorsal
horn receptors of the spinal cord and depresses WDR neurone
activity evoked by stimulation of Aδ and C peripheral nociceptive
fibres (Murata et al. 1989). Strengthening of intermediate inhibitory neurones is also documented. α2-adrenergic agonists produce
analgesia in different animal models and prevent hyperalgesia in
postoperative patients (Lavand’homme and Eisenach 2003; De
Kock et al. 2005). In clinical settings, both clonidine and dexmedetomidine have been documented to decrease acute postsurgical pain. Although numerous studies support this effect, their
routine usage is limited by the risk of hypotension. Nevertheless,
clonidine is considered as an adjuvant to other analgesics, mainly
local anaesthetics, that improves their efficacy. Clonidine can also
be listed among drugs likely to prevent chronic pain after surgery
(Lavand’homme and Eisenach 2003; De Kock et al. 2005).

Nefopam
Nefopam is a centrally acting analgesic agent inhibiting noradrenaline and 5-HT recapture. Nefopam has a 30–40% opioid-sparing
effect. Experimental data support an antihyperalgesic effect of
nefopam (Girard et al. 2001; Tirault et al. 2006) that makes it interesting for combination with opioids, although a less than additive
analgesic effect has been observed when combining nefopam and
an opioid (Beloeil et al. 2004). On the other hand, a synergistic
effect has been demonstrated with NSAIDs (Delage et al. 2005).
The effective dose of nefopam is likely to be higher than expected,
the ED80 being 60 mg (Beloeil et al. 2007) but nefopam has some
side-effects. There is consequently a need for prolonged administration over 20–60 min for a 20 mg dose in order to avoid those
side-effects like shivering and nausea. Toxic plasma concentrations
can be achieved in patients with renal failure, producing seizures.
Nefopam can be administered i.v. but is not available for the oral
route of administration although sublingual administration has
been used occasionally.

Tramadol
Tramadol has a complex mechanism of action including a weak
stimulation of μ-opioid receptors and inhibition of noradrenaline
and 5-HT recapture. The efficacy and mechanism of action of tramadol depends on genomics. Hepatic metabolism of tramadol by
CYP450 produces (+)-O-desmethyltramadol, which demonstrates
a high affinity for μ-opioid receptors (Poulsen et al. 1996b). Twenty
per cent of patients in white populations have a high CYP450 activity producing large amounts of O-desmethyltramadol with a high
analgesic activity and a high incidence of nausea and vomiting.
Twenty per cent are poor metabolizers and document a weak efficacy of tramadol. Tramadol is used for i.v. PCA and can also be
administered orally. Administration of setrons to treat tramadol-
induced nausea and vomiting is not appropriate because setrons
partly reverse tramadol’s analgesic effect, inhibiting its action on
5-HT3 receptors (Arcioni et al. 2002).

Tapentadol
Tapentadol HCI is a new analgesic agent that exhibits opioid
analgesic properties, and also inhibits noradrenaline reuptake
(Hartrick and Rozek 2011). Its analgesic efficacy is lower than that
of NSAIDs. It displays a lower incidence of nausea and vomiting
than that observed with opioids. It can be considered not as a first-
line analgesic but as part of a multimodal protocol.

α2-adrenergic agonists
Clonidine and dexmedetomidine are selective α2-adrenergic agonists (Kamibayashi and Maze 2000). They bind to presynaptic and
postsynaptic α2-adrenergic receptors, change the affinity of the

Antihyperalgesics and prevention of chronic pain
after surgery
α2-δ calcium channel ligands
Gabapentin and pregabalin are ligands of voltage-gated calcium
channels located on presynaptic nerve endings at the level of the
dorsal horn (Rose and Kam 2002; Gajraj 2007). They both decrease
substance P and glutamate release and consequently activation of
postsynaptic NMDA receptors. Gabapentin and pregabalin were
launched on the market for chronic neuropathic pain treatment.
The bioavailability of pregabalin is better, because of gabapentin’s
dose-limited and longer digestive absorption process. Maximal
doses range between 1800 and 3600 mg for gabapentin and between
300 and 600 mg for pregabalin. Side-effects are dose dependent and
especially frequent at the beginning of the treatment; they include
sedation, dizziness, nausea, and headache. Gabapentin and pregabalin given as premedication, before anaesthetic induction, have
a 30–60% postoperative morphine-sparing effect and produce a
decrease in postoperative pain, documented in several systematic
reviews (Dahl et al. 2004; Ho et al. 2006; Hurley et al. 2006; Seib and
Paul 2006; Tiippana et al. 2007). Doses range between 300 and 600
mg for gabapentin and 50–300 mg for pregabalin. Unfortunately,
the highest doses also produce sedation that could be troublesome.
NNTs with gabapentin to prevent nausea, vomiting, and urinary
retention are 25, 6, and 7 respectively but NNH for sedation and
dizziness are 35 and 12 respectively (Tiippana et al. 2007). More
than 50 studies have been published over recent years on the use
of gabapentin and pregabalin in the surgical setting. They display
a certain heterogeneity concerning the dose and the duration of
treatment. The morphine-sparing effect is not clearly related to the
dose. Other benefits resulting from opioid sparing, such as shortening of the duration of postoperative ileus, have also been documented (Turan et al. 2006). Prevention of chronic pain after surgery
is much more controversial. A few, but not all (Clarke et al. 2009),
studies report a decrease in chronic pain after surgery but blinding
is not guaranteed and α2-δ calcium channel agonists are associated
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with other treatments (Fassoulaki et al. 2005, 2006; Brogly et al.
2008; Sen et al. 2009; Bunavendran et al. 2010).

Ketamine
Over the past years there has been a tremendous interest in the use
of low-dose ketamine in analgesic protocols for postoperative pain
treatment (De Kock et al. 2001; Himmelseher and Durieux 2005).
This is related to the demonstration of an antihyperalgesic property in laboratory animals, and in patients (Stubhaug et al. 1997;
McCartney et al. 2004). Ketamine is indeed a non-competitive
blocker of postsynaptic NMDA receptors. Non-anaesthetic doses
of ketamine (0.15–0.30 mg kg−1 i.v. bolus and 2 mg h−1 continuous
infusion) have been documented to produce antihyperalgesia in
clinical trials. The surface of mechanical hyperalgesia around surgical incision is reduced by ketamine (Stubhaug et al. 1997). Several
systematic reviews conclude that ketamine has an opioid-sparing
effect and decreases postoperative pain intensity (Elia and Tramèr
2005; Bell et al. 2006). Moreover, ketamine prevents acute opioid
tolerance when administered preoperatively (Joly et al. 2005).
Dysphoria and confusion observed with high-dose ketamine
administration are very rarely documented with doses lower than
0.5 mg kg−1. Ketamine has also been advocated to prevent chronic
pain after surgery, but results using the same surgical models such
as chronic pain after thoracotomy are controversial (Rémérand
et al. 2008; Dualé et al. 2009); nevertheless, its use could be advocated as part of balanced analgesia in surgical procedures where a
high incidence of chronic pain after surgery is expected.

Strategies for postoperative pain
management: analgesia by surgical procedure
The concept of pain treatment has evolved over recent years from
the objective of reducing pain intensity to the optimization of
patient comfort, facilitation of patient rehabilitation, and reduction
in postoperative morbidity. This means that not only a decrease
in pain scores but also a reduction in analgesic agent-related side-
effects are expected. Preventing nausea, vomiting, urinary retention, and sedation may indeed facilitate patient recovery and is
likely to shorten hospital stay. Patient management includes information, preoperative nutritional support, minimally aggressive
surgery avoiding drains and nasogastric tubes, the use of short-
acting anaesthetic agents, preservation of patient homeostasis
during surgery, early oral feeding and moving about, and active
physiotherapy. Effective pain treatment is not only a part of this
process but also the requested condition for applying most of the
other treatments.
When considering patient and surgical procedure as risk factors for the development of postoperative pain, it appears that
patient factors are unpredictable while the surgical procedure
mainly determines the pain treatment strategy in daily practice.
The choice of analgesic protocols based on the advantages and
drawbacks balance is clearly determined by the surgical procedure and should be supported by an evidence-based approach.
For a given surgical procedure, a systematic analysis allows the
best analgesic protocol to be chosen, combining drugs and techniques. Once established, analgesic protocols need to be applied
to all the patients elected for the procedure and monitored adequately. This requires adequate information and education of
all healthcare providers likely to be involved with postoperative
pain treatment. In addition, protocols need to be periodically

revisited to evaluate their efficacy and the compliance of patients
and healthcare providers. Adaptation of the evolution in surgical
techniques and procedures is also mandatory.

Does postoperative pain treatment decrease
hospital stay and the incidence of postoperative
complications?
This is one of the most controversial issues in the anaesthetic literature. Most of the studies concerning this problem are dedicated
to the effect of epidural analgesia. A meta-analysis of 141 studies,
performed over a 20-year period, concluded that epidural analgesia prevented postoperative major complications and decreased
postoperative mortality (Rodgers et al. 2000). These results and
conclusions have led to a controversy, one of the reasons being
that one cannot compare or mix together studies that have been
performed at intervals over many years because of the evolution
of medical practice. Others have reported that epidural anaesthesia may selectively prevent the occurrence of respiratory or cardiovascular complications (Bois et al. 1997; Ballantyne et al. 1998;
Popping et al. 2008; Caputo et al. 2011). Unfortunately, some of the
recent prospective trials, including a significant number of patients,
have failed to confirm the beneficial effect of epidural anaesthesia
on postoperative morbidity and mortality after major abdominal
or orthopaedic surgery most of the time (Norris et al. 2001; Rigg
et al. 2002; Peyton et al. 2003; Liu et al. 2004; Fisher et al. 2008).
Such a discrepancy may result, on one hand, from the improvement in postoperative medical care. For example, epidural analgesia is supposed to decrease the risk of deep vein thrombosis by 50%.
This effect was demonstrated in the 1980s (Rodgers et al. 2000). At
this time, thromboprophylaxis by low-molecular-weight heparin
(LMWH) was not in use, but we now know that LMWH decreases
the risk of deep vein thrombosis by more than 80%. Consequently,
in patients receiving LMWH, no further reduction in deep vein
thrombosis is noted with epidural analgesia. Similarly, the preventive effect of epidural analgesia on postoperative pulmonary complications is mainly demonstrated in old studies, where this risk is
especially elevated. Nowadays, as a result of prophylactic antibiotics, active physiotherapy, and other means of prevention, the incidence of pneumonia has dramatically decreased after abdominal
surgery and the preventive effect of epidural analgesia is probably
less important.
Consequently, epidural analgesia is thought not to reduce the
incidence of postoperative complications (except for respiratory
complications) per se, but is seen as part of a multimodal rehabilitation process that facilitates recovery from surgery. This has
been demonstrated in colon surgery (Basse et al. 2000; Kehlet and
Willmore 2002). The rehabilitation procedure includes epidural
analgesia with local anaesthetic; general anaesthesia with short-
acting agents; goal-directed haemodynamic monitoring; restriction of i.v. fluid administration during surgery; careful and as least
damaging as possible surgical dissection; prevention of postoperative nausea and vomiting; lack or restricted use of nasogastric
tubes, drains, and bladder catheters; complementary protein intake
before surgery and rapid oral feeding after; and early mobilization,
allowing patients to leave hospital within 2 days after uncomplicated abdominal or thoracic surgical procedures. The superior
quality of pain relief provided by epidural analgesia combined
with parenteral analgesia has had a positive impact on out-of-bed
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mobilization, bowel function, and consequently food intake resulting in a significant improvement in postoperative quality of life. In
orthopaedic surgery, regional analgesia may also provide a functional benefit allowing a better physiotherapy. This may result in
a significant shortening of convalescence after total knee replacement and consequently may significantly reduce the cost of the surgical procedure (Capdevila et al. 1999).

techniques. Multimodal analgesic protocols need to be adapted to
surgical procedures and evaluated repeatedly. One technique, such
as a regional block, is usually considered as the basis of the protocol,
supplemented by systematic administration of non-opioid analgesics and eventually on-demand, patient-controlled use of opioid.
Whatever the protocol administered to patients, postoperative pain
management is a quality assurance process including education of
patients and providers, determination of protocols, and audits.

Does postoperative pain treatment prevent
the occurrence of postoperative chronic pain
syndromes?
Chronic pain after surgery has been a field of interest during the
last 10 years (Kehlet et al. 2006). Typically, preoperative pain-free
patients experience a prolongation of postoperative pain that persists for at least 2 months without relapse or a pain-free interval.
Chronic pain syndromes have been described after breast surgery,
hernia repair, cholecystectomy, thoracic surgery, cardiac surgery,
and limb or organ amputation and many other procedures where
they were initially not expected. One year after surgery almost 5%
of patients who underwent hernia repair complained of severe pain
(Callesen and Kehlet 1997). In this settings, chronic pain depends
on the surgical procedure, being, for example, less frequent after
mesh placement than after direct repair of the hernia (Wright et al.
2002). In patients having thoracotomy, the incidence of chronic
pain syndromes is as high as 60% at 6 months (Perttunen et al.
1999). After breast surgery, different kinds of pain syndromes have
been described, such as phantom pain and postmastectomy syndrome, and neuropathic axillary pain (Wallace et al. 1996).
Risk factors are difficult to identify but patients who experience
severe acute postoperative pain and above all, persistence of postoperative pain several days after the expected duration, are prone to
develop a chronic pain syndrome (Katz et al. 1996; Haythornthwaite
et al. 1998). Based on this statement it was worth trying to demonstrate that a good postoperative pain control could prevent the
occurrence of chronic pain syndromes. This has been documented
in thoracic surgery, where epidural analgesia compared with i.v.
PCA morphine, is liable to decrease the incidence of chronic pain
syndromes (Sentürk et al. 2002). Another approach consists of
providing patients with drugs that may prevent the occurrence of
allodynia and hyperalgesia which have been related to the development of chronic pain symptoms. As mentioned before, a series of
agents including especially ketamine, gabapentin, and local anaesthetic agents have been used in that setting. Other analgesic agents
such as α2-adrenergic agents, COXibs, and nefopam could also be
potentially effective. Promising results have been obtained in the
reduction of chronic pain after breast surgery with gabapentin,
EMLA, and a combination of both, but also with venlafaxine, a tricyclic antidepressant (Fassoulaki et al. 2005). Further evaluations of
treatments of neuropathic pain at the earliest stage of the postoperative pain period are worth performing.

Conclusion
Management of postoperative pain is a real concern. Pain treatment
contributes to postoperative patient rehabilitation. The multimodal
analgesia concept has been developed to keep the benefit of combining several analgesic agents while minimizing their side-effects.
A multimodal strategy is defined as the combination of opioid and
non-opioid analgesic agents but also includes regional analgesic
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CHAPTER 47

Post-surgery,
post-anaesthesia
complications
Andrew Toner, Mark Hamilton,
and Maurizio Cecconi
Introduction
Postoperative complications are common and have an enormous
impact on individual patient welfare and healthcare costs. Whilst
some complications are clearly related to technical aspects of specific operations, many are a consequence of the interaction between
perioperative stressors and baseline health. Interventional strategies that minimize patient disruption and augment resilience can
be used to improve outcomes after surgery. Anaesthetists are well
placed to work with surgical colleagues on the implementation
of such strategies and the development of novel approaches. This
chapter will focus on the definition, incidence, pathophysiology,
and significance of non-technical postoperative complications.
In addition, the evidence informing current practice and future
research is reviewed.

Identifying postoperative complications
A number of methods for identifying postoperative complications
have gained widespread use in clinical practice. Although these
approaches have clear and often complementary merits, a universal definition of what constitutes a surgical complication has not
emerged. Nevertheless, the National Surgical Quality Improvement
Program (NSQIP) in the United States sets an international benchmark for surgical outcome reporting (Khuri et al. 1998). In participating hospitals, prospective data is collected routinely on the
occurrence of 21 possible postoperative complications after major
surgery, using the application of strict pathological criteria by
trained individuals (Box 47.1).
Outside of a structured programme, the use of pathological criteria to define postoperative complications can be susceptible to
subjectivity and reporting bias (Clavien et al. 1992; Kehlet et al.
2005). To address these weaknesses, an alternative classification
system has been described based on treatments that are instituted
for ‘deviations from the ideal postoperative course’ (Dindo et al.
2004). Complications are graded on a severity scale from I to IV,
ranging from mild deviations requiring additional medication to
severe deviations requiring organ support (Table 47.1). As identification of treatments administered is inherently more objective than
identifying pathological criteria, comparisons between different

surgical facilities are more accurate. This Clavien–Dindo system
has been validated in large cohorts, in which the incidence and
severity of complications correlate well with surgical complexity
and length of hospital stay. International surveys have confirmed
good inter-observer reliability and increasing acceptance in the
surgical literature (Clavien et al. 2009).
A third system for identifying and measuring complications after
surgery utilizes the Postoperative Morbidity Survey (POMS). First
proposed in 1999 (Bennett-Guerrero et al. 1999) and later further
validated (Grocott et al. 2007), POMS requires objective ‘Yes or
No’ answers to questions interrogating morbidity in nine domains
(Table 47.2). The primary purpose is to measure postoperative
occurrences that prolong the length of hospital stay, largely but not
exclusively based on the treatments instituted. This is a particularly
sensitive approach that detects even minor perturbations in all the
major organ systems. Furthermore, POMS acknowledges features
that prolong the postoperative course, which would not be otherwise determined as a complication (e.g. a urinary catheter in situ).
Like the Clavien–Dindo classification, POMS demonstrates excellent inter-observer reliability and is useful for comparing outcomes
across institutions.

The scale of the problem
The reported incidence of complications after surgery varies
greatly. Measurements are influenced by the baseline fitness of the
patients studied, the complexity of the operations performed, and
the approach adopted for identifying postoperative complications.
Interpretation of the significance of post-surgical morbidity also
depends upon the duration and type of follow-up conducted.
In a defining analysis of the NSQIP database, Khuri et al. (2005)
examined short-and long-term outcomes after surgery in 105 951
patients undergoing eight different types of operations. The overall incidence of any complication was 18.1%, ranging from 5.2%
after laparoscopic cholecystectomy to 29.1% after colectomy
(Table 47.3). Across all the operations, 30-day mortality was 13.3%
in patients that developed complications, compared to 0.8% in
those with no prospectively identified morbidity (Table 47.4). The
short-term impact of complications was especially marked if the
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Box 47.1 The 21 possible postoperative complications that are
prospectively assessed in the NSQIP database
◆

Superficial surgical site infection (SSI)*

◆

Deep incisional SSI

◆

Organ space SSI

◆

Wound disrupt

◆

Pneumonia

◆

Unplanned intubation

◆

Pulmonary embolism

◆

Ventilator > 48 h

◆

Progressive renal insufficiency

◆

Acute renal failure

◆

Urinary tract infection

◆

Cardiovascular accident (CVA)/
stroke with neurological
deficit

of 52 years, undergoing elective general surgery in a single centre
in Switzerland, one or more complications occurred in 16.4% of
patients (Table 47.4). Minor complications were more common than
the severe grades. The in-hospital mortality rate was low at 1.2%,
suggesting a relatively fit population undergoing moderate-risk surgery. The median duration of hospital stay was 7 days in patients
without complications, and progressively increased in patients with
more severe complications, ranging from 14 to 53 days.
The incidence of postoperative complications in studies utilizing
POMS measurements is generally higher. In the original description of POMS, 27% of patients undergoing elective, moderate-risk
surgery in the United States had a length of stay greater than 7 days
or in-hospital death (Bennett-Guerrero et al. 1999). A follow-up
study in the United Kingdom reported POMS-defined morbidity in 74%, 53%, 31%, and 16% of patients on days 3, 5, 8, and
15, respectively, after major elective surgery (Grocott et al. 2007).
Persistent morbidity on postoperative day 8 can be used as a
marker of significant complications, and was present in up to half
of patients having general surgery (Table 47.5). Such a high complication rate in this study may reflect the sensitivity of POMS,
the greater complexity of surgical procedures, and the quality of
perioperative care.
Overall, however postoperative complications are measured they
occur in a substantial proportion of surgical patients and have a
detrimental influence over the duration of hospitalization, and early
and long-term survival (Box 47.2). The mechanisms that underpin
long-term effects are currently poorly defined, but may include
accelerated progression of chronic disease, cancer recurrence, and
decreased physiological reserve (Toner and Hamilton 2013).

◆

Coma > 24 h

◆

Peripheral nerve injury

◆

Cardiac arrest requiring CPR

◆

Myocardial infarction (MI)

◆

Bleeding transfusions

◆

Graft/prosthesis/flap failure

◆

DVT/thrombophlebitis

◆

Sepsis

Specific complications

◆

Septic shock.

The pathophysiology of postoperative complications is complex
and incompletely understood. A range of perioperative triggers
interact with patient-related factors, in the evolution of clinically
discernible morbidity (Fig. 47.2). Several systemic pathways are
of particular importance, including cellular immune dysfunction,
increased circulation of inflammatory mediators, tissue hypoxia,
hypercoagulation, and cardiac stress. These processes are discussed
in the following subsections in relation to the incidence of specific
complication types and surgical outcomes.

* Example of full assessment criteria to diagnose superficial
SSI:Superficial incisional SSI is an infection that occurs within 30 days
after the operation and the infection involves only skin or subcutaneous
tissue of the incision and at least one of the following: Purulent drainage
with or without laboratory confirmation from the superficial incision.
Organisms isolated from an aseptically obtained culture of fluid or
tissue from the superficial incision. At least one of the following signs
or symptoms of infection: pain or tenderness localized swelling redness
or heat AND superficial incision is deliberately opened by the surgeon
unless incision is culture-negative. Diagnosis of superficial incisional
SSI by the surgeon or attending physician. Do not report the following
conditions as SSI: Stitch abscess (minimal inflammation and discharge
confined to the points of suture penetration). Infected burn wound.
Incisional SSI that extends into the fascial and muscle layers (see deep
incisional SSI).
Data from ACS NSQIP User Guide October 2012, see source for full
assessment criteria.

heart, kidneys, brain, or lungs were involved. Strikingly, the occurrence of any complication was the third most important variable
independently predicting long-term survival, after age and serum
albumin level. Both 1-year (28.1% vs 6.9%) and 5-year (57.6% vs
39.5%) mortality were increased, and overall median survival was
reduced by 69% in the complications group. See Figure 47.1.
A similar incidence of any postoperative complication was
found in the validation cohort of the Clavien–Dindo classification system (Dindo et al. 2004). In 6336 patients with a mean age

Infective morbidity
The first lines of host defence against infection are the physical
and chemical barriers produced by the skin and other epithelial
surfaces (Braff et al. 2005). Breaches of these innate mechanisms
during surgery and anaesthesia allow environmental organisms,
including those from within the gastrointestinal (GI) tract, to
access the body. Thus, surgical incisions, organ manipulation, vascular devices, indwelling catheters, and endotracheal intubation, all
increase the likelihood of infective complications.
Although advances in aseptic perioperative practice continue
to reduce the microorganism load (Lockhart et al. 2004), a role
remains for the immune system to contain and eliminate pathogenic organisms. A failure to do so in a timely fashion is likely to
contribute to the development of surgical site infections (SSIs),
pneumonia, urinary tract infections, and catheter-related bloodstream infections. Indeed, patients that are immunocompromised
at baseline as a result of advancing age, co-morbidities, or drug
treatments, have poor outcomes after surgery (Graeb and Jauch
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Table 47.1 Clavien–Dindo classification of surgical complications
Grade

Definition

Grade I
E.g. New onset atrial fibrillation resolving with K+
replacement

Any deviation from the normal postoperative course without the need for pharmacological
treatment or surgical, endoscopic, and radiological interventions
Allowed therapeutic regimens are: drugs as antiemetics, antipyretics, analgesics, diuretics, electrolytes,
and physiotherapy. This grade also includes wound infections opened at the bedside

Grade II
E.g. New onset atrial fibrillation requiring β-blockers for
rate control

Requiring pharmacological treatment with drugs other than such allowed for grade I complications
Blood transfusion and total parenteral nutrition are also included

Grade III
Grade IIIa
E.g. CT-guided drain of abdominal abscess under
local anaesthesia
Grade IIIb
E.g. Re-laparotomy for abdominal sepsis

Requiring surgical, endoscopic, or radiological intervention
Intervention not under general anaesthesia
Intervention under general anaesthesia

Grade IV
Grade IVa
E.g. Acute kidney injury requiring dialysis/filtration
Grade IVb
E.g. Sepsis with multiorgan failure

Life-threatening complication (including CNS complications) requiring ICU management
Single organ dysfunction (including dialysis)
Multiorgan dysfunction

Grade V

Death of patient

Suffix ‘d’
E.g. Heart failure following perioperative myocardial
infarction

If the patient suffers from a complication at the time of discharge, the suffix ‘d’ (for
‘disability’) is added to the respective grade of complication. This label indicates the need for a
follow-up to fully evaluate the complication

Reproduced with permission from Dindo, D., Demartines, N. & Clavien, P. A. Classification of surgical complications: a new proposal with evaluation in a cohort of 6336 patients and results
of a survey. Annals of Surgery, Volume 240, Issue 2, pp. 205–13, Copyright © Wolters Kluwer Health 2004.

Table 47.2 The Postoperative Morbidity Survey
Morbidity type

Criteria

Source of data

Pulmonary

Has the patient developed a new requirement for oxygen or respiratory
support?

Patient observation, treatment chart

Infectious

Currently on antibiotics and/or has had a temperature of >38ºC in
the last 24 hr

Treatment chart, observation chart

Renal

Presence of oliguria <500 mL/24 hr; increased serum creatine
(>30% from preoperative level); urinary catheter in situ

Fluid balance chart, biochemistry result,
patient observation

Gastrointestinal

Unable to tolerate an enteral diet for any reason including nausea,
vomiting, and abdominal distension (use of antiemetic)

Patient questioning, fluid balance chart,
treatment chart

Cardiovascular

Diagnostic tests or therapy within the last 24 hr for any of the
following: new myocardial infarction or ischemia, hypotension
(requiring fluid therapy >200 mL/hr or pharmacological therapy),
atrial or ventricular arrhythmias, cardiogenic pulmonary oedema,
thrombotic event (requiring anticoagulation)

Treatment chart, note review

Neurological

New focal neurological deficit, confusion, delirium, or coma

Note review, patient questioning

Haematological

Requirement for any of the following within the last 24 hr: packed
erythrocytes, platelets, fresh-frozen plasma, or cryoprecipitate

Treatment chart, fluid balance chart

Wound

Would dehiscence requiring surgical exploration or drainage of pus
from the operation wound or without isolation of organisms

Note review, pathology result

Pain

New postoperative pain significant enough to require parenteral
opioids or regional anaesthesia

Treatment chart, patient questioning

Reprinted from Journal of Clinical Epidemiology, Volume 60, Issue 9, Grocott, M. P., Browne, J. P., Van Der Meulen, J., et al. The Postoperative Morbidity Survey was validated
and used to describe morbidity after major surgery, pp. 919–28, Copyright © 2007, with permission from Elsevier.
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Table 47.3 Incidence of ten most common postoperative complications across eight operations
% of patients identified with the ten most common complications following each operation

Any complication

Colectomy
(n = 19 895)

Abdominal aortic
aneurysmectomy
(n = 5300)

Infrainguinal
vascular
reconstruction
(n = 19 117)

Lobectomy/
pneumonectomy
(n = 8935)

Open
cholecystectomy
(n = 9345)

Total hip
replacement
(n = 12 184)

Carotid
endarterectomy
(n = 16 880)

Laparoscopic
cholecystectomy
(n = 14 295)

10.4

7.9

5.2

X

0.8

0.4

29.1

28.8

26.9

21.1

16.2

Failure to wean

5.8

8.3

2.9

6.1

2.5

Pneumonia

5.9

8.1

3.6

9.9

3.2

1.1

1.3

0.8

Urinary tract infection

4.8

4.7

3.0

1.9

2.3

2.5

1.1

X

Cardiac arrest

2.1

2.7

1.7

2.6

1.1

X

0.6

0.3

Systemic sepsis

3.6

2.5

1.5

2.3

1.6

X

0.3

0.4

Superficial wound infection

4.7

2.2

7.0

1.1

3.6

0.6

1.1

Renal failure

0.9

1.9

0.7

0.7

X

X

Myocardial infarction

1.0

1.8

0.6

0.6

0.9

0.2

Renal insufficiency

1.2

1.7

1.0

0.6

Deep wound infection

3.5

1.0

1.1

2.1

X
1.7
X
3.7

0.9
X
0.4
X

0.2

X

0.9

X

0.5

Deep vein thrombosis

X

X

1.0

X

X

1.2

X

0.1

Graft/prosthesis failure

X

X

4.9

X

X

0.5

X

X

Cerebrovascular accident

X

X

X

X

X

2.0

0.1

Peripheral nerve deficit

X

X

X

X

X

0.4

1.2

X

Pulmonary embolism

X

X

X

X

X

0.5

X

X

X

Data from Khuri, S. F., Henderson, W. G., Depalma, R. G., et al. (2005). Determinants of long-term survival after major surgery and the adverse effect of postoperative complications. Annals of Surgery, 242, 326–41; discussion 341–3.
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Figure 47.1 Determinants of long-term survival after major surgery and the adverse effect of postoperative complications.
Reproduced from Khuri, S.F., Henderson, W.G., Depalma, R.G., et al. Determinants of long-term survival after major surgery and the adverse effect of postoperative complications. Annals of Surgery,
2005, 242, 3, 326–41; discussion 341–3, with permission from Wolters Kluwer Health.

Table 47.4 Incidence and associated outcomes of postoperative complications
Author/population studied

Criteria and data collection

Incidence

Short-term outcomes

Long-term outcomes

Khuri et al. 2005/
all major operations
performed under general,
spinal, or epidural
anaesthesia in Veterans
Affairs hospitals in USA
(n = 105 903)

Prospective data on 21
possible complications after
8 operation types combined
(see Table 47.1)

Any complication = 18.1%

30-day mortality: with vs
without complication
Any complication:
13.3% vs 0.8%
Cardiac: 57.9% vs 1.9%
Renal: 39.5% vs 2.6%
Neural: 24.9% vs 2.8%
Pulmonary: 22% vs 2%
Vascular/thrombotic:
10.8% vs 2.9%
Infections: 9% vs 2.5%

Mortality: with vs without
complication
1 year: 28.1% vs 6.9%
5 year: 57.6% vs 39.5%

Dindo et al. 2004/all elective
surgery in Swiss teaching
hospital (n = 6336)

Prospective Clavien-Dindo
grading (see Table 47.2)

Any complication = 16.4%
Grade I = 7.4%
Grade II = 4.2%
Grade IIIa = 0.8%
Grade IIIb = 4%
Grade IVa = 1.6%
Grade IVb = 0.7%

Length of stay (days): No
complication (7)
Grade I (14)
Grade II (17)
Grade IIIa (20)
Grade IIIb (23)
Grade IVa (26)
Grade IVb (53)

Not studied

Grocott et al. 2007/
major elective surgery in UK
teaching hospital (n = 439)

Prospective POMS defined
morbidity (see Table 47.3)

Morbidity on
postoperative day 8:
Orthopaedic: 24.6%
General: 49.5%
Urology: 34.7%

LOS consistently
prolonged

Not studied

Data from various sources, see References.
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Table 47.5 Percentage of patients according to discharge status and prevalence of overall morbidity (as defined by the POMS) and POMS
domains categorized by surgical specialty at all postoperative time points. Morbidity rates for individual domains do not sum to total ‘in-hospital
with morbidity’ as many patients had more than one type of morbidity
Orthopedic
(n = 289)

General
(n = 101)

Urology
(n = 49)

Day

Day

Day

3
Discharged from hospital

5

8

15

3

5

8

15

3

5

8

15

1.7

6.9

34.9

83.0

0

3.0

15.8

53.5

2.0

18.4

46.9

69.4

In hospital without morbidity

35.6

51.2

40.5

8.7

2.0

18.8

34.7

12.9

6.1

18.4

18.4

6.1

In hospital with morbidity

62.6

41.9

24.6

8.3

98.0

78.2

49.5

33.7

91.8

63.3

34.7

24.5

Pulmonary

30.1

7.3

2.4

1.7

58.4

19.8

12.9

5.9

36.7

22.4

8.2

6.1

Infectious

26.6

21.5

14.5

7.6

43.6

28.7

18.8

11.9

59.2

36.7

143

16.3

Renal

24.9

8.7

2.8

1.0

39.6

21.8

5.9

3.0

53.1

30.6

10.2

4.1

Gastrointestinal

20.1

15.9

7.3

1.0

92.1

65.3

37.6

25.7

51.0

40.8

18.4

10.2

Cardiovascular

0.7

1.4

0.3

0

3.0

4.0

1.0

1.0

2.0

2.0

0

0

Neurological

1.7

0.7

0.3

0

3.0

2.0

0

0

0

0

4.1

0

Wound

1.7

5.5

5.9

2.4

0

1.0

6.9

6.9

0

2.0

4.1

4.1

Hematological

7.3

2.4

1.0

0.3

4.0

2.0

1.0

0

16.3

2.0

0

0

30.8

4.2

1.4

0.7

58.4

24.8

10.9

5.9

49.0

20.4

2.0

2.0

Pain

Reprinted from Journal of Clinical Epidemiology, Volume 60, Issue 9, Grocott, M. P., Browne, J. P., Van Der Meulen, J., et al. The Postoperative Morbidity Survey was validated and used
to describe morbidity after major surgery, pp. 919–28, Copyright © 2007, with permission from Elsevier.

Box 47.2 Popular approaches towards identifying postoperative
complications
◆
◆

◆

Prospective assessment of pathological criteria (e.g. NSQIP)
Clavien–Dindo system to measure deviations from the ideal
postoperative course
Use of the Postoperative Morbidity Survey (POMS).

2008). Furthermore, the surgical stress response itself induces
immune suppression (Ogawa et al. 2000). When this is prolonged,
patients becoming increasingly vulnerable to secondary infections.
The incidence of infective complications using the POMS criteria
(antibiotic treatment or a temperature >38°C) is high after orthopaedic, general, and urological surgery (Table 47.5). In the NSQIP
analysis by Khuri et al. (2005), infections based on pathological
criteria were the dominant cause of postoperative complications
(Table 47.3). Indeed, the most common complication after six of
the eight operations studied was infective in nature. Other studies
have focused on the specific incidence of SSIs, as they are considered largely preventable. There are national programmes in place
for SSI reporting in the United States and the United Kingdom, but
the incidence of SSIs remains in excess of 5% for high-risk procedures (Health Protection Agency 2012).
In the NSQIP analysis, when outcomes for all operations combined were assessed, patients that developed infective complications

had increased mortality at 30 days (9% vs 2.5%), 1 year (24.5% vs
9.5%), and 5 years (55.4% vs 41.7%) (Table 47.6). This was most
pronounced for systemic sepsis, but also marked for deep wound
infections and urinary tract infections. It is also important to recognize that infective complications can become a driver for the
development of non-infective morbidity (e.g. cardiac), with the latter conferring an even greater negative impact on outcomes. Thus,
there is broad evidence that postoperative infection remains one of
the largest obstacles in the path of an expeditious and safe recovery
from surgery. See Box 47.3.

Cardiac morbidity
Cardiac performance, under the control of the autonomic nervous system, is important for the maintenance of adequate tissue
perfusion in the perioperative period. Increased autonomic drive
often occurs appropriately in response to hypovolaemia, blood
loss, and hypoxia, but it can also arise in response to anxiety, pain,
and inflammation. The extra cardiac work performed places the
myocardial cells at risk of ischaemia, exhaustion, and necrosis,
especially if oxygen supply is limited by coronary artery disease
(Landesberg et al. 2009). Furthermore, inflammation and procoagulant states associated with the surgical stress response, contribute
to coronary plaque instability and thrombosis. Patients that exhibit
dysregulation of autonomic control appear to be at greater risk of
postoperative cardiac events (Laitio et al. 2007). When severe, a
combination of these factors manifest clinically as major cardiac
complications including myocardial infarction (MI) and non-fatal
and fatal cardiac arrest.

795

Chapter 47

post-surgery, post-anaesthesia complications

PERIOPERATIVE TRIGGERS
Controlled tissue injury
Blood loss
Fluid shifts
Pathogen load
DAMPs*
Ischaemia-reperfusion
Pain

General anaesthesia
Hypnotics
Opioids
NSAIDs
IPPV
Hypothermia

Iatrogenic factors
IV fluids
Drugs
Immobilization
Starvation
Oxygen toxicity

PATIENT FACTORS/BASELINE HEALTH

Inflammation

Tissue hypoxia

Multi-organ dysfunction
(cell necrosis/apoptosis/hibernation)

Cardiac stress

Major cardiac
events

Immune dysfunction

Procoagulation

Infective
morbidity

VTE**
morbidity

Figure 47.2 The systemic mechanisms underlying postoperative complications.
* Damage-associated molecular patterns.
** Venous thromboembolism.

Major cardiac complications are relatively uncommon in low-
risk surgical populations. For example, in the analysis by Khuri
et al. (2005) these events occurred infrequently after laparoscopic
cholecystectomy, carotid endarterectomy, and open cholecystectomy (0.5–1.7%). The incidence was two to three times higher in
patients undergoing more complex surgery such as colectomy, lung
resections, infrainguinal vascular surgery, and abdominal aortic
aneurysm repairs (Table 47.3). When major cardiac complications
do occur they confer a striking increase in 30-day mortality (57.9%
vs 1.9%), 1-year mortality (70.5% vs 9.5%) and 5-year mortality
(85.2% vs 41.9%)—see Table 47.6. In fact, cardiac complications
account for 10–40% of all perioperative deaths (Auerbach and
Goldman 2002).
The profound impact of cardiac complications has prompted
much research into the quantification and reduction of perioperative cardiac risk. Lee et al. (1999) devised the Revised Cardiac
Risk Index from six variables found to independently predict major
cardiac events: high-risk surgery, ischaemic heart disease, history
of heart failure, history of cerebrovascular disease, insulin therapy
for diabetes, and preoperative serum creatinine greater than 177
micromoles litre−1. The incidence of major cardiac complications
was reported as 0.4% with no risk factors, 0.9% with one, 6.6% with
two, and 11% with three or more. Thus, surgical populations with
a high number of cardiac risk factors at baseline have some of the
worst postoperative outcomes.
Cardiac morbidity as detected by POMS encompasses both
major and lesser complications (Table 47.2). Still, Grocott et al.
(2007) reported a relatively low peak incidence after orthopaedic
(1.4%), general (4.0%), and urological (2%) surgery (Table 47.5).
An even more sensitive measure of cardiac stress after surgery
appears to be the peak serum troponin when measured serially for
three postoperative days. In a study of 15 133 patients having non-
cardiac surgery requiring at least one night in hospital, 11.6% had
a peak troponin T value greater than 0.02 ng ml−1. Patients with

a peak value of 0.01 or less, 0.02, 0.03–0.29, and 0.3 or more, had
30-day mortality rates of 1.0%, 4.0%, 9.3%, and 16.9% respectively
(Vascular Events In Noncardiac Surgery Patients Cohort Evaluation
Study Investigators et al. 2012). Such troponin release from the heart
will often go undetected in the absence of screening programmes,
and is usually related to an imbalance between myocardial oxygen
supply–demand rather than classical coronary artery pathology
(Hamilton et al. 2012). This suggests that many patients experience
cardiac stress and poor associated outcomes, without necessarily
manifesting major cardiac complications. See Box 47.4.

Renal morbidity
Prerenal, renal, and postrenal factors predispose to acute kidney
injury (AKI) after surgery. Prerenal pathophysiology is the most
significant and modifiable factor. In health and in the presence of
a normal cardiac output, the kidneys maintain renal blood flow in
the face of moderate hypotension (mean arterial pressure >80mm
Hg) through autoregulation (Abuelo 2007). Below this perfusion
threshold, the renal system prioritizes the circulating volume by
reducing renal blood flow and the glomerular filtration rate (GFR).
As a consequence, oxygen delivery to renal tubular cells is decreased,
initiating metabolic changes that can result in apoptosis, necrosis,
loss of microvilli, impairment of sodium reabsorption, infiltration
by immune cells, and elevation of local cytokine concentrations.
Sloughing and precipitation of cell debris within the tubular system
can cause obstruction, further reductions in GFR, and worsening of
renal damage. In the perioperative period, decreases in cardiac output, blood pressure, and haemoglobin are common and a frequent
threat to renal oxygen delivery. This is especially true in patients
unable to autoregulate as a result of disease (e.g. severe renal artery
stenosis) or drugs (e.g. non-steroidal anti-inflammatory drugs and
renin–angiotensin system inhibitors).
Direct injury to renal cells by toxic circulating factors is also
relevant to the development of postoperative AKI. Such renal
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Table 47.6 Mortality of patients with and without complications in NSQIP database
Type of complication

30 days

1 year

With

Without

With

Without

With

Without

Percent

Percent

Percent

Percent

Percent

n

Percent

19,20888

13.3

86,743

0.8

28.1

6.9

57.6

39.5

Cardiac

2148

57.9

103,803

1.9

70.5

9.5

85.2

41.9

Arrest

1392

79.7

104,559

2.0

88.9

9.7

94.9

42.1

MI

952

30.8

104,999

2.8

47.5

10.4

73.1

42.5

Neural

1289

24.9

104,662

2.8

44.6

10.3

65.1

42.5

Coma

280

67.5

105,669

2.9

91.8

10.5

96.4

42.6

CVA

741

20.1

105,209

3.0

40.9

10.5

64.6

42.6

Any complication

Peripheral nerve injury

n

5 year

430

13.0

105,520

3.0

30.0

10.6

50.2

42.7

1240

39.5

104,711

2.6

62.9

10.1

80.7

42.3

Insufficiency

702

36.2

105,249

2.8

58.6

10.4

78.8

42.5

Failure

595

44.5

105,356

2.8

69.8

10.4

83.2

42.6

Pulmonary

5704

22.0

100,247

2.0

45.9

8.7

71.4

41.1

Failure to wean

3150

29.1

102,801

2.3

55.9

9.3

77.5

41.7

Pneumonia

3936

18.0

102,015

2.5

42.8

9.5

69.4

41.7

1873

10.8

104,078

2.9

22.5

10.5

49.5

42.6

DVT

599

7.7

105,352

3.0

19.9

10.7

47.9

42.7

PE

270

34.8

105,681

3.0

48.5

10.6

66.3

42.7

1078

7.3

104,873

3.0

18.0

10.6

46.6

42.7

8555

9.0

97,396

2.5

24.5

9.5

55.4

41.7

Superficial wound

3199

2.5

102,752

3.1*

12.4

10.7

45.9

42.7

Deep wound

1965

7.2

103,986

3.0

24.3

10.5

55.9

42.5

UTI

2774

6.1

103,177

3.0

25.4

10.3

58.4

42.4

Systemic sepsis

1636

34.0

104,315

2.6

59.3

10.0

78.2

42.2

Renal

Vascular thrombotic

Graft/prosthesis failure
Infections

Reproduced with permission from Khuri, S. F., Henderson, W. G., Depalma, R. G., et al. Determinants of long-term survival after major surgery and the adverse effect of postoperative
complications. Annals of Surgery, Volume 242, Issue 3, pp. 326–41; discussion 341–3, Copyright © Wolters Kluwer 2005.

damage is well established to occur secondary to inflammation,
sepsis (Wan et al. 2003), and the administration of nephrotoxic
drugs (e.g. contrast media and aminoglycosides). Postrenal
injury is the final contributory mechanism. This is relatively rare
and arises secondary to obstructed urinary outflow with back-
pressure effects on GFR and tubular health. Obstruction may
be mechanical after urological surgery or as a result of blocked

urinary catheters. It can also be functional as a result of drug-
induced bladder atony. Mostly, postrenal pathology is quickly
recognized and easily treated, and therefore rarely associated
with prolonged AKI.
The incidence of renal morbidity as detected by POMS [creatine rise >30% from baseline, oliguria <500 ml (24 h)−1, or urinary catheter in situ] depends on the type of surgery undergone.

Box 47.3 Key points
◆

◆

◆

Postoperative complications in unselected surgical populations affect approximately one in every five patients
Patients that develop complications have increased short-and
long-term mortality
Outcomes are especially poor when the heart, kidneys, brain,
or lungs are involved.

Box 47.4 Key points
◆

◆

◆

Infections are the most common complication type after a
broad range of operations
Baseline and acquired immune dysfunction are predisposing
factors
Aseptic strategies are of paramount importance.
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In the study by Grocott et al. (2007), the percentage of patients
with renal morbidity was high (Table 47.5). Some of this morbidity is because of prolonged use of urinary catheters, which may be
for reasons unrelated to AKI, for example, impaired mobility after
joint surgery.
The incidence of AKI in an unselected population undergoing
general surgery (defined by a rise in serum creatinine >177 micromoles litre−1) is around 1% (Kheterpal et al. 2009). This incidence
rises considerably after surgery involving cardiopulmonary bypass
or aortic cross-clamping (Sear 2005); procedures, which are associated with gross disturbances of renal blood flow, and exaggerated
thromboembolic and inflammatory insults. Patients that develop
AKI had an eight-fold increase in 30-day mortality in the study
by Kheterpal et al. (2009) and even worse short-and long-term
outcomes in the analysis by Khuri et al. (2005) (Table 47.6). See
Box 47.5.

Pulmonary morbidity
Normal respiratory physiology is disrupted by general anaesthesia, immobility, and pain, resulting in perioperative atelectasis in
more than 90% of patients (Lundquist et al. 1995; Duggan and
Kavanagh 2005). In a smaller subset, additional insults predispose
to more severe postoperative pulmonary complications. For example, mechanical ventilation, especially in the presence of collapsed
lung units, causes alveolar shear stress that promotes an acute
lung injury (Wheeler and Bernard 2007). This is further compounded by exposure to circulating cytokines, which are elevated
in response to tissue injury (Sheeran and Hall 1997). In addition,
the lungs are vulnerable to artificially high alveolar oxygen tension (Jackson 1985), left ventricular impairment, positive fluid
balance, venous thromboembolism, aspiration of gastric contents,
and pleural injury.
The incidence of pulmonary morbidity (defined by a new
requirement for oxygen or respiratory support) in studies measuring outcomes with POMS is high (Table 47.5). When more severe
postoperative pulmonary complications are defined using a broad
range of pathological criteria the incidence falls to 5% (Canet et al.
2010), and this includes a degree of overlap with infective complications (e.g. pneumonia). The 30-day mortality in these affected
patients is increased 40-fold (19.5% vs 0.5%). In the NSQIP analysis by Khuri et al. (2005), the 30-day and long-term mortality risk
of pulmonary morbidity was similarly raised (Table 47.6). Overall,
mild pulmonary complications are common after surgery and prolong length of stay, whilst severe episodes considerably increase the
risk of early and late deaths. See Box 47.6.

Box 47.5 Key points
◆

◆

◆

Major cardiac complications are not common in unselected
populations but account for a large number of deaths after
surgery
The Revised Cardiac Risk Index is a useful tool to identify the
most vulnerable patients
Postoperative troponin release is a sensitive indicator of cardiac stress and is associated with greater 30-day mortality.

post-surgery, post-anaesthesia complications

Box 47.6 Key points
◆

◆

◆

Poor renal oxygen delivery, inflammation, and nephrotoxic
drugs are the main mediators of AKI
AKI is relatively uncommon in unselected populations but of
major prognostic significance when it occurs
AKI is more common after operations involving cardiopulmonary bypass and aortic cross-clamping.

Neurological morbidity
Around the time of surgery, the brain is vulnerable to embolic
events, cerebral hypoxia, inflammation, and intracranial haemorrhage. When severe, such pathophysiology will present clinically as
a stroke. Less severe insults may manifest as confusion, delirium,
and postoperative cognitive dysfunction (POCD).
Perioperative stroke has an incidence of less than 1% after general surgery (Kam and Calcroft 1997)—also see Table 47.3. It is
much more common after cardiac (1.4–3.8%) and vascular (0.8–
6.1%) operations, especially if multiple or aortic procedures are
performed (up to 9.7%) (Selim 2007). Evidence from postoperative
computed tomography and magnetic resonance imaging studies in
cardiovascular cohorts implicates embolism as the primary cause
of stroke, accounting for around 62% of cases (Likosky et al. 2003).
Early embolic stroke is likely to be as a result of the release of particulate matter from the great vessels (atheroma) and the cardiopulmonary bypass machine. Late-onset strokes, occurring after a
period of normal neurology, are usually attributed to emboli originating from the heart in association with atrial fibrillation or MI
(Hogue et al. 1999). Additionally, around 9% of strokes in these
studies were in watershed areas of the brain, suggesting a causal
role for hypoperfusion.
In non-cardiac, non-vascular surgery, the aetiology of stroke
is less clear. Certainly, marked perioperative hypotension and
acute administration of high-dose β-blockers are associated with
an increased incidence of stroke (POISE Study Group et al. 2008;
Bijker et al. 2012). It is likely that reduced cerebral oxygen delivery
secondary to hypotension, cardiac failure, anaemia, and hypoxia is
relevant (Ng et al. 2011). Conversely, uncontrolled hypertension,
especially in combination with anticoagulant and antiplatelet therapy, may increase the likelihood of haemorrhagic stroke. Overall,
this is rare after non-neurological surgery.
Even when cerebral damage is not sufficient to cause a clinical
stroke syndrome, more subtle changes in higher brain function present as confusion and POCD. Using the POMS definition of neurological morbidity (new confusion/delirium, focal deficit, or coma),
Grocott et al. (2007) report a peak incidence of 1.7%, 3.0%, and
4.1% after orthopaedic, general, and urological surgery respectively
(Table 47.5). To detect even subtler changes in cerebral function,
formal cognitive assessments are required. Using this approach
after major non-cardiac surgery, POCD was evident in around 25%
of patients at 1 week, 10% at 3 months (Moller et al. 1998), and
12% at 1 year (Ballard et al. 2012). Risk factors for early POCD
were age, duration of anaesthesia, respiratory or infective complications, limited education, and requirement for a second operation.
Age was the only independent predictor of POCD 3 months after
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surgery. In the study by Ballard et al. (2012), a nested randomized
controlled trial (RCT) of intraoperative optimization using depth
of anaesthesia and cerebral tissue oxygenation monitoring, suggested efficacy in reducing mild to moderate POCD at 1 and 52
weeks after surgery.
Despite the evidence that cerebral hypoperfusion and embolism
underpin neurological complications, no change in the incidence
of POCD is observed when cardiac surgery is performed without
cardiopulmonary bypass, even though cerebral microemboli are
reduced (Jensen et al. 2008; Liu et al. 2009). Patient factors must
also therefore be important. In particular, neuroinflammation
induced by the surgical stress response has been implicated in the
pathophysiology of POCD (van Harten et al. 2012). Individuals that
are primed towards exaggerated responses by ageing, inflammatory
conditions, or baseline neuronal loss, may be at the greatest risk.
Whatever the aetiology, postoperative stroke is associated with
a three-fold increase in 30-day mortality, and a prolonged length
of hospital stay (Sharifpour et al. 2013). Long-term disability is
clearly of huge significance. Even lesser complications like POCD
are linked to decreased quality of life (Newman et al. 2001), early
withdrawal from the workforce, greater dependency on society,
and increased mortality up to 10 years post-surgery (Funder et al.
2009). See Box 47.7.

Vascular/thrombotic morbidity
Thromboembolic complications after surgery arise secondary to
a procoagulant state that can last for weeks to months (Parolari
et al. 2005). The stress response to tissue injury interacts with a
multitude of factors such as immobility, malignancy, and thrombophilia to favour activation of coagulation pathways. Clinically,
this may manifest as morbidity through the development of deep
vein thrombosis (DVT), pulmonary embolism (PE), or graft/prosthesis failure. Following major surgery, over 20% of patients have a
detectable DVT on screening that is often asymptomatic (Hill and
Treasure 2007). After major orthopaedic operations the frequency
of DVT can be greater still (>40%), and the incidence of PE can be
up to 5% in the highest risk groups. As venous thromboembolism
(VTE) is also aetiologically relevant to postoperative cardiovascular accident (CVA) and MI, it plays a contributory role in several of
the most common complications after surgery (Table 47.3). In the
NSQIP analysis by Khuri et al. (2005), vascular/thrombotic complications were detected in 1.8% of patients and conferred a greater
risk of short-and long-term mortality (Table 47.6).

Gastrointestinal morbidity
The gut is highly sensitive to direct handling, inflammation,
ischaemia–reperfusion, opioid drugs, and the autonomic changes

associated with the stress response (Mythen 2005). A decrease in
peristalsis and an in situ accumulation of bowel contents can occur.
In parallel, necrosis of the intestinal mucosa and loss of barrier
function may contribute to endotoxaemia and further local and
systemic inflammation. Clinically, generalized GI changes present with nausea, abdominal distension, reduced or absent bowel
sounds, and poor tolerance of an enteral diet.
Generalized GI morbidity as detected by POMS is very common
(Grocott et al. 2007) and related to the type of surgery performed.
Rates can be as high as 92% after intra-abdominal operations and
as low as 20% after orthopaedic cases (Table 47.5). The occurrence
of GI morbidity after surgery remote to the gut reinforces the multifactorial pathophysiology at play. The incidence of GI morbidity
based on diagnostic criteria varies widely, and there is little consensus on what constitutes a complication (Kehlet et al. 2005).
GI dysfunction at a level relevant to cause patient discomfort and
prolonged hospitalization can be underestimated (Mythen 2009).
Indeed, in the NSQIP analysis by Khuri and et al. (2005), GI morbidity is not present within the top ten most common complications. This may reflect the paucity of evidence to suggest that it is
directly responsible for early or late deaths. Nevertheless, GI morbidity is likely to predispose to the development of non-GI morbidity, through exaggerated inflammation, catabolism, and side-effects
of fluids or parenteral nutrition.
More specific GI complications occur after surgery, such as anastomotic breakdown with intra-abdominal leak. This has an incidence below 5% for lower GI operations (Hyman et al. 2007; Rickert
et al. 2010) and below 10% for upper GI surgery (Escofet et al. 2010;
Rutegard et al. 2012). It usually occurs late in the postoperative
course [mean 12.7 days in one study (Hyman et al. 2007)] and is
associated with a 30-day mortality rate as high as 25%. Although
technical failures may predispose towards late anastomotic breakdown, ischaemia, inflammation, and poor healing are likely to be
relevant. See Boxes 47.8 and 47.9.

Pain-related morbidity
Although pain is expected after major surgery, when it is prolonged
and severe it can negatively impact the postoperative course. This
is acknowledged in studies utilizing POMS as an outcome measure, with pain-related morbidity forming one of the nine domains.
Certainly, the side-effects of potent analgesic regimens, the harmful
aspects of sympathetic activation, and the impairment of mobility will all favour poorer outcomes. Acute pain usually subsides
sufficiently by the third postoperative day to allow de-escalation
to oral analgesics. Severe pain beyond this period is driven by the
sensitizing influence of ongoing inflammation at the surgical site,
or by direct nerve injury causing neuropathic pain (Kehlet et al.
2006). Grocott et al. (2007) reported pain-related POMS morbidity

Box 47.7 Key points
◆

◆

Pulmonary changes occur in nearly all patients undergoing
general anaesthesia
Severe postoperative pulmonary complications occur more
frequently than major morbidity in other vital organ systems
(approximately 5% vs 1%).

Box 47.8 Key points
◆

◆

Surgery induces a procoagulant state that lasts long after hospital discharge
This is aetiologically important in the development of DVT,
PE, MI, CVA, and graft failure.
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Box 47.9 Key points
◆

◆

Postoperative GI dysfunction is common and prolongs the
length of hospital stay
Generalized pathophysiological processes may contribute
towards late anastomotic breakdown and the poor outcomes
that are associated with it.

as defined by the requirement of parenteral opioids or regional
analgesia. The incidence on postoperative day 5 was 4.2% after
orthopaedic surgery, 24.8% after general surgery, and 20.4% after
urological surgery (Table 47.5). By day 15 this fell to 0.7%, 5.9%,
and 2.0% respectively. Beyond lengthening hospitalization, the
short-term impact of pain-morbidity is less clear.
Acute pain can also develop into persistent postsurgical pain.
This occurs in 10–50% of patients after common operations and is
characterized by enduring symptoms after the surgical incision has
healed (Kehlet et al. 2006). Moreover, pain is severe and disabling
in 2–10% of cases, and usually lasts for more than 3–6 months.
Mostly, there is no evidence of ongoing inflammation, and it has
been asserted that persistent pain is largely iatrogenic as a result of
direct nerve injury at the time of surgery. Such injuries are thought
to interact with genetic and functional dispositions to produce
the clinical picture in only a subset of patients. Thus, avoidance of
nerve injury during surgery (e.g. care with rib retractors during
thoracic procedures) is important and warrants further investigation. There is also an association between severe acute pain and
persistent postsurgical pain, but this may simply reflect the degree
of neuropathic damage sustained. It remains to be seen whether
improved control of acute pain can translate into a reduction in
chronic symptoms, through modifications of neuronal plasticity.
See Box 47.10.

Preventing postoperative complications
Gaining an understanding of the pathophysiology, incidence, and
impact of postoperative complications provides a foundation for
developing rational interventions that improve surgical outcomes.
Given the abundance of infective morbidity already discussed, it
is not surprising that much effort has historically targeted aseptic
processes, and has delivered important gains. Surgeons have pioneered many of these initiatives, and are also driving a revolution
in minimally invasive and robot-assisted techniques. In concert,
anaesthetists and other perioperative physicians have examined the
stress response to surgery, how this interacts with baseline health
to produce complications, and what can be done to attenuate the
risk. Many established interventions are often delivered in combination, within enhanced recovery programmes designed to derive
maximal benefit.

Identifying the high-risk patient
The first step towards reducing the burden of morbidity after surgery is to identify patients at risk of developing complications,
in order to concentrate resources appropriately. It is increasingly
recognized that most major complications and deaths occur in
a relatively small group of high-risk patients (Pearse et al. 2006;

post-surgery, post-anaesthesia complications

Box 47.10 Key points
◆

◆

Postoperative pain requiring opioid-based or regional analgesia beyond the third day after surgery prolongs hospitalization
Persistent postsurgical pain occurs in up to 10% of patients
and is likely to involve direct nerve damage in the perioperative period.

Richman et al. 2012). Pearse et al. (2006) considered individuals
as high-risk if their primary surgical procedure code was associated with a mortality rate of greater than 5%. This code embodied
information relating to complex or major surgery, advanced age,
and the presence of significant medical conditions. Patients identified in this way were older and underwent more emergency procedures. Importantly, the high-risk cohort accounted for around
13% of surgical admissions but more than 80% of postoperative
deaths.
Richman et al. (2012) used a more sophisticated approach and
investigated patients having elective surgery only. Data from
60 411 operations were collected by the Michigan Surgical Quality
Collaborative—an organization similar to the NSQIP. After multivariate modelling for the prediction of mortality and morbidity,
the most important patient factors were age, ASA class, chronic
steroid use, race, functional status, dialysis, congestive heart failure, body mass index (BMI), and current smoking. Influential non-
patient factors were related to the complexity of planned surgery
and the wound type expected. In a validation cohort, the quartile
of patients with the highest predicted risk based on these variables,
were shown to account for 80–90% of the actual mortality and morbidity observed in the whole population.
Patients at high risk of developing postoperative complications can be further identified using generic, validated scoring
systems such as the Physiological and Operative Severity Score
for the enUmeration of Mortality and morbidity (POSSUM)
(Copeland et al. 1991; Prytherch et al. 1998). Scoring systems are
also available to predict specific complications including cardiac
(Lee et al. 1999; Gupta et al. 2011), pulmonary (Arozullah et al.
2000; Canet et al. 2010), and renal (Kheterpal et al. 2009) morbidity and for outcomes after specialist surgery (Nashef et al. 1999).
All such approaches rely on population-based analysis, and have
limitations for predicting the risk faced by a particular patient.
Consequently, individualized physiological assessments have also
been explored. For example, cardiopulmonary exercise testing can
be used to identify patients with poor aerobic fitness before surgery. These patients have been shown to experience more complications in some, but not all studies (Smith et al. 2009). Doubt
remains about the physiological correlates and overall utility of
such testing (Hopker et al. 2011).

Preoperative interventions
For many types of elective surgery, improving baseline patient fitness is feasible over a period of weeks and months. Lifestyle factors
including smoking, alcohol consumption, exercise, and nutritional
status are all amenable to positive change. There is also an opportunity to establish optimal medical management in advance of the
perioperative period.
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Smoking
About a third of patients undergoing elective surgery are active
smokers (Tonnesen et al. 2009). Smoking is an important risk factor for intraoperative and postoperative complications, and has
been implicated in reduced oxygen carrying capacity, poor clearance of pulmonary secretions, impaired cardiovascular function,
immune incompetence, and reduced collagen production. RCTs
of smoking cessation 4–8 weeks before a broad range of surgery
demonstrate dramatic reductions in overall complication rates,
particularly in relation to wound-related pathology (Moller et al.
2002; Lindstrom et al. 2008; Thomsen et al. 2009). In the study by
Moller et al. (2002), this simple intervention reduced the complication rate from 52% to 18%.

Alcohol
The incidence of hazardous drinking in general surgical patients
undergoing elective procedures is 7–49% in the Western world
(Tonnesen 2003). Compared to matched controls, postoperative
morbidity is substantially higher in symptom-free alcohol misusers. Cardiac insufficiency, immunosuppression, decreased haemostatic function, and exaggerated neuroendocrine responses
have been identified as likely contributory mechanisms (Tonnesen
et al. 1992). There is some reversibility of these effects, as abstinence from alcohol for 2–8 weeks improves cellular immunity.
Furthermore, an RCT of complete alcohol cessation in alcoholics
showed a reduction in postoperative morbidity from 74% to 31%
(Tonnesen et al. 1999).

Exercise
Improving fitness for surgery through regular exercise is logical
but largely untested. It is known that preoperative exercise training, or ‘prehabilitation’, is safe and generally effective in improving objective measures of aerobic fitness (O’Doherty et al. 2013).
Unfortunately, most studies in this field lack control groups, making conclusions about the clinical impact of exercise training difficult. Only one RCT has been conducted that reports on aerobic
fitness before and after training, and postoperative outcomes. This
found a reduction in length of intensive care unit and hospital stay
following cardiac surgery (Arthur et al. 2000).

Nutrition
In patients having elective GI surgery, malnutrition (BMI < 20) is
present in 9% of subjects (Fettes et al. 2002) and nutritional assessment scores are multivariate predictors of postoperative complications (Schiesser et al. 2009). A Cochrane review and meta-analysis
of RCTs assessing nutritional supplementation before GI surgery,
reported a reduction of complications when immune enhancing
formulas were used (Burden et al. 2012). This efficacy is consistent
with the significance of infective complications after surgery. Still,
such supplements are not established in standard practice, perhaps
reflecting concern over adverse reactions in certain patient groups
(Suchner et al. 2002).
A benefit for parenteral nutrition in severely malnourished participants was also evident in the Cochrane review. Given the practical challenges of delivering this care before surgery and general
trends towards favouring enteral nutrition wherever possible, this
remains a specialist intervention in a relatively small target population. In terms of enteral nutrition, the Cochrane review identified two trials evaluating preoperative feeding and three trials

evaluating standard oral supplements, which showed no statistically significant impact on morbidity.

Active life-threatening cardiac conditions
The American College of Cardiologists (ACC) and American Heart
Association (AHA) issue joint guidelines on the management
of cardiac risk for non-cardiac surgery (Fleisher et al. 2014). An
important emphasis is placed upon addressing four potential ‘active
cardiac conditions’ that indicate major clinical risk. These conditions include unstable coronary syndromes (angina at rest or with
everyday living activities), decompensated heart failure, significant
arrhythmias, and severe valvular disease. Before elective surgery,
such conditions must be optimized with medical or surgical interventions to bring perioperative risk to an acceptable level. Examples
of medical therapy that may be initiated by a perioperative physician (in conjunction with a cardiologist) include β-blockers, renin–
angiotensin system inhibitors, aldosterone receptor blockers,
diuretics, and rate-controlling agents for atrial fibrillation. In addition to medical optimization, percutaneous coronary intervention,
atrial ablation, or cardiac surgery may be indicated.

β-blockers
As major myocardial complications account for 10–40% of postoperative fatalities (Auerbach and Goldman 2002), perioperative
β-blockade has been extensively investigated as a potential risk-
reduction strategy. Agents that reduce cardiac work, increase coronary perfusion time, and have anti-inflammatory effects may offer
protection against ischaemic pathology after surgery. In contrast,
excessive β-blockade can cause harm through bradycardia, hypotension, and reduced end-organ perfusion. β-blockers may also
obscure early recognition of non-cardiac complications (e.g. sepsis) where tachycardia is a cardinal sign. The risk–benefit balance
depends on the patient, the type of surgery, and the process of β-
blockade. These factors are reflected in an update of the ACC/AHA
guidelines (American College of Cardiology Foundation/American
Heart Association Task Force on Practice et al. 2009). The guideline states that patients already established on β-blocker therapy
for robust cardiovascular indications should continue them in the
perioperative period. Furthermore, commencement of β-blockers
titrated to heart rate and blood pressure is ‘probably recommended’
for patients having vascular surgery at high cardiac risk owing
to coronary artery disease or the finding of cardiac ischaemia on
preoperative testing. It is also ‘reasonable’ to titrate β-blockers in
patients undergoing vascular or intermediate-risk surgery, with
more than one clinical risk factor (using the Revised Cardiac Risk
Index criteria excluding surgical severity).
The importance of titration to heart rate and blood pressure, ideally over a matter of weeks, cannot be overstated. When this was
commenced a median of 34 days before intermediate-risk non-
cardiovascular surgery and continued for 30 days postoperatively
(with daily review and dose adjustment), patients randomized
to β-blockade had fewer major cardiac events (2.1% vs 6.0%)
(Dunkelgrun et al. 2009). There was no suggestion of a difference
in bradycardia, hypotension, ischaemic stroke, or all-cause mortality compared to placebo, although the trial was stopped well
before the recruitment target because of slow enrolment. In contrast, when routine administration of high-dose β-blockers without
precise titration was used in the POISE trial, all-cause mortality
was higher in the treatment group (hazard ratio 1.33), despite an
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improvement in cardiac outcomes (5.8% vs 6.9%) (POISE Study
Group et al. 2008).

Statins
In the treatment of chronic cardiovascular disease, statins demonstrate pleiotropic effects beyond cholesterol reduction that may
confer efficacy in the perioperative setting. In particular, anti-
inflammatory and plaque-stabilizing properties have prompted
investigation of the influence of statins over major myocardial
events after surgery. A meta-analysis of 15 RCTs in this arena concluded that treatment in statin-naïve patients decreased the incidence of atrial fibrillation after cardiac surgery (Chopra et al. 2012).
Additionally, after both cardiac and non-cardiac surgery, MI and
mean length of hospital stay were both reduced. In a double-blind,
placebo-controlled trial of patients undergoing vascular surgery,
statin treatment in addition to routine β-blockade, was instituted
from a median of 37 days before surgery until 30 days afterwards
(Schouten et al. 2009). A significant reduction in C-reactive protein
and interleukin 6 levels were observed in the period before surgery, and the incidence of major cardiovascular events (MI and cardiovascular deaths) was reduced from 10.1% to 4.8%. Application
of a similar methodology to an intermediate surgical risk population (but using an open-label design), showed a trend for a
lower incidence of cardiac death and non-fatal MI (3.2% vs 4.9%)
(Dunkelgrun et al. 2009). This study was underpowered as a result
of early termination and statistical significance was not reached.
More recently, concerns have emerged relating perioperative statins
to AKI after cardiac surgery in statin-naïve patients with chronic
kidney disease.

Blood pressure control
A meta-analysis assessing the impact of preoperative hypertension
on postoperative complications, reports a statistically significant
increase in risk (odds ratio 1.3). Given that the studies included
were observational, heterogeneous, and did not account for potential confounding factors (e.g. heart failure), the authors conclude
there is no evidence to support a clinically significant effect (Howell
et al. 2004). Indeed, features of end-organ damage associated with
hypertension are captured by the Revised Cardiac Risk Index, and
this should be the focus of risk stratification. Nevertheless, a higher
incidence of perioperative ischaemia in patients with the severest classification of hypertension (grade 3: systolic blood pressure
>180 mm Hg, diastolic blood pressure > 110 mm Hg) has been
shown. Furthermore, in the medical setting such severe hypertension is increasingly associated with end-organ damage. Therefore,
it is common practice (and recommended by the ACC/AHA guidelines) to defer elective surgery to establish control of grade 3 hypertension, but there is a complete absence of RCTs in this field. If a
decision is made to proceed with surgery, expert opinion suggests it
is good practice to monitor blood pressure invasively and maintain
within 20% of the best estimate of preoperative values.

Anticoagulation
Surgery presents a dual haematological threat of bleeding from
disrupted tissues and thromboembolism. Patients receiving anticoagulation or antiplatelet therapy for chronic conditions should have
a bridging plan in place for the perioperative period (Wysokinski
and McBane 2012). If the original indication for treatment is compelling, little or no interruption for surgery improves outcomes. For
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example, cessation of dual antiplatelet therapy within 12 months
of the insertion of a drug-eluting coronary stent presents a much
greater risk of thrombotic over haemorrhagic complications
(excluding ophthalmic and intracranial operations) (Chassot et al.
2007). Conversely, if the indication for full anticoagulation is marginal, replacement with standard prophylactic doses followed by a
gradual reintroduction is logical. For example, warfarin treatment
for atrial fibrillation in the elderly confers a modest but important
advantage over aspirin when measured over a period of several years
(Mant et al. 2007). Given the surgical bleeding risk with warfarin, it
is reasonable to convert to aspirin and normal prophylaxis for the
short duration of the perioperative period. Re-warfarinization can
safely occur many days later. Beyond these two extremes, the risk–
benefit balance in anticoagulated patients presenting for surgery is
less defined. Often, haematological advice is sought on a case-by-
case basis. For example, patients with prosthetic heart valves may
replace warfarin with treatment doses of low-molecular-weight
heparin (LMWH) leading up to surgery, convert to prophylactic
doses for the first 1–2 postoperative days, and then restart full anticoagulation promptly once the bleeding risk is judged minimal.
Reduction of postoperative complications as a result of VTE is
achievable with a number of perioperative strategies. Neuraxial
blockade in the form of spinal or epidural procedures reduces
the incidence of DVT and PE (Rodgers et al. 2000), and attenuates the pro-thrombotic state after surgery (Tuman et al. 1991).
A review of the literature by the National Institute for Health and
Care Excellence (NICE) in 2010 included large meta-analyses of
the efficacy of the available interventions (Hill et al. 2010). In these
recommendations, practical interventions such as early mobilization, good hydration, and avoidance of known risk factors for VTE
independent of surgery (e.g. oral contraceptive pill), are advised
as a minimum standard of care. Additionally, across diverse surgical populations both mechanical and pharmacological prophylaxis reduce the incidence of DVT and PE by at least a half when
used alone, and further still in combination (reported relative risk
as low as 0.07). At the same time, the frequency of major bleeding events is increased two-to three-fold with pharmacological
interventions. Based on these findings, NICE recommends that all
hospitalized patients undergo a structured risk assessment for VTE
and bleeding to inform the use of prophylaxis. In practice, nearly
all surgical inpatients meet the criteria for substantial VTE risk and
should receive mechanical prophylaxis (graduated compression
stockings, intermittent compression devices, or both). If there are
no major risk factors for bleeding (international normalized ratio
> 2, platelets < 75, inherited or acquired bleeding disorder) pharmacological prophylaxis is also warranted, in the form of LMWH
(unfractionated in renal failure), fondaparinux (synthetic heparin
like molecule), or alternative oral anticoagulants (e.g. rivaroxaban
for joint replacement surgery). Such treatment is advised until
normal mobility has resumed, and for up to 35 days after certain
orthopaedic operations (Geerts et al. 2008). In the event of simultaneously high VTE and bleeding risk, a temporary inferior vena cava
filter can be used instead of pharmacological treatment to improve
outcomes.

Preoperative fasting
This is a key component of enhanced recovery programmes.
Historical fasting regimens required abstinence from food and
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drink for 8–12 h preoperatively in order to reduce the risk of aspiration pneumonia. Other interventions promoting fluid loss have
also been commonplace (e.g. bowel preparation), causing patients
to frequently present for surgery in a state of considerable dehydration. Modern practice now recommends fasting of clear fluids for 2
h, solid food for 6 h (Royal College of Nursing 2005) and avoidance
of bowel preparation for many GI procedures. Whilst the fasting
changes are considered safe and improve the patient experience,
they have not been proven to affect postoperative complications.
On the other hand, the addition of carbohydrate drinks leading
up to surgery may attenuate catabolism, thereby improving muscle strength, return of gut function, and hospital stay (Noblett et al.
2006b). Furthermore, avoidance of bowel preparation has also been
shown to reduce the incidence of anastomotic leakage and overall
postoperative morbidity (Slim et al. 2004; Bretagnol et al. 2007). See
Boxes 47.11 and 47.12.

Intraoperative interventions
A number of evidence-based intraoperative interventions are
available to reduce the incidence of postoperative complications.
Anaesthetists should clearly take a lead role in maintaining awareness of this section of the perioperative medicine literature, and in
implementing proven strategies. To this end, practitioners with a
sub-specialty interest in improving outcomes after high-risk surgery are valuable.

Optimizing cardiovascular performance
This is a key component of enhanced recovery programmes. A core
aspect of anaesthetic practice is maintaining haemodynamic function in the face of drug effects, blood loss, and fluid shifts. To minimize the disruption to tissue perfusion, the blood pressure, cardiac
output, haemoglobin, and arterial oxygen saturation should be
monitored and supported. Many patients undergoing major surgery do not have cardiac output monitoring, and are therefore at
risk of tissue hypoxia secondary to relative cardiac failure that goes
unrecognized. This is particularly true of patients with poor baseline cardiac function, who have some of the worst outcomes after
surgery (Hernandez et al. 2004). Diminished perioperative tissue
oxygenation potentially contributes towards ischaemia–reperfusion
injury and inflammation (Grace 1994), and the development of
organ dysfunction (Shoemaker et al. 1992). Thus, postoperative

Box 47.11 Key points
◆

Patients identified preoperatively as high risk account for 80–
90% of subsequent morbidity and mortality in large surgical
populations.

Box 47.12 Key points
◆

Preoperative interventions backed by a good evidence base
include smoking cessation, management of active life-
threatening cardiac conditions, careful titration of β-blockers
in select patients, statin therapy, VTE prophylaxis, carbohydrate loading, and avoidance of bowel preparation.

complications affecting disparate organ systems may be indirectly
related to poor cardiovascular performance. Furthermore, tissue
hypoxia leads to reflexive increases in cardiac work, concomitant
reductions in coronary blood flow, and may precipitate cardiac
morbidity.
There are many interventions that improve haemodynamics during surgery. Translation into a reduction of postoperative complications is evident in some, but not all instances. The enduring medical
principle of ‘first do no harm’ is highly relevant. Minimizing blood
loss with careful haemostasis, attention to anticoagulant bridging therapy, and utilization of cell salvage techniques are all indicated. Indeed, there is a strong association between the volume
of intraoperative blood loss and postoperative outcomes (Spence
et al. 1990). Avoiding unnecessary cardiovascular depression from
overdose or imbalance of analgesics and hypnotics is also logical and achievable, but of questionable utility (Punjasawadwong
et al. 2007). Retrospective, observational studies have associated
deep anaesthesia with postoperative mortality but no causal link
has been established (Monk and Weldon 2011). Indeed, the only
prospective trial of light vs deep anaesthesia was stopped early as
no effect was discerned and continuation was considered futile
(Abdelmalak et al. 2013).
The most investigated haemodynamic intervention is that of
goal-directed fluid therapy (GDFT). In the absence of flow monitoring, the total volume and timing of intraoperative intravenous
fluid administration is highly subjective and varies between anaesthetists. Fluids may be given to counteract estimated losses (often
inaccurately), to treat hypotension wrongly assumed to be as a
result of hypovolaemia, or used as a carrier for intravenous drugs.
GDFT utilizes algorithms based on flow changes, measured by cardiac output monitors, in response to fluid boluses. In principle, cardiac preload is optimized according to the Frank–Starling curve,
whilst avoiding fluid excess. Early trials comparing GDFT with
standard practice showed significant improvements in intraoperative haemodynamics, hospital length of stay, and time to return of
bowel function, and fewer postoperative complications and attenuated cytokine rises (Sinclair et al. 1997; Gan et al. 2002; Wakeling
et al. 2005; Noblett et al. 2006a). The apparent robustness of the evidence and potential clinical and economic gains prompted national
endorsement of GDFT by NICE in the United Kingdom. A few
subsequent studies have failed to replicate a benefit for GDFT, and
may reflect the fact that multimodal improvements in perioperative care diminish the impact of additional interventions (Challand
et al. 2012; Srinivasa et al. 2013). Furthermore, in a sub-group of
cardiovascularly fit patients investigated by Challand et al. (2012),
GDFT worsened outcomes. Clearly, haemodynamic interventions
are capable of harm as well as benefit. Indeed, more research is
required to identify the patients who stand to gain maximal benefit
from such interventions.
Using vasoactive agents in addition to fluid optimization has
also been investigated in the perioperative setting. Shoemaker et al.
(1992) first identified that non-survivors after surgery had distinctively low levels of global oxygen delivery, and high levels of derived
oxygen debt. Subsequently, numerous trials explored the use of
fluids and inotropes to achieve predetermined targets of oxygen
delivery before, during, and immediately after surgery. Dramatic
reductions in postoperative mortality and morbidity have been
observed in most published trials (Shoemaker et al. 1992; Boyd
et al. 1993; Pearse et al. 2005; Cecconi et al. 2013). Interestingly,
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in a 15-year follow-up study, randomization to perioperative goal-
directed therapy (GDT) was one of three independent predictors
of long-term survival, along with age and avoidance of a significant
cardiac complication (Rhodes et al. 2010). The authors conclude
that the reduction in complications achieved through GDT has an
influence over long-term survival, even when deaths within 28 days
are excluded.

Neuraxial blockade
This is a key component of enhanced recovery programmes for
open abdominal surgery. Perioperative neuraxial blockade with
spinal or epidural drug administration attenuates several facets of
the stress response to surgery (Desborough 2000), but this does
not ubiquitously translate into improved postoperative outcomes.
A meta-analysis of randomized trials investigating neuraxial blockade concluded a small, but clinically important survival benefit,
especially when spinal or epidural techniques alone were compared
with general anaesthesia alone (Rodgers et al. 2000). Neuraxial
blockade also reduced the odds of DVT, PE, transfusion requirements, pneumonia, respiratory depression, MI, and renal failure.
Importantly, the authors demonstrate why many smaller studies
lack the requisite power to differentiate between regional and general anaesthesia.
In a subsequent RCT (the largest conducted to date) of epidural
vs opioid analgesic techniques in high-risk patients undergoing
major surgery under general anaesthesia, no mortality difference
was observed at 30 days after surgery (Rigg et al. 2002). Out of
eight categories of morbid end-points measured, only respiratory
failure was significantly reduced in patients managed with epidurals (23% vs 30%). Nevertheless, patients had improved intraoperative haemodynamics and postoperative pain scores. The failure to
demonstrate a mortality improvement may reflect a low death rate
in both groups, and a multicentre design that tested effectiveness
in the real world rather than efficacy within a tightly controlled,
single-centre study.
Finally, a Cochrane review of randomized trials comparing epidural and opioid analgesia in patients undergoing abdominal surgery reported more rapid return of GI function with the former
technique (24 vs 37 h) (Jorgensen et al. 2000). Thus, enhanced
recovery programmes recommend epidural techniques for select
patients.

Temperature control
Unless preventative measures are taken, core body temperature
falls to around 35°C under anaesthesia and takes up to 6 h after
surgery to recover. Vasodilation, evaporation, and cold ambient
contact surfaces and air, all contribute to heat loss. This is compounded by an impairment of normal thermoregulation with hypnotic drugs or regional nerve blockade (Leslie and Sessler 2003).
Avoidance of perioperative hypothermia is achievable with forced
air warming, warmed intravenous fluids, and behavioural modifications. A number of high quality RCTs have shown that maintaining normothermia in the surgical period reduces the incidence of
wound infection by up to two-thirds, improves markers of collagen
deposition (essential to wound healing), reduces cardiac morbidity by half, decreases blood loss and transfusion requirements, and
shortens hospital length of stay (Kurz et al. 1996; Frank et al. 1997;
Rajagopalan et al. 2008). The safety and efficacy of temperature
control has been further emphasized in a literature review and clinical guidance publication by NICE (Harper et al. 2008).
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Prophylactic antibiotics
Administration of prophylactic antibiotics before surgery is recommended for the majority of surgical procedures, often leading to a
dramatic reduction in the incidence of SSIs (Scottish Intercollegiate
Guidelines Network 2008). As antibiotic administration can also
lead to allergic and non-allergic side-effects, and increased community resistance, a number of evidence-based recommendations exist
to maximize benefit and minimize harm. These include selection
of narrow-spectrum drugs that cover organisms associated with
each operation type, and default use of a single dose given within
a 30 min window before skin incision. Repeat doses are indicated
for prolonged surgery and after major intraoperative blood loss.
For arthroplasty procedures, the evidence supports prophylaxis for
24 h duration, and this is often extrapolated to any surgery involving artificial implants. Patients colonized with meticillin-resistant
Staphylococcus aureus also benefit from preoperative eradication
with nasal mupirocin, especially before high-risk procedures.

Patient safety initiatives
Getting basic clinical management right for every patient can have
a big impact on outcomes after surgery. In 2009, the World Health
Organization (WHO) published guidelines for safe surgery following a systematic review of the evidence (WHO 2009). Ten essential
objectives were identified including correct site surgery, provision
of safe anaesthesia, management of airway problems, management
of haemorrhage, avoiding known allergies, minimizing the risk of
SSI, preventing the retention of swabs and instruments, accurate
identification of specimens, effective communication within the
surgical team, and routine surveillance of surgical outcomes. The
WHO Surgical Safety Checklist was devised as a tool to meet these
objectives, and resulted in a significant reduction in postoperative
deaths (0.8% vs 1.5%) and complications (7% vs 11%) when tested
in eight pilot hospitals worldwide (Haynes et al. 2009). Widespread
uptake of the safety checklist is now commonplace and mandatory
in many high-income countries. Box 47.13.

Postoperative interventions
A number of postoperative factors implicated in the development
of morbidity are amenable to modification. In particular, enhanced
recovery programmes are embodying the principles of minimizing
harm, expediting a return towards normal function and removing
iatrogenic sources of complications. RCTs of such programmes
consistently show reductions in postoperative morbidity across a
broad range of operation types (Walter et al. 2009; Coolsen et al.
2013). The length of hospital stay is commonly improved with
acceptable levels of re-admission after early discharge. When early
postoperative care is compromised by reduced staffing levels (e.g.
following elective surgery on a Friday) the 30-day mortality is
raised (Aylin et al. 2013).

Box 47.13 Key points
◆

Intraoperative interventions backed by a strong evidence base
include goal-directed therapy, neuraxial blockade for select
patients, temperature control, prophylactic antibiotics, and
surgical safety checklists.
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Re-establishing enteral nutrition
This is a key component of enhanced recovery programmes. As
discussed previously, GI morbidity is common after many types
of major surgery and can become causal in the development of
additional complications through heightened catabolism, inflammation, side-effects of intravenous fluids, failure to re-establish
normal oral medications, and the adverse consequences of vomiting. A key aim in enhanced recovery programmes is to re-establish
enteral feeding as soon as possible, as this is beneficial to outcomes
(Barlow et al. 2011). Steps that assist in this process include avoidance of nasogastric tubes, minimizing gut handling through use
of laparoscopic and robotic techniques, minimizing opioid-driven
dysmotility, routine use of early enteral feeding, gum chewing, and
other prokinetic agents (e.g. caffeine) (Johnson and Walsh 2009).
Many of the benefits of optimizing cardiovascular function are
believed to arise from better gut perfusion and reduced oedema.
Clearly, anaesthetists and intensivists play a pivotal role in many
of these steps, from titrating fluids to maximizing the benefits of
regional analgesia.

Early mobilization
This is a key component of enhanced recovery programmes.
Traditionally, bed rest after surgery was considered an important
part of the recovery process. Enforced bed rest studies in healthy
volunteers have since highlighted the detrimental consequences
of immobility, particularly in relation to skeletal muscle weakness
(Paddon-Jones et al. 2006), and cardiac dysfunction (McGavock
et al. 2009). Mobilization of patients through structured postoperative physiotherapy is now well accepted as a standard of care.
Achievement of early mobilization is aided by adjusting expectations through patient education, minimizing the use of surgical drains, and effective multimodal analgesia titrated via acute
pain teams.

Early rescue
Even when excellent, evidence-based perioperative care is delivered, a proportion of patients will still develop postoperative
complications. When morbidity goes unrecognized, systemic
manifestations are magnified and have a knock-on effect on other
organ systems. For example, relative cardiac failure from hypovolaemia can cause acute kidney injury, arrhythmias, MI, and confusion. Additionally, administration of antibiotics within the first
hour of septic presentations has a markedly positive influence over
survival (Dellinger et al. 2013). Early recognition and treatment of
complications presents a logical approach towards prevention of
negative spirals into multiorgan dysfunction. Indeed, a comparison of the best and worst performing hospitals in the United States
shows similar absolute rates of postoperative complications (36.4%
vs 32.7%), but 2.5-fold differences in mortality rates (Ghaferi et al.
2009). The best hospitals appear to recognize and manage morbidity quickly and effectively, with a failure to rescue rate of 6.8% vs
16.7%. To ensure prompt recognition and rescue, staffing levels and
expertise need to be appropriate. Generally, this is achieved by routine admission to critical care beds in patients identified as high
risk. Critical care outreach teams can also provide a conduit for
early and effective rescue when patients do return to the ward, but
subsequently deteriorate.
Clearly, such strategies have significant cost implications and also
may not match the sub-specialist nursing knowledge available on

specific wards (e.g. monitoring of peripheral vascular sufficiency).
The processes of selecting patients for routine critical care after
surgery, and deciding on timescales for de-escalation of care, are
important for optimizing surgical outcomes and healthcare costs.
Certainly, pre-emptive prevention of complications through an initial investment in perioperative interventions can be cost-effective
overall (NICE 2011). See Box 47.14.

Novel future strategies
Research in perioperative medicine will naturally lead to future
refinements in conventional patient management. Improved specificity of hypnotic and analgesic drugs, more sophisticated attenuation of the surgical stress response, and more effective methods of
cardiovascular support, would be expected achievements towards
the goal of minimizing physiological disruption. Furthermore, surgical progress enabling major operations with limited tissue injury
(e.g. transcutaneous cardiac valve surgery) offers much promise.
In addition to conventional advances, novel mechanisms underpinning postoperative morbidity will emerge offering further
potential for important healthcare gains. A number of innovative
strategies are already being tested in clinical practice. For example, the heart can be conditioned to better withstand local ischaemia, through repeated episodes of transient ischaemia induced
in a remote organ (e.g. upper limb). Randomized trials of such
‘remote ischaemic preconditioning’ have delivered improvements
in biomarkers of cardiac stress after surgery (Brevoord et al. 2012).
Another area of cutting-edge research, is the role of innate responses
to damage associated molecular patterns (DAMPs) released during
tissue injury. Through toll-like receptors, systemically circulating
DAMPs are drivers of inflammation and are likely to have a role in
the evolution of complications (Chen and Nunez 2010). Thus, specific blockade of these pathways may be feasible and advantageous.
Finally, profiling of immune cell function before surgery is already
being explored (Sternberg et al. 2013), and offers potential for risk
stratification and targeting of immune-enhancing therapies.

Conclusion
Complications are common after high-risk surgery, whether they
are classified using pathological criteria, the treatments instituted
for deviations from the ideal postoperative course, or clinical factors that prolong length of hospital stay. Patients that experience
complications have significantly worsened short-and long-term
survival. The pathophysiology that underpins morbidity involves
an interaction between baseline health and the consequences of
controlled tissue injury and the surgical stress response. Immune
and cardiovascular system dysfunction are central mechanisms in
the evolution of poor surgical outcomes. A number of evidence-
based perioperative interventions can be deployed to reduce the

Box 47.14 Key points
◆

Postoperative interventions backed by a good evidence base
include use of enhanced recovery programmes and early rescue when complications do arise.
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burden of postoperative complications for individual patients and
healthcare organizations. Anaesthetists are ideally placed to lead
the implementation of coordinated, multidisciplinary bundles of
care such as enhanced recovery programmes. Novel interventions
are the subject of intense research, and offer much promise for surgical outcomes in ageing populations with increasing expectations.
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CHAPTER 48

The airway in anaesthetic
practice
Christopher Frerk and Takashi Asai
Introduction
Airway management is a description of the synthesis of the knowledge, skills, and behaviours of a skilled professional working to
keep a patient’s breathing passages clear and, if necessary, assisting with his or her breathing. The main tasks of airway management during general anaesthesia are maintenance of oxygenation
and elimination of carbon dioxide while protecting the lungs from
aspiration. After induction of general anaesthesia, obstruction of
the upper airway is almost inevitable without the intervention of
an anaesthetist or other healthcare professional. Historically, the
principal site of obstruction was believed to be the tongue pressing
against the posterior pharyngeal wall but it is now accepted that the
soft palate obstructing the nasal airway and the epiglottis obstructing the laryngeal inlet are equally common and important causes of
upper airway obstruction in clinical practice.
Airway devices (facemasks, supraglottic airway devices, or tracheal tubes) are routinely used during anaesthesia to relieve upper
airway obstruction and (particularly when positive pressure ventilation is used) to minimize leakage of gas at the interface of the
patient and the anaesthesia apparatus. The choice of airway device
should take into consideration the advantages, disadvantages, and
likelihood of difficulty of each method, the type of operation, and
the condition of the patient including an assessment of the risk of
aspiration.

Anatomy and physiology
The front border of the oral cavity is the lips, the top border
is the hard palate at the front and the soft palate at the back,
the side borders are the cheeks, and the lower border is the
‘floor of the mouth’ which mainly consists of the tongue but
also includes the space around the sides and undersurface of
the tongue. At the back, the oral cavity connects with the pharynx at the fauces. The vallecula is the depression between the
lateral glossoepiglottic folds which connect the lateral edges of
the epiglottis to the base of the tongue.
The nasal cavity extends posteriorly from the nares or nostrils
into the nasal vestibule (which bears short, thick hairs). The nasal
cavity is lined with a moist mucosal membrane and is divided into
two compartments (nostrils) by the nasal septum. The lateral wall
of each nostril has three overhanging projections, the nasal conchae, running from the front to the rear. At the back of the nasal
cavity, the space becomes the nasopharynx.

The pharynx is the space behind the oral cavity and it stretches
above and below the level of the oral cavity. The top border is the
base of the skull (sphenoid bone), the posterior border is the cervical spine, and inferiorly it becomes the oesophagus. The back
of the nose connects with the pharynx at the top, the back of the
oral cavity connects with the pharynx in the middle, and the larynx and oesophagus connect with the pharynx at the bottom. The
pharynx is thus described in three parts: the nasopharynx is the
portion above the soft palate, the oropharynx runs from there to
the level of the hyoid bone, and the laryngopharynx runs from the
level of the hyoid bone to the level of the lower border of the cricoid cartilage.
The larynx is situated at the upper end of the trachea, at the level
of the third to sixth cervical vertebrae, extending from the tip of the
epiglottis to the caudal border of the cricoid cartilage, where the
trachea connects. In neonates, the larynx is positioned at the level
of the second and third vertebrae, and descends as a baby grows.
The larynx consists of nine cartilages: epiglottis, thyroid, cricoid,
and paired arytenoid, corniculate, and cuneiform cartilages. They
are connected by fibroelastic membranes (thyrohyoid, cricothyroid,
and cricotracheal membranes). The cricothyroid membrane is the
most superficial, is relatively avascular, and has the widest anterior
gap between the cartilages of the larynx and trachea, thus providing
the best access for emergency percutaneous transtracheal access to
the airway. The larynx is suspended from the hyoid bone by the
thyrohyoid membrane. The caudal part of the epiglottis is attached
to the posterior surface of the thyroid cartilage, and the anterior
side is connected to the hyoid bone by the hyoepiglottic ligament.
The cricoid cartilage is a complete ring which articulates with the
thyroid and arytenoid cartilages. The larynx bulges posteriorly into
the hypopharynx, leaving on each side a deep recess, the pyriform
fossae.
The glottis (where the vocal cords are located) is situated at the
mid level of the thyroid cartilage anteriorly, and at the upper edge
of the cricoid cartilage posteriorly.
The trachea extends from the caudal edge of the cricoid cartilage
to the carina. It consists of U-shaped cartilages joined by fibroelastic
tissue and closed posteriorly by the longitudinal trachealis muscle.
The trachea divides into two main bronchi, left and right, at the
carina. The left main bronchus is longer than the right and its axis
makes a greater angle with the axis of the trachea. The right main
bronchus subdivides into three lobar bronchi, whereas the left main
bronchus divides into two.
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Equipment
Facemasks
The oldest airway management manoeuvre, routinely used by clinicians for more than 100 years to maintain a patent airway, is to
lift the mandible anteriorly, elevating the tongue and epiglottis. The
application of a facemask allows administration of supplemental
oxygen and anaesthetic vapours.
Facemasks are designed to form a seal around the mouth and
the nose, and are connected to anaesthetic breathing systems, to
allow spontaneous breathing or intermittent positive pressure ventilation. Historically, the body of a facemask was made of black rubber, but currently most are made of transparent plastics, with the
advantage that it is possible to see lip colour, vomitus, and exhaled
moisture. The rim of the mask is designed to achieve an airtight seal
with the face, utilizing either an air-filled cushion (to which air can
be added or removed to optimize the seal) or a flap.
Although facemask ventilation is a fundamental skill that
all anaesthetists should master, it requires considerable skill to
maintain a patent airway and a seal even in patients with normal airways. The optimal position for maintaining a clear airway
is with neck flexed and the head extended on the neck (sniffing
position). A pad or pillow under the head (not under the shoulders) aids optimum positioning. Jaw thrust is routinely required
to prevent airway obstruction. Lifting the mandible anteriorly, so
that the lower set of teeth is anterior to the upper set of teeth, lifts
the tongue from the posterior pharyngeal wall and the epiglottis
away from the glottis. This can be achieved by slightly opening the
mouth and by applying forward force on the mandibular ramus.
When there is difficulty in obtaining a patent airway, two-person/
four-handed ventilation should be attempted. One person holds
the mask with both hands, and lifts the rami of the mandible. The
second person ventilates the patient’s lungs by squeezing the reservoir bag. Jaw thrust with both hands, maximum head extension,
and mouth opening (‘triple airway manoeuvre’) combine to provide optimal ventilation.
When these manoeuvres fail to maintain a patent airway, an oropharyngeal airway (Guedel airway) or a nasopharyngeal airway is
used. An oropharyngeal airway increases the space at the back of
the tongue, and helps lift the epiglottis from the posterior pharyngeal wall. A nasopharyngeal airway bypasses obstruction at the soft
palate and the base of the tongue and is less likely to provoke airway
reflexes such as coughing.
During positive pressure ventilation, anaesthetic gas may be
insufflated to the stomach which increases the likelihood of regurgitation of gastric contents. This is especially likely when high airway pressures are necessary such as in obese patients, those with
poor pulmonary compliance, or partial airway obstruction. Gastric
distension leads to worsening diaphragmatic splinting (especially
in small children), making continued positive pressure ventilation
even more difficult.
The facemask is now rarely used for maintenance of anaesthesia
as the anaesthetist is not able to easily perform other tasks such as
record-keeping and administering fluids. In addition, the lungs are
not protected from regurgitated stomach contents.

Supraglottic airways
Supraglottic airway devices are artificial airways inserted into the
oropharynx with a 15 mm connector for attachment directly to a

breathing system, providing hands-free airway maintenance. The
first oropharyngeal airway devices were produced in the 1930s and
were designed to provide a gastight seal, by forming a plug in the
oropharynx. These devices needed constant manipulation to maintain a patent airway and the materials available at the time were too
stiff to provide an effective sealing effect. Since the 1990s, several
new pharyngeal plugs were developed with softer cuffs which provided relatively reliable sealing but they still had the problem of
frequent upper airway obstruction.
As an advance on the simple pharyngeal plug, oesophageal
obturators such as the Combitube and the laryngeal tube were
developed with two cuffs: the distal cuff of the device sealing the
oesophagus to prevent gas flow into the stomach, with the proximal cuff producing a seal within the oropharynx. Gases delivered
between the two cuffs can thus only enter the trachea. Although
these devices have been used for resuscitation and for prehospital
care, they never achieved widespread popularity during anaesthesia
practice.
The laryngeal mask airway was designed by Archie Brain in
1981 as a totally new concept and came to market in 1987. Brain
designed the device based on the anatomy of the hypopharynx.
When correctly positioned, the distal part of the mask conforms to
the hypopharynx, and the inflatable cuff encircles and encloses the
larynx, forming a gastight seal around it.
The laryngeal mask airway rapidly gained in popularity and
soon overtook the facemask as the mainstay of airway maintenance
during spontaneously breathing anaesthesia. Soon, because of its
advantages (Box 48.1), it began to encroach on areas of anaesthesia
where the tracheal tube had previously been the exclusive method
of airway management.
Brain subsequently developed several variations on the Classic®
(Teleflex, Inc., Wayne, PA, USA) laryngeal mask airway to address
specific requirements. Concerns regarding infection led to the
introduction of a disposable device (the Unique®; Teleflex, Inc.,
Wayne, PA, USA), difficulties using the classic device in head and
neck surgery heralded development of the flexible version, and
the specific requirement for use as a conduit for tracheal intubation led to the production of the Fastrach™ (intubating laryngeal
mask airway) with a shorter wider rigid stem and different angle of
approach to the laryngeal inlet. Subsequently, a video camera and
screen were incorporated into the design of the Fastrach™ under the
trade name CTrach™, allowing the previously blind intubation to
be observed. In response to an increasing number of anaesthetists
choosing to use positive pressure ventilation, the ProSeal™ and its
disposable version the Supreme® (both Teleflex, Inc., Wayne, PA,
USA) were added to the family.
The huge success of the laryngeal mask airway led to a variety of
similar devices being brought to market. Since the patent expired
on the laryngeal mask airway more than 20 versions have come
to market from many manufacturers and although the evidence
base for their efficacy does not match that available for the Classic®
laryngeal mask airway, many healthcare providers are now using
these devices throughout the world.
The next concept in supraglottic airway devices was the perilaryngeal airway, the most successful of which is the i-gel® (Intersurgical
Ltd., Workingham, UK), launched in 2007. Although superficially
similar in appearance to the laryngeal mask airway, the concept of
the i-gel® is distinctly different: the i-gel® is designed based on the
shape of the larynx and thus does not rely on inflation of a cuff to
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Box 48.1 Advantages and disadvantages of supraglottic airways

Advantages
◆

◆

◆

◆

◆

◆

◆

Insertion of a supraglottic airway is generally easy to learn,
and the success rate for placement by unskilled personnel is
94–100%.
Compared with tracheal intubation and extubation, insertion
of, and removal of, a supraglottic airway is associated with less
haemodynamic and intraocular pressure changes.
There is no risk of inadvertent endobronchial or oesophageal
intubation.
Compared with tracheal intubation, a supraglottic airway
should be less likely to injure the teeth, the glottis, or the
trachea.
Compared with tracheal extubation, removal of a supraglottic
airway during emergence from anaesthesia is associated with
a lower incidence of airway complications and interruption of
spontaneous breathing.
Compared with a facemask, upper airway obstruction is infrequent during the use of a supraglottic airway (as the device
bypasses the obstruction at the base of the tongue, soft palate,
and the epiglottis), and thus holding the device and supporting
the jaw are usually not necessary.
Compared with a facemask, it is easier to obtain a gastight seal
with a supraglottic airway.

Disadvantages
◆

◆

◆

◆

First-generation supraglottic airways do not reliably prevent
pulmonary aspiration of gastric contents.
Anaesthetic gas may be insufflated to the stomach, and this
may encourage regurgitation of gastric contents and may make
positive pressure ventilation difficult.
Supraglottic airways cannot prevent obstruction at the glottis
or beyond.
Supraglottic airways are less effective than cuffed tracheal
tubes in preventing gas leakage when the airway pressure is
high. Typical seal pressures have been recorded at 15–18 cm
H2O for the laryngeal mask airway classic, and 25–28 cm H2O
for the laryngeal mask airway ProSeal™ and the i-gel®.

seal the gap with the pharyngeal tissues (Fig. 48.1). The rim is made
of a thermo-elastic polymer (ethylene butadiene styrene: SEBS),
designed to conform to the anatomical shape of the larynx, changing its form dependent on individual laryngeal anatomy. Because
of this, a gastight seal can be obtained without a cuff mechanism
(Fig. 48.1), and thus the insertion time of the i-gel® is generally
faster than that of any other supraglottic airways.
Supraglottic airways have several disadvantages (Box 48.1).
Development in this field has concentrated on improving airway
seal pressures to enable controlled ventilation at higher airway
pressures, and on maintaining functional separation of the respiratory and gastrointestinal tracts with improved oesophageal
venting via drain tubes overlying the top of the oesophagus to
reduce the risk of gastric inflation, regurgitation, and aspiration.

Figure 48.1 Anatomical position of the laryngeal mask airway (left), and the i-gel®
(right). When correctly inserted, there is a gap between the laryngeal mask airway
and the larynx, necessitating inflation of a cuff to obtain an airtight seal, whereas
the i-gel® can provide an airtight seal without an inflatable cuff.

These second-generation supraglottic airway devices (such as the
ProSeal™ and i-gel®) have an integral bite block, thus reducing the
risk of airway obstruction during emergence from anaesthesia.

Practical use of the laryngeal mask airway
In anaesthesia training, little attention is given to laryngeal mask
selection and insertion which is in large part testament to the
design of the device in that untrained personnel can achieve good
success rates with these devices. However, it is now recognized that
we should afford the same attention to insertion technique of the
laryngeal mask that we do to teaching tracheal intubation. While
personal variations in technique (such as partly inflating the mask
before insertion, folding the tip anteriorly, or rotating the mask laterally during insertion) may make insertion of the device easier,
none have been proved to match (in terms of correct positioning
of the mask) the standard method (Fig. 48.2, Box 48.2). For example, when the cuff is partially inflated, insertion of the device into
the mouth is easier but is more likely to be associated with down-
folding of the epiglottis. An incorrectly positioned device is more
likely to be dislodged or to activate airway reflexes such as laryngospasm or severe coughing during emergence from anaesthesia.
In adults, the size of laryngeal mask airway should be determined
by sex, as this provides a better sealing effect than selection based
on body weight (with no differences in other factors, such as the
ease of insertion). Larger sizes (size 4 or 5 in females and size 5 or
6 in males) usually provide a better gastight seal than smaller ones.
Early versions of the manufacturer’s instruction manual indicated
that size selection should be based on weight, but the latest manual
acknowledges the sex-based selection method. In children weighing less than 50 kg, size selection should be based on weight.
The manufacturer indicates a maximum volume of air for cuff
inflation for each device which should not be regarded as the ‘recommended inflation volume’. The cuff should be inflated with the
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Figure 48.2 Insertion of the Classic® laryngeal mask airway.

Box 48.2 Standard insertion method of the laryngeal mask airway Classic®
1. The cuff must be fully deflated before placement. This imparts rigidity to the tip of the cuff. The deflated cuff should be free from
wrinkles and its rim should face away from the mask aperture. This can be achieved by pressing the hollow side down onto a clean flat
surface during deflation, with two fingers pressing down on a point just short of the tip.
2. A lubricant is applied only to the posterior surface of the mask just before placement.
3. While the non-dominant hand places the patient’s head and neck to the sniffing position, the dominant hand holds the device, with the
index finger placed at the junction of the tube and mask.
4. The tip of the mask is placed against the inner surface of the patient's upper incisor teeth. It is important that at this point the tube
should be parallel to the floor rather than vertical. The mask is then pressed upwards against the hard palate and advanced into the oral
cavity, maintaining upward pressure (Fig. 48.2a).
5. The device is advanced using the index finger located at the junction of the tube and the mask. It is essential that the tip of the cuff does
not roll over while advancing the device (Fig. 48.2b, c).
6. The device is pushed as far as possible into the hypopharynx by the index finger. When the mask is fully advanced, resistance will be
felt (Fig. 48.2d).
7. The cuff is inflated with half the maximum recommended volume of air. When correctly placed, the tube usually moves out of the mouth
slightly, and the tissues overlying both the thyroid and cricoid cartilage bulge slightly when the cuff is inflated. The device should not
be held or connected to the anaesthetic circuit during cuff inflation, as this may prevent optimum seating of the device, the tip of the
mask is likely to be positioned too deeply if the tube is held during inflation.
8. After confirmation of adequate ventilation, a bite block is inserted, and the laryngeal mask and the bite-block are fixed.
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minimum volume of air required to provide an effective seal. The
best seal pressure is typically produced at approximately one-third
to two-thirds the maximum recommended cuff volume. When the
mask is inflated maximally, the more rigid cuff is less able to adapt
to the variable contours of the pharynx. The cuff should initially be
inflated with half the maximum recommended volume of air, and if
there is a gas leak around the mask at an airway pressure of less than
15 cm H2O, a further 5–10 ml of air should be added. If an acceptable seal has not been achieved with the maximum recommended
volume, the use of a larger size laryngeal mask should be considered.
The failure rate of insertion of a supraglottic airway is likely to
be higher in patients in whom difficult tracheal intubation is predicted, in particular, when neck movement or mouth opening is
limited. For example, insertion of the Classic® laryngeal mask airway using the recommended technique becomes impossible when
the angle between the oral and the pharyngeal axis is less than 90°
at the back of the tongue. Several other reasons for difficulty in
insertion have been reported (Box 48.3).
Supraglottic airways are well tolerated at light levels of anaesthesia and permit smooth emergence. However, in the UK
national audit of serious complications of airway management,
inadequate depth of anaesthesia was the most frequent associated factor with pulmonary aspiration which occurred during
the use of a supraglottic airway (Cook et al. 2011). It is important
to make sure that the depth of anaesthesia is sufficient to minimize the risk of breath holding, laryngospasm, or regurgitation
in response to surgical stimuli or other physical stimuli such as
changing the patient’s position.

Tracheal intubation
The technique of tracheal intubation has been available to anaesthetists for more than 100 years. In the earliest days, a tracheal tube
was passed into the trachea ‘blindly’ either by placing the fingers
in the patient’s mouth and guiding the tube by feel into the trachea (orotracheal intubation) or by manoeuvring the head and
neck to direct the tube through the nose towards the trachea (blind
nasotracheal intubation). Currently, the standard is that the tube
should be placed into the trachea under vision.
Tracheal intubation has been considered for many years to be the
gold standard of airway management. A correctly placed tube prevents obstruction in the upper airway, the glottis, and upper segments of the trachea. A cuffed tracheal tube (with the cuff inflated
correctly) permits positive pressure ventilation in patients with
poorly compliant lungs and is the most reliable method to minimize pulmonary aspiration during maintenance of anaesthesia.
A disadvantage of tracheal intubation is that to place the tube in
the patient’s trachea requires a laryngoscope and is thus an invasive
procedure associated with increases in heart rate, blood pressure,
and intraocular and intracranial pressures. Tracheal intubation
using a Macintosh laryngoscope is difficult in about 1:65 cases, and
fails in approximately 1:300 cases in obstetric patients and 1:2000
cases in general surgery. Repeated attempts at intubation are associated with injury to the airway and increased risk of mortality.

Route of tracheal intubation
Tracheal intubation can be achieved orally, nasally, or through a
tracheostomy orifice. Oral intubation is less invasive than nasal
intubation, and is usually chosen during routine anaesthesia.
Nasal tubes are chosen for particular head and neck operations to
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Box 48.3 Risk factors for difficult tracheal intubation and
difficult ventilation

Tracheal intubation
◆

History of difficult intubation

◆

History of prolonged intubation, tracheostomy

◆

Sleep apnoea syndrome, snoring

◆

Obesity

◆

Obstetric anaesthesia

◆

Acromegaly

◆

Restricted cervical spine movement (e.g. rheumatoid arthritis,
ankylosing spondylitis, fixed neck)

◆

Limited jaw movement

◆

Retrognathia

◆

Thyromental distance (<6.0 cm), sternomental distance
(<12.5 cm)

◆

Limited mouth opening (interincisor distance <4–6 cm)

◆

Restricted view of the oropharynx (Mallampati score: 3 or 4)

◆

Deformity of the airway (e.g. thyroid tumour, glottic oedema,
mediastinal mass).

Facemask ventilation
◆

History of neck radiation

◆

Beard

◆

Edentulous jaw

◆

Obesity

◆

Age older than 50 years

◆

Sleep apnoea syndrome, snoring

◆

Mallampati score 3 or 4.

Supraglottic airways
◆

Lack of experience

◆

Insufficient anaesthesia, muscle relaxation

◆

Limited mouth opening (interincisor distance <2 cm)

◆

Restricted cervical spine movement

◆

◆

◆

Mass in the oropharynx (e.g. large tonsils, oropharyngeal
tumour)
Laryngeal or tracheal obstruction (e.g. laryngospasm, laryngeal tumour, tracheal foreign body, compression to the airway)
Cricoid pressure.

facilitate surgical access. Tracheostomy is indicated when there is
obstruction in the upper airway or in the larynx, or when a prolonged intubation is anticipated.

Direct laryngoscopy devices
Direct laryngoscopy is performed to obtain a straight line of view
from the eye of the intubator to the glottis so that a tube can be
passed into the trachea, under direct vision.
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Alfred Kirstein was the first clinician to use a direct laryngoscopy
device. In 1895, he used a modified oesophagoscope to observe the
glottis. William Macewen performed the first tracheal intubation to
maintain a patent airway during anaesthesia. Subsequently, in 1913,
Chevalier Jackson and Henry Janeway independently developed
direct laryngoscopes and described their usefulness for tracheal
intubation. Both incorporated a distal light source, and a blade
component to create room for passage of a tracheal tube. The first
laryngoscopes were straight-bladed designs and two techniques
developed for their use: a midline and a paraglossal approach
both involving direct elevation of the epiglottis with the blade of
the laryngoscope placed under the epiglottis. Tracheal intubation
was subsequently popularized as a means of securing the airway
during anaesthesia by Ivan Magill during his time working with
the reconstructive surgeon Sir Harold Gilles. Magill refined the
techniques of laryngoscopy, notably identifying the importance of
appropriate head and neck position. Despite more than 100 laryngoscope blades being developed over the last 100 years, only two,
the Macintosh (curved) and Miller (straight) blades, both of which
were developed in the 1940s, have persisted in mainstream anaesthesia practice.

Macintosh and Miller laryngoscopes
The correct positioning of the tip of the blade differs between these
two laryngoscopes. With the Macintosh laryngoscope, the tip of the
blade is placed in the vallecula, and is designed to elevate the epiglottis indirectly by tensioning the hyoepiglottic ligament. With the
Miller laryngoscope, the tip of the blade is advanced underneath
the epiglottis which is lifted directly by the blade.
The method of tracheal intubation using a Macintosh laryngoscope
is as follows. Place the patient’s head and neck in the sniffing position
with neck flexed, head extended, and mouth open. The laryngoscope
is held in the left hand and introduced into the right-hand side of
the mouth, displacing the tongue to the left. The blade is advanced
along the tongue, observing the tip until the epiglottis comes into
view, after which the tip of the blade is inserted into the vallecula. At
this stage, applying a lifting force along the long axis of the handle
will usually expose the glottis and permit tracheal intubation.

first commercially available indirect device was the Bullard laryngoscope, which used a fibreoptic bundle to carry the image of the
larynx to a viewing lens. Since the turn of the century, several different types of indirect laryngoscopes have become available. These
devices are often called videolaryngoscopes, as the majority of the
currently available devices use video technology to transmit an
image of the larynx to a video screen.
Videolaryngoscopes have several advantages over direct laryngoscopes (Box 48.4) and there are a number of different designs which
vary in the way that they are used. The tip of the blade may be
placed in the vallecula or underneath the epiglottis, some devices
are designed to be used with the patient’s head and neck position in
the sniffing position, whereas others perform better with the head
and neck in a neutral position.

Macintosh type
The first patent adding a video camera to a rigid laryngoscope was
granted to Wood in 1998 (United States Patent US005800344A)
and describes a curved Macintosh-like blade. The insertion method
is basically the same as the conventional Macintosh laryngoscope,
and thus it is possible to see the glottis either directly or on a
video screen. One advantage is that it is not generally necessary to

Box 48.4 Advantages and disadvantages of rigid indirect
laryngoscopes (videolaryngoscopes)

Advantages
◆

◆

◆

McCoy laryngoscope
The McCoy laryngoscope is the most widely used alternative direct
laryngoscope. It is a modification of the Macintosh laryngoscope
with a hinged tip extending approximately 25 mm from the end of
the blade. The tip is controlled by a lever attached to the proximal
end of the blade. It may be useful when it is difficult to elevate the
epiglottis using a standard Macintosh blade. The McCoy is inserted
into the vallecula (as for the Macintosh laryngoscope), and the
thumb of the hand holding the laryngoscope is used to depress the
lever to elevate the tip of the blade. This may elevate the epiglottis,
by increasing the tension of the glossoepiglottic folds. It has been
demonstrated to be a particularly useful laryngoscope for use during manual in-line stabilization of the cervical spine but in other
cases it only improves the view in about 20% of difficult Macintosh
laryngoscopies.

◆

◆

Two or more people can simultaneously see the same view.
This is particularly useful for training, and also on the occasions when external laryngeal manipulation is necessary to aid
the view or to help direct passage of the tracheal tube as the
assistant applying pressure on the neck can see the glottic area
on the video screen and optimize pressure to optimize view.
Less cervical spine movement is required during tracheal intubation with a videolaryngoscope.
Because the video image can be seen from any angle, it is
unnecessary for the intubator to stand by the patient’s head
and instead can stand anywhere convenient as dictated by the
suboptimal scenario.
With some videolaryngoscopes, it is possible to record the
images of tracheal intubation. This may be useful for teaching
and training and in the future as a permanent record of the
laryngoscopy and intubation.

Disadvantages
◆

◆

Rigid indirect laryngoscopes (videolaryngoscopes)
Increasing interest in the mechanisms of difficulty with direct
laryngoscopy and tracheal intubation led to the development of
rigid indirect laryngoscopes where the anaesthetist is able to view
the larynx without the need to achieve a direct line of sight. The

A videolaryngoscope usually provides a better view of the
glottis.

◆

Tracheal intubation becomes difficult if the video image is
blurred by fogging, secretions, blood, or vomitus.
For a videolaryngoscope without a tube guide, even when a clear
view of the glottis is obtained, it may be difficult to manoeuvre
the tip of a tracheal tube through the laryngeal inlet.
Compared with a fibreoptic bronchoscope, it may be more
difficult to insert the blade in patients with a limited mouth
opening.
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learn a new tube-insertion technique. Another advantage over the
Macintosh laryngoscope is that the videolaryngoscope may provide
a higher chance of obtaining a full view of the glottis, because the
camera eye situated near the tip of the laryngoscope will be just a
few centimetres from the glottis. Nevertheless, there is still insufficient evidence to support that the use of Macintosh-type videolaryngoscope would increase the chance of success of tracheal
intubation in a patient in whom intubation using the conventional
Macintosh blade has failed.

Anatomically shaped blade without a tube guide
Because it is unnecessary to obtain a line of sight to the glottis from
outside the patient’s mouth, videolaryngoscopes do not have to have
the same shape as the Macintosh blade. Therefore, the blades are
generally anatomically shaped to allow insertion without excessive
movement of the head and neck and to deliver the camera to a position behind the tongue from where the larynx can be viewed. This
means that it is usually not possible to direct a tube to the larynx
without the use of a stylet with the same curve as the laryngoscope
blade. The use of these devices therefore necessitates the acquisition of the new skill of manipulating the tube under video control.
In addition, while the tip of the tube can be observed directly as it
is placed into the mouth and is subsequently viewed indirectly via
the video screen, there is usually a short period where the tip is not
under vision and particular care needs to be taken to avoid trauma
while advancing the tube.

Anatomically shaped blade with a tube guide
In an attempt to overcome these limitations, some new devices
have been developed with a guide channel into which the tube is
secured before starting laryngoscopy or through which the tube is
passed under direct vision once the laryngoscope is in the patient’s
mouth. Assuming that a view of the larynx can be obtained, the
channel directs the tube towards the larynx (Fig. 48.3). With these
videoscopes the tube is steered towards the larynx by adjusting the
position of the laryngoscope rather than by control of the hand
advancing the tube, as is the case in direct laryngoscopy and when
using other videoscopes. Even with a guide channel and a clear
view of the larynx, the tip of the tracheal tube may impinge on arytenoids or the epiglottis, in which case a gum elastic bougie may be
passed through the tracheal tube and advanced into the trachea (by
manoeuvring the direction of the bougie tip as seen on the video
screen); the tube can then be advanced over the bougie into the
trachea.
Several studies have shown that some videolaryngoscopes enabled tracheal intubation with high success rates (Asai et al. 2009;
Amathieu et al. 2011; Aziz et al. 2011) in patients in whom intubation with a Macintosh laryngoscope has been difficult.

Fibreoptic laryngoscope
The first fibreoptic intubation was performed in 1967 using a choledocoscope. Purpose-built fibreoptic laryngoscopes were first produced in the 1970s using coherent bundles of glass fibres to transmit
an image of the larynx to a viewing lens. These early fibrescopes
required an external light source to provide illumination delivered
via a second bundle of glass fibres. Improvements in technology
allowed incorporation of greater numbers of smaller fibres giving
better quality images, and improvements in battery technology
have permitted fibrescopes to become readily portable. Since the

Figure 48.3 A videolaryngoscope with a tube guide (Pentax Airway Scope®).
Both the glottis and the tip of the tube are seen on the video screen.
Copyright © 2016 Pentax Medical.

1990s, the use of cameras attached to the viewing lens with pictures
displayed on video screens has facilitated teaching of the technique.
The latest generation of ‘fibreoptic’ laryngoscope has utilized chip
camera technology instead of glass bundles to transmit the images,
giving much better quality pictures.
Fibreoptic laryngoscopy is currently considered the gold standard technique to facilitate tracheal intubation in patients with difficult airways. Nevertheless, there are difficulties associated with its
use. As with all airway management techniques, it requires training and practice to become proficient in negotiating the fibrescope
to and through the glottis. Importantly, even when the fibrescope
has been inserted into the trachea, railroading a tracheal tube over
the scope into the trachea may frequently be difficult, known as
‘hold up’.
Several methods have been suggested for reducing difficulty in
fibreoptic intubation.
A space needs to be created in the oropharynx in which to view
the anatomy. The awake cooperative patient can protrude their
tongue or take a deep breath on command, both of which increase
the airspace in the oropharynx, permitting an improved view. In
the anaesthetized patient, other techniques need to be used to create this space: jaw thrust provided by an assistant widens the oropharyngeal cavity and elevates the epiglottis, opening the laryngeal
inlet and easing insertion of a fibrescope into the trachea; insertion of purpose-designed oral airways (e.g. Berman, Ovassapian,
and Williams) may similarly be useful in bypassing the narrowed
pharynx and also aid in guiding the fibrescope towards the glottis.
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Premedication with an antisialagogue and removal of secretions
and blood from the oropharynx by suction reduces the risk of an
obscured view at fibreoptic laryngoscopy, by secretions (‘white-
out’) or by blood (‘red-out’). The laryngeal mask airway and other
supraglottic airways can also be used as ‘conduits’ to fibreoptic intubation and enable delivery of oxygen and inhalation anaesthetics
during attempts at fibreoptic intubation.
‘Hold up’ is usually caused by the left-facing bevel of the tracheal
tube impacting on the right arytenoid as the tube is advanced over
the fibrescope. Minimizing the gap between the fibrescope and tracheal tube reduces the incidence of this problem and there is rarely
any value in choosing a tracheal tube larger than a 6.0 mm internal
diameter (ID) for this reason.
It is the design of the tracheal tube tip, however, that has the most
significant impact on ease of passage through the larynx. In the
1970s, a conical tipped tube was developed for fibreoptic intubation
but the market could not support the development costs. The offset bevel of the tubes supplied with the intubating laryngeal mask
(Fastrach™) has been shown to cause very little hold up and similar success has been demonstrated with Parker Flex-Tip® (Parker
Medical, Inc., Highlands Ranch, CO, USA) (posterior bevel) tracheal tubes. The simplest aid to reducing hold up with standard
tracheal tubes is to rotate the tube 90° anticlockwise, to orientate
the bevel downwards. Many anaesthetists choose a spiral-wound
reinforced tube for fibreoptic intubation, because they follow the
curve of the fibrescope more readily.

Tracheal tubes
Tracheal tube design has remained essentially unchanged for many
years although the materials used have improved. The first tracheal
tubes were uncuffed and were hand-made from vulcanized rubber;
today they are made from a variety of ‘plastics’, with polyvinylchloride (PVC), polyurethane, and siliconized PVC being the most
common. The first cuffed tubes had low-volume, high-pressure
spindle-shaped cuffs. When inflated, the cuff had a small area of
contact with the tracheal wall and the pressure exerted by the cuff
frequently exceeded the capillary perfusion pressure in the tracheal
membrane, with the risk of ischaemic damage. With technological
advancement, thinner, softer cuffs have been developed with higher
volumes and lower pressures. These cuffs can provide a seal, without distending and deforming the trachea, and without exerting
higher pressures than the mucosal perfusion pressure.

pressure may inadvertently be applied to the tube, when the head
and neck are in an unusual position, or when the tube needs to be
moved or secured in an atypical position (e.g. facial surgery, thyroid
surgery, or prone anaesthesia). A major disadvantage of armoured
tubes is that they can become occluded if patients clench their teeth
(such as during emergence from anaesthesia). The spiral winding
then keeps the tube occluded even when biting is released. For this
reason, armoured tubes should not be used without a bite block.
Microlaryngeal tubes
Microlaryngeal tubes are designed to facilitate endoscopic surgery
to the larynx. They are longer than normal, have a small ID (typically 4.0–6.0 mm), and have larger cuffs to facilitate an effective seal
in the adult trachea.
Double-lumen tubes and bronchial blockers
The double-lumen tube was invented by Eric Carlens, who designed
the tube for bronchospirometry of each lung. The tube comprises
two lumens; one is slightly longer than the other and is inserted
into a bronchus. The distal aperture of the shorter lumen opens in
the trachea above the carina. With a correctly placed double-lumen
tube, either or both lungs can be ventilated as required.
A bronchial blocker consists of a long catheter with a balloon
attached near the tip. After tracheal intubation, the blocker is
advanced into a bronchus which is then occluded by inflating the
balloon cuff. With a bronchial blocker in place it is only possible to
ventilate the contralateral lung or both lungs. Historically, double-
lumen tubes and bronchial blockers were placed blindly and their
positions confirmed by clinical tests. Current best practice dictates
that these devices should be placed under vision using a fibrescope.

Cuffed or uncuffed tubes

Selection of tracheal tube type

Cuffed tubes are generally used for adult anaesthesia. In addition
to offering protection from pulmonary aspiration, they permit high
inflation pressures to be used when needed and allow accurate
monitoring of tidal volumes and end-tidal concentrations of gases.
A cuffed tube also allows the anaesthetist to use low fresh gas flows
and minimizes air pollution of the operating theatre.
In children, uncuffed tracheal tubes were still the mainstay into
the first decade of the twenty-first century. In recent years, cuffed
tubes are being increasingly used in children. This trend is primarily because of improvements in cuff material, shape and efficacy,
and importantly, because several studies have confirmed that cuffed
tracheal tubes do not increase the incidence of airway complications in children.

There are several different types of tracheal tubes.

Appropriate tube size

Polar tubes (RAE tubes)
Polar tubes (RAE tubes, after the inventors, Ring, Adair, and Elwyn)
are preformed so that the tube can be fixed to the chin (with an oral,
south-facing tube) or to the forehead (with a nasal, north-facing
tube), without kinking. Oral polar tubes are useful for minor oral
surgery (e.g. tonsillectomy) or nasal surgery; nasal polar tubes may
be indicated for improved surgical access or where fixation of a tube
to the mandible may be undesirable. They have the disadvantage
that the curve of the tube may not be at the right position to ensure
correct tube tip placement.
Armoured or reinforced tubes
An armoured or a reinforced tube contains a spiral of metal wire
so that it is unlikely to kink, making it suitable for surgery when

The size of a tracheal tube is indicated as an internal diameter (ID)
of the tube, in millimetres. The external diameter of a tube in relation to the ID differs between the types and the manufacturers of
tubes. In the past, there was a considerable difference between the
internal and external diameters, and thus the use of the largest possible tube was recommended. Currently, there is less difference
between the internal and external diameters, and adequate ventilation can be obtained through a tube as small as 6.0 or 6.5 mm ID.
The incidence of postoperative respiratory complications, such as
hoarseness and sore throat, is lower with a small ID tube than a
large ID tube. Therefore, in adults, it is advisable to use a tube with
a small ID (7.0–8.0 mm in males, and 6.0–7.0 mm in females).
In children, selection of size of tracheal tube is usually based on
the formula: [age (in years)/4] + 4 mm. For cuffed tubes, half a size
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smaller is usually an appropriate choice. It is important to ensure
that the size chosen does not cause excessive pressure on mucosal
surfaces.

Confirmation of correct tracheal intubation
Inadvertent oesophageal intubation is fatal if not recognized.
Therefore, it is crucial to confirm that the tube has correctly been
inserted into the trachea. Several methods have been reported to do
this, but unrecognized oesophageal intubation still causes deaths
related to anaesthesia.
Historically, clinical tests, such as chest expansion during inflation, auscultation of the chest and epigastrium, and anaesthesia
reservoir bag movement were the only methods used to confirm
tracheal tube placement. They should still be used routinely but can
occasionally be difficult to interpret.
One of the first advanced tests used to distinguish between
oesophageal and tracheal intubation was the use of an oesophageal
detector device, where negative pressure is applied to the tracheal
tube using either a 50 ml syringe or a self-inflating bulb. Gas can
easily be aspirated from a tube placed in the trachea as the lumen
is splinted open by cartilage rings. Inability to aspirate gas indicates
that the tube is either occluded or misplaced into the oesophagus.
Capnography with waveform is the current gold standard for
confirming tracheal intubation and ventilation and hence in detecting oesophageal intubation. When the tube is in the trachea, carbon dioxide will be exhaled during ventilation of the lungs and the
capnograph will show an increase in carbon dioxide concentration.
A carbon dioxide waveform will be seen even in cardiac arrest and
is increasingly used as a guide to the effectiveness of resuscitation
attempts. Absence of exhaled carbon dioxide indicates that the tube
is not in the trachea or that the tracheal tube is obstructed.
Disposable carbon dioxide detectors use a pH-sensitive chemical indicator strip that responds quickly to exhaled carbon dioxide by a reversible colour change in semi-quantitative fashion.
Nevertheless, they cannot be considered a reliable replacement for
waveform capnography.
Fibreoptic endoscopy is a reliable method of confirming tracheal
intubation but it is not often immediately accessible in cases of
doubt over tube placement.
Even when clinical tests and capnography indicate oesophageal
intubation, human factors such as fixation error and plan continuation bias may complicate decision-making and lead to persistent
attempts to oxygenate with a misplaced tube. This is particularly
likely when laryngoscopy and intubation have been difficult. If
there are any concerns regarding the signs confirming effective
ventilation, the tracheal tube should be removed.

Positioning of the tube
Having confirmed that the tube has passed into the trachea, it is
important to ensure it is placed at the optimal depth, that is, with
the tip well above the carina to avoid endobronchial intubation and
with the proximal end of the cuff positioned more than 2 cm below
the glottis to avoid the cuff compressing the recurrent laryngeal
nerves. Optimal placement can usually be achieved by placing the
printed guide mark on the tube (placed about 3 cm proximal to the
cuff and about 8 cm proximal to the tip of the tube) at the level of
the vocal cords. Because the size of the pharynx and the length of
the trachea vary considerably between patients, the length of tube
at the lips is not a reliable guide to correct placement and bilateral
ventilation of the lungs should be confirmed by auscultation.
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Even when a tracheal tube has been placed to the optimal position at the start of anaesthesia, the tip of the tube may be displaced towards or away from the carina (by up to 2 cm) during
surgery. Flexion of the neck, pneumoperitoneum, and use of the
Trendelenburg position typically lessen the distance between tube
tip and carina, whereas extension of the neck displaces the tip away
from the carina.
In children, several formulae have been suggested for optimal
positioning of a tube but best practice is to use the same rules as
in adults: the tube should be passed a sufficient distance beyond
the cords to avoid accidental extubation using the depth marker on
the tube as a guide, with auscultation used to confirm that the tube
is not in too far. In critical care patients, a chest X-ray is a reliable
method for confirming correct placement of the tube tip above the
carina.

Inflation of the cuff
After tracheal intubation, the cuff should be inflated, with just
enough air to prevent leakage of gas around the tube with airway
pressures of 20–25 cm H2O; this allows effective positive pressure ventilation, and minimizes the risk of pulmonary aspiration
and of excessive cuff pressure on the tracheal mucosa. When
nitrous oxide is used during anaesthesia, intracuff pressure
will increase over time as nitrous oxide diffuses into the cuff.
Assessing cuff pressure by palpation has proved to be unreliable
and ideally a purpose-designed pressure gauge should be used
to measure intracuff pressure at initial inflation and throughout
anaesthesia.

Aids to tracheal intubation
Placing the tube under vision should be the goal of the anaesthetist
but if it is not possible to see the cords at laryngoscopy (or if it is not
possible to direct the tube through the cords despite being able to
see them), a number of aids are available.

Stylets and bougies
Stylets are made of a malleable metal usually coated in a plastic.
They are designed to be inserted inside the lumen of the tracheal
tube which is then bent to an appropriate shape to direct the tip
of the tube towards and through the laryngeal inlet. To reduce the
risk of damage to the upper airway, the tip of the stylet should not
protrude past the tube tip, and should be withdrawn before the tube
is advanced fully into the trachea.
A modified version of this device is the lighted stylet, which has
a light at its distal end. The tracheal tube is loaded as previously
described, and when the tip of the tube is passed through the glottis, a bright patch of illumination is seen in the midline of the neck.
If the tube has passed into the oesophagus, no such transillumination is seen. Lighted stylets can be used in conjunction with laryngoscopes and with the intubating laryngeal mask, but it is generally
advocated for use as a sole device. Although some anaesthetists
remain enthusiastic supporters of lighted stylets, the intubation is
blind and injury to the delicate structures of the larynx may be more
likely. Laryngeal pathology is a relative contraindication and bright
ambient lighting and obesity increase the risk of failure. While the
lighted stylet may retain a role in resource-poor locations, it seems
to have little place in modern anaesthesia.
The gum elastic bougie (Eschmann tracheal tube intubator) was
introduced into clinical practice in 1949 by Sir Robert Macintosh
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and is a simple and effective device to facilitate tracheal intubation, when the view of the glottis is obscured at laryngoscopy. The
device is approximately 60 cm in length, and retains the approximate shape into which it is bent. The distal end of the bougie has
an angulated tip.
Historically, a tube was preloaded over the bougie and the
combination was advanced toward the glottis. In current practice, the bougie is inserted first and when correctly placed, the
tube is loaded onto it and railroaded into the trachea. The angulated tip of the bougie is placed in the midline behind the epiglottis, and gently advanced along the posterior surface of the
epiglottis into the trachea. As a bougie is generally used when the
view at laryngoscopy is limited, it may be wrongly inserted into
the oesophagus. Signs of correct (tracheal) placement include a
‘clicking sensation’, as the tip of the bougie runs over the tracheal
cartilages, followed by ‘hold up’ (resistance to further gentle
advancement when the tip of the bougie passes the carina and
enters a smaller bronchus).
Many single-use bougies have been introduced in the first decade
of the twenty-first century but their memory characteristics do not
match the gum elastic bougie. With most it is possible to generate
much higher forces than with the gum elastic device and as placing
a bougie is a blind/semi-blind procedure, this increases the risk of
airway trauma.
Bougies should be regarded as the first choice during difficult
direct laryngoscopy, as they have been shown to be more effective
than the stylets in this situation (Henderson et al. 2004). They have
also been used successfully to facilitate intubation with guided videoscopes such as the Pentax Airway Scope® (Pentax Medical, Hoya
Corporation, Tokyo, Japan), when the guide channel alone fails to
direct the tube through the glottis. The memory of the bougie is not
sufficient, however, to be used with videolaryngoscopes that do not
have a tube guide, as the angle it needs to traverse is too great. The
manufacturers of some videolaryngoscopes (e.g. the GlideScope®;
Verathon Medical, Bothell, WA, USA) produce custom-made stylets preformed to the same shape as the blade of their laryngoscope.

Magill forceps
Sir Ivan Magill devised angulated forceps in 1920 to facilitate
nasotracheal intubation. Magill forceps are still used today in the
manner originally described. These are used principally in association with direct laryngoscopes and may not be suitable for use
with videoscopes as the angulation does not match the shape of the
blades.

Supraglottic airways
There are many reports of the successful use of several different
supraglottic airways as aids to low-skill fibreoptic intubation after
failed direct laryngoscopy, and the laryngeal mask airway is recognized in many national airway guidelines.

Retrograde intubation
Retrograde intubation describes a technique for managing difficult intubation where a needle is inserted through the cricothyroid membrane to allow passage of a wire cephalad into the
patient’s mouth. This proximal end of the wire is retrieved and
used as a guide for passage of a tracheal tube. Commercial retrograde intubation kits are still available but the technique is rarely
used today.

Cricothyroidotomy/tracheostomy
Percutaneous access to the airway is used electively for laryngeal
surgery when it is desirable to have the entire glottis exposed for
surgical access, or as an emergency procedure as the final common
pathway in the ‘cannot intubate, cannot ventilate’ scenario. Access
should usually be obtained through the cricothyroid membrane as
this is the most superficial and relatively avascular part of the airway accessible from the front of the neck.
Narrow-bore cannula cricothyroidotomy (2 mm or less) requires
a high-pressure gas source to enable adequate ventilation. For elective surgery, purpose-designed ventilators should be used which
monitor and limit airway pressures to minimize the risk of barotrauma. Manually controlled high-pressure ventilation sources such
as the Manujet™ (VBM Medizintechnik GmbH, Sulz, Germany)
should only be used for emergency rescue where the benefits of
quick set-up and ready availability outweigh the still-present risk
of barotrauma.
Wide-bore cricothyroidotomy (typically 4 mm ID or greater) is
generally only used to obtain emergency access to the airway which
can be achieved using a purpose-designed device or with a surgical technique and a standard tracheal tube. Cuffed tubes should
be used as they provide optimum ventilation and offer protection
from aspiration.
Commercially available wide-bore cricothyroidotomy kits come
in two forms: cannula over needle and Seldinger devices. There is
currently little evidence to suggest that either is superior but both
require regular retraining to maintain the practical skills necessary
for prompt establishment of an airway. Surgical cricothyroidotomy
involves using a scalpel to access the trachea through the cricothyroid membrane to allow placement of a standard 6.0 mm cuffed
tracheal tube. A cricoid hook has been recommended to facilitate
tube placement. The Fourth National Audit Project of the Royal
College of Anaesthetists and the Difficult Airway Society (NAP4)
showed that, in extremis, wide-bore cannula techniques failed in
more than 40% of cases and that narrow-bore cannula techniques
failed in more than 60% (Cook et al. 2011). In the same report,
surgical techniques had a 100% success rate in accessing the airway,
although this did not always prevent patient harm. Regardless of
personal preferences and experience with cannula techniques, all
anaesthetists should ensure they are also trained in the technique
of surgical cricothyroidotomy.

Clinical practice
Preoperative evaluation of the airway
Difficult intubation/difficult ventilation
An airway assessment is essential to allow rational planning of an
airway management strategy. Failure to secure a patent airway,
although rare, can be fatal, and thus an assessment should be made
of difficulty with facemask ventilation, placement of a supraglottic airway, tracheal intubation, and emergency access to the airway
via the front of the neck (Box 48.3). Aspiration of blood or gastric
contents into the airway remains the most common cause of death
associated with airway management so assessment of aspiration
risk is an essential part of routine preoperative assessment.
The usefulness of predictive testing for the rare occurrence
of difficult laryngoscopy in otherwise normal patients has been
repeatedly questioned because of the low positive predictive value
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of bedside tests. Nevertheless, it has been shown that, in a high
proportion of cases in whom serious airway-related complications
occurred, difficulty could have been anticipated at preoperative airway assessment (Cook et al. 2011), supporting the recommendation
found in guidelines produced by many countries that an evaluation
of the airway should always be performed. The fundamental purpose of all predictive tests (Box 48.5) is to identify techniques that
have an increased likelihood of failure in the patient being tested so
they are not relied upon as part of the overall airway management
strategy. On their own, these lists do not provide a discriminatory
test and each anaesthetist must decide which of the risk factors will
determine that they should change from their default airway management technique. It must be accepted that all tests are inevitably
associated with false-positive and false-negative results, and thus
the anaesthetist should always plan for the possibility that their primary technique may fail.
A clinical judgement based on experience will inform the anaesthetist if patient cooperation is likely to be a problem; if this is the
case, preoxygenation may be difficult and awake techniques such as
awake fibreoptic intubation may not be easy.
In patients with predictors of difficulty with facemask ventilation or supraglottic airway devices (Box 48.3), the airway strategy
should not rely on ability to oxygenate via these routes.
Regarding predictors of difficult tracheal intubation, most published research focuses on Macintosh laryngoscopy which relies
on extension of the head on the neck and anterior displacement
of the tongue to optimize the line of sight from the teeth to the
vocal cords. The tests in Box 48.5 assess features that impede these
processes, and it is important to recognize that they have not been
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weeks after the disappearance of symptoms. There are several
other causes of increased airway reflexes, so it is advisable to
identify possible causes and the degree of severity. If necessary, a
respiratory function test or arterial blood gas analysis should be
carried out.

Obesity
Obesity is a risk factor of difficult tracheal intubation, difficult
mask ventilation, and pulmonary aspiration, and is an independent risk factor for obstructive sleep apnoea syndrome so a history
of snoring and daytime sleepiness should be sought. In addition,
obese patients will more quickly become hypoxic during apnoea.

Restricted mouth opening
Laryngoscopy becomes difficult when the interincisor distance is
less than 4–6 cm, and insertion of a supraglottic airway becomes
difficult or impossible when this distance is less than 2 cm.

View of the oropharynx
The patient is asked to open the mouth as wide as possible and to
protrude the tongue as far as possible. The view of the oropharynx has been categorized into four grades: Wilson’s modification of the Mallampati score. In general, the greater the class, the
more likely it is that tracheal intubation will be difficult.

Jaw thrust
Assess whether or not the lower teeth can protrude more anteriorly than the upper teeth. If this is not possible, both tracheal
intubation and mask ventilation are more likely to be difficult.

Head and neck movement
Box 48.5 Preoperative assessment of the airways

History of difficult airway management
A history of difficult airway management is one of the most
reliable predictors of difficult airways. Therefore, confirm the
presence or absence of such a history by checking the patient’s
previous anaesthetic records and by direct questioning. If the
patient has a history of tracheostomy or prolonged tracheal intubation, the presence or absence of deformities should be checked
by X-ray or by computed tomography.

Detection of known risk factors
Assess the presence or absence of congenital malformations (such
as Robin’s sequence or Treacher Collins syndrome) or acquired
diseases (rheumatoid arthritis or ankylosing spondylitis) that are
known to make airway management more difficult. Also assess
whether or not the patient has pulmonary disease (e.g. asthma
or chronic obstructive pulmonary disease), in whom ventilation
(via a facemask, a supraglottic airway, or even via a tracheal tube)
is more likely to be difficult.

History of airway obstruction
Assess the presence or absence of airway obstruction during
daily life. This includes asthma, obstructive sleep apnoea syndrome, nasal obstruction, hoarseness, and difficulty in swallowing. Patients with respiratory infections including the common
cold are known to have increased airway reactivity for up to 2

Restricted head extension and limited neck mobility make both
tracheal intubation and mask ventilation more difficult.

Thyromental distance, sternomental distance
A short thyromental distance (<6.0 cm) or sternomental distance
(<12.5 cm) is associated with a higher incidence of difficult tracheal intubation.

Radiological or endoscopic investigation
For patients who are scheduled for head and neck surgery, any
available X-rays, computed tomography, and magnetic resonance images should be reviewed (ideally with the operating
surgeon), allowing the presence, location, and severity of airway
pathology to be assessed to aid decision-making. If recent imaging studies are not available, preoperative endoscopy of the upper
airway using a fibreoptic laryngoscope should be considered as a
minimum level of assessment.

evaluated for their usefulness in predicting difficult laryngoscopy
and intubation with other laryngoscopes. Research into predictive
tests for difficulty using videolaryngoscopes is limited and because
the concepts and designs differ between devices, predictive tests for
one may not transfer to others.
Surgical access to the airway is the final common pathway in
airway management, and at the preoperative visit an assessment
should be made as to the ease or difficulty of this strategy. Fixed
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neck flexion, obesity, and neck pathology (such as a large thyroid
gland or infection at the front of the neck) make planned or emergency access to the airway more difficult or impossible.

Risk of pulmonary aspiration
The danger of pulmonary aspiration was first acknowledged in the
1930s; since then much effort has been made to reduce its incidence. It is, however, still the commonest cause of death and brain
damage during anaesthesia. In cases of serious aspiration reported
to the NAP4 project, the risk was often underestimated, missed
altogether, or was identified but not acted upon (Cook et al. 2011).
Patients who have not been fasted preoperatively or those with
obstruction of the gastrointestinal tract are generally regarded as at
increased risk but many other factors including patient, operation,
anaesthesia, and airway device, should be taken into account when
planning the airway management strategy (Box 48.6) (Asai 2004).

Box 48.6 Predisposing factors for pulmonary aspiration
during anaesthesia

Patient factors
◆

Full stomach (e.g. emergency surgery)

◆

Inhibited gut function

◆

Diabetes mellitus

◆

Increased intracranial pressure

◆

Hiatus hernia

◆

Gastrointestinal obstruction

◆

Recurrent regurgitation

◆

Dyspeptic symptoms

◆

Achalasia, oesophageal diverticula

◆

History of upper gastrointestinal surgery

◆

Recent trauma

◆

Opioids

◆

Women in labour

◆

Morbid obesity.

Operation factors
◆

History of upper abdominal surgery

◆

Lithotomy, the head-down position

◆

Laparoscopic cholecystectomy.

Anaesthesia factors
◆

Insufficiently deep anaesthesia

◆

Intermittent positive pressure ventilation

◆

High pulmonary inflation pressures

◆

Prolonged anaesthesia.

Device factors
◆

Presence of a supraglottic airway

◆

Incorrectly inserted supraglottic airway.

As with other preoperative tests there are many uncertainties in
estimating the risk of aspiration. The traditional cut-off value of
residual gastric volume greater than 25 ml and pH less than 2.5 is
not evidence based, but if this cut-off value is applied, as many as
50% of fasted patients can be regarded as at increased risk of aspiration. It is not clear how the known predisposing factors influence
the risk of aspiration for individual patients.

Planning airway management
After preoperative airway assessment, it is important to develop a
comprehensive airway strategy, particularly when airway management is predicted to be difficult. Failure of the primary airway technique can lead to hypoxia within a few minutes, necessitating plans
B, C, and D being carried out rapidly, which is extremely challenging without appropriate planning and preparation.
All patients who are scheduled for elective surgery should be
fasted routinely in accordance with local policy to minimize the
risk of pulmonary aspiration. In patients who require emergency
surgery or in those at increased risk of aspiration, attempts should
be made to reduce the volume and acid contents of the stomach
before the operation. Such strategies may include delaying the start
of general anaesthesia, administration of an antacid, and emptying
the stomach via nasogastric suction.
When difficulty in airway management is anticipated, an awake
technique (e.g. awake fibreoptic intubation or awake tracheostomy/
cricothyroidotomy) should be discussed with the team.
Even if no difficulty has been predicted at preoperative evaluation, it is important to recognize that any part of the airway plan
may fail and an airway management strategy should always be
formulated, with all necessary equipment and skills to carry it out
being readily available.
If definitive airway management is planned for after induction
of anaesthesia, it should be remembered that difficult ventilation is
frequently associated with difficult tracheal intubation and pulmonary aspiration. Therefore, if one part of the airway management
strategy fails, it is likely that rescue plans may also be more difficult
than normal.
When tracheal intubation, ventilation, or both, are predicted to
be difficult, a comprehensive airway management strategy is particularly important. It may be practical to avoid airway management
altogether, by using local or regional anaesthesia. Nevertheless,
even when this option is chosen, an airway management plan
should be thought through, as the block may fail or start to wear off
peroperatively if surgery is unexpectedly prolonged.
If general anaesthesia is necessary, a decision should be made as
to the safest method of securing and maintaining the airway with
the choice of primary airway plan guided by the preoperative airway assessment. Routine intravenous induction of anaesthesia and
the use of a facemask or supraglottic airway is an appropriate primary plan in patients at low risk of aspiration, with reasonable pulmonary function, and no expected difficulty with device placement
or maintenance of a clear airway.
Patients with poor pulmonary compliance may be safely managed, by maintaining spontaneous breathing via a supraglottic airway. If intermittent positive pressure ventilation is required, even a
second-generation supraglottic airway may not be able to provide
an airtight seal, with the attendant risks of hypoventilation and
gastric insufflation. A particularly challenging group in this regard
are patients with hyper-reactivity of the airway, such as those with
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asthma in whom tracheal intubation may provoke bronchospasm
(particularly at light planes of anaesthesia). The risks and benefits
of tracheal intubation should take into consideration the severity
of asthma along with the expected duration of surgery, anticipated
ease of intubation, and accessibility of the patient’s airway during
anaesthesia.
Choosing tracheal intubation as the primary plan for airway
management necessitates further thought as to the safest technique
for placing the tube. When there is a risk of pulmonary aspiration
and tracheal intubation is predicted to be easy, a rapid sequence of
induction of anaesthesia is indicated. When there is an increased
risk of aspiration, and tracheal intubation is predicted to be difficult, the trachea should be intubated and the cuff inflated before
induction of anaesthesia (awake intubation).
In a patient judged to be at low risk of aspiration with no
expected difficulty with mask ventilation, tracheal intubation
should be performed after intravenous induction of anaesthesia
and non-depolarizing neuromuscular block. If, however, difficulty
is anticipated with ventilation via a facemask or a supraglottic airway device, awake tracheal intubation is the safest option.
When preoperative assessment indicates that establishing an airway with facemask, supraglottic airway, and tracheal tube is likely
to be very difficult, a surgical airway should be performed under
local anaesthesia. This could be a formal tracheostomy or a cricothyroidotomy depending on the circumstances of the case and the
skills available. It is important to remember that emergency cricothyroidotomy is the final common pathway rescue technique when
standard airway management plans fail unexpectedly. Even when
no difficulty has been anticipated, every operating list should start
with a check that the anaesthetist and assistant are familiar with the
location and use of the equipment available for emergency cricothyroidotomy and will be able to use it if required.

Awake intubation
General anaesthesia should not be induced when there is an
increased risk of difficult intubation and difficult mask ventilation.
In such a case, the airway should be secured with a tracheal tube
before induction of anaesthesia.
Awake fibreoptic intubation has generally been regarded as the safest and most reliable method to achieve this. To facilitate this and to
reduce psychological and physiological stress, sedative medication is
often used in conjunction with local anaesthesia. Nevertheless, caution is required, as sedation and local anaesthesia may reduce pharyngeal integrity and may cause upper airway obstruction.
It is important to recognize that although the fibrescope is steered
through the larynx into the trachea under vision, the intubation is
a blind procedure as the tip of the tracheal tube is not seen as it
is railroaded through the larynx. Repeated attempts at inserting a
fibrescope into the trachea and advancing a tube over the scope
increase the risk of injury to the larynx and surrounding tissues,
leading to bleeding from, or oedema of, the tissues. Although rare,
complete airway obstruction can occur during attempts at awake
fibreoptic intubation. Therefore, even when awake intubation is
planned, back-up plans, such as emergency tracheostomy, should
be prepared.

Rapid sequence induction of anaesthesia
Rapid sequence induction of anaesthesia is indicated in patients
who are at significantly increased risk of pulmonary aspiration
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where difficulty with laryngoscopy and tracheal intubation are not
anticipated.
The essentials of the technique described in the 1950–60s
involved preoxygenation, induction of anaesthesia with a predetermined dose of thiopental followed immediately by succinylcholine,
and the application of cricoid pressure. Ventilation was avoided
until the airway was protected by a cuffed tracheal tube after which
cricoid pressure was released. Sellick’s reasoning for cricoid pressure was that pressure on this complete ring of cartilage compresses
and occludes the oesophagus between the cricoid and the cervical
vertebral body (Sellick 1961).
The technique remained essentially unchanged for more than
30 years and the key premise of minimizing the period when the
airway is not protected from pulmonary aspiration while permitting rapid wake up if intubation fails remains today; however, rapid
sequence induction has been evolving since the mid 1980s.
Opiates are frequently administered before induction of anaesthesia to minimize the cardiovascular stimulation associated with
laryngoscopy and tracheal intubation. Propofol is often substituted
for thiopental as the induction agent, because of familiarity and
because of its less frequent airway complications.
Since its introduction into clinical practice, high-dose rocuronium (1.0–1.2 mg kg−1) has been increasingly used in place of
succinylcholine as it has a comparable onset time and fewer side-
effects. Pharmacologically, sugammadex at a dose of 16 mg kg−1
restores neuromuscular function more quickly than succinylcholine wears off, and if tracheal intubation failed and mask ventilation
is difficult, allows the patient to resume spontaneous breathing.
In clinical practice, however, there may be unacceptable delays in
administering the correct dose of sugammadex.
Other developments in rapid sequence induction have included
revision of the recommended force applied to the cricoid cartilage,
as excessive force can distort or completely occlude the upper airway. It is currently recommended that 10 N should be applied before
induction of anaesthesia, increasing to 30 N at loss of consciousness. Regular retraining of anaesthetic assistants has been shown to
be necessary to avoid incorrectly applied and excessive force.
It is now recognized that cricoid pressure may worsen the view
at laryngoscopy and make mask ventilation more difficult. If laryngoscopy is difficult, cricoid pressure should be temporarily reduced
to see if the view improves. Similarly, if tracheal intubation fails
and rescue mask ventilation is inadequate, oxygenation takes priority over potential aspiration risk, and cricoid pressure should be
reduced or removed to determine if that is the cause of the difficulty. A laryngeal mask airway may maintain a patent airway in
the presence of cricoid pressure but requires temporary release to
ensure correct device placement.
Classic teaching was that preoxygenation should be carried out
with a good facemask seal for 3 minutes to ensure optimum denitrogenation of the lungs. The first modification to this technique
was to use three or four vital capacity breaths which if done correctly, paying particular attention to maximum exhalation with
each breath, can be as effective as the timed method. The current gold standard is to monitor end-tidal oxygen concentrations
(ETO2) during preoxygenation, and to continue until the ETO2
reaches at least 85%. This may take more or less than 3 min but is a
reliable marker of completeness of denitrogenation.
In early descriptions of the technique, little attention was paid
to airway management in the time between loss of consciousness
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and laryngoscopy; it is now recommended that the airway should
be kept patent and the mask seal maintained during this period to
allow mass transfer of oxygen from the breathing system to lungs.
Mask ventilation is traditionally avoided to minimize gastric insufflation and the associated increased risk of regurgitation; however,
effective cricoid pressure should prevent gas from passing into the
stomach, and thus some clinicians gently inflate the lungs with
low inflation pressures to help maintain oxygenation during the
apnoeic period.
Anticipated or known difficult intubation is a relative contraindication for rapid sequence induction of anaesthesia in the
patient at risk of regurgitation, and alternative anaesthetic techniques, such as awake intubation, should be considered. In the
future, as more data is gathered about the effectiveness of various videolaryngoscopes, their role in rapid sequence induction
may evolve.

Airway management during emergence
from anaesthesia
At emergence from anaesthesia it is necessary to ensure adequate
spontaneous breathing and safe removal of the airway device in
use. Evidence continues to be published demonstrating that there
are more airway problems associated with emergence from anaesthesia than occur at induction. Planning airway management
during emergence from anaesthesia is important in all patients,
but particularly in those in whom mask ventilation, tracheal intubation, or both, were difficult. Whereas guidelines for management of difficult intubation are well established, the first national
guidelines for management of tracheal extubation at the end of
anaesthesia were published in 2012 (Difficult Airway Society
Extubation Guidelines Group 2012). Development of simple algorithms for prevention and treatment of airway problems along
with training based on guidelines for anaesthetists and recovery
nurses for management of postoperative respiratory complications is urgently required.
Extubation planning should include an evaluation of the risk of
regurgitation and pulmonary aspiration, the incidence of which
may be higher than during induction of anaesthesia (Warner et al.
1993) and is associated with mortality (Department of Health
1994). In patients identified to be at risk of aspiration, consideration should be given to emptying the stomach and administering
antacid prophylaxis before tracheal extubation.
Tracheal extubation is associated with coughing, laryngospasm,
and increases in arterial, intraocular, and intracranial pressure.
Some anaesthetists will plan tracheal extubation under deep anaesthesia for patients undergoing intracranial or intraocular operation or for those in whom an increase in arterial pressure would
be detrimental. This practice reduces the incidence and degree of
straining (bucking) or coughing, and stimulating effects on arterial,
intraocular, and intracranial pressures. However, the incidence of
other complications, notably airway obstruction, is increased, both
immediately after extubation and extending into the period in the
recovery room. Continuing an infusion of remifentanil until after
extubation has gained popularity in recent years as a method of
trying to reduce coughing and straining but published evidence of
its efficacy is lacking.
Supraglottic airway devices should be removed when the patient
is awake and responds to verbal command, with a bite block left
in situ until the device is removed. Unlike tracheal extubation, this

task is often delegated to staff in recovery areas where monitoring
and other equipment is more limited, and anaesthetists are not
always immediately available, meaning detection of complications
may be delayed and prompt treatment may be more difficult.

Complications associated
with airway management
Complications associated with airway management range from
minor self-limiting events with no long-term sequelae (such as
needing to reposition an imperfectly placed laryngeal mask airway) through serious respiratory complications (such as airway
obstruction, laryngospasm, and hypoxia), to those leading to continuing morbidity and mortality. They may occur during any phase
of anaesthesia, but as mentioned previously, the incidence is higher
during emergence from anaesthesia and in the recovery room than
during induction of anaesthesia (Asai et al. 1998).
More than 20 years ago, a report of US closed claim analyses
related to anaesthesia practice revealed that adverse outcomes
involving the respiratory system comprised the single largest class
of injury, and that the incidence of death or permanent brain damage associated with airway management was much higher than that
associated with cardiovascular management (Caplan et al. 1990).
More recent litigation analyses show that airway complications
remain expensive and serious. The most thorough examination of
serious airway complications arising from routine anaesthetic practice comes from the NAP4 project (Cook et al. 2011), carried out in
the United Kingdom over a 1-year period from 2008 to 2009, which
indicated that as many as 1:5000 anaesthetics result in a serious airway complication (death, brain damage, emergency surgical airway, or unexpected intensive care unit admission). The commonest
factors associated with serious airway complications relate to difficulty with tracheal intubation, tracheal extubation, and removal
of a supraglottic airway.

Trauma to the airway
The commonest airway injury is dental damage, which may be
caused by a laryngoscope, bite block, or supraglottic airway. The
state of dentition should be assessed preoperatively and any loose
or damaged teeth, caps, crowns, or bridgework documented.
Patients should be warned of the potential risk of damage. Cut or
bruised lips are also common after laryngoscopy, and thus care
should always be taken to avoid trapping the lip between laryngoscope blade and teeth.
Tracheal intubation may be associated with injury to the larynx, pharynx, or oesophagus and may be caused by a laryngoscope blade, airway adjuncts such as stylets or bougies, or by
the tube itself. The design of bougies greatly influences the force
that can be applied during placement, the traditional gum elastic
bougie being associated with lower forces than new single-use
devices.
Airway exchange catheters require particular skill to use safely.
Depth of insertion should be strictly limited and extreme caution
is needed if using these devices for oxygenation, as the risk of barotrauma exists if not used strictly according to the manufacturers’
instructions.
Multiple attempts at tracheal intubation increases the risk of
trauma including oedema of the glottis, and increases the likelihood of causing difficult or impossible mask ventilation.
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Supraglottic airways may also cause mucosal injury with blood
staining being apparent on removal in up to 30% of cases. Nerve
injuries from pressure within the oropharynx have been recorded,
leading to dysfunction of lingual and hypoglossal nerves. It is not
possible to determine if one supraglottic device is more likely than
another to cause this problem, but choosing the correct size and
using the lowest possible inflation pressures for cuffed devices are
sensible precautions to minimize the risk.

Laryngospasm
Laryngospasm is not a simple closure of the glottis, but involves
a strong constriction of the false cords and periepiglottic tissues
forming a ball valve, followed by a longer period of closure of the
true vocal cords (Tagaito et al. 1998). It may occur at any phase
of anaesthesia: induction, maintenance, or emergence, particularly
when the cords are irritated by blood, secretions, or an artificial
airway (Box 48.7). Inadequate depth of anaesthesia is a major contributory factor and minor degrees of laryngospasm are typically
treated by increasing depth of anaesthesia and applying continuous
positive airway pressure. For severe laryngospasm where oxygenation is at risk, a neuromuscular blocking agent should be given to
relax the vocal cords to permit ventilation; the choice of drug and
subsequent management will depend on the phase of anaesthesia
and other patient factors.
Several drugs, including lidocaine, magnesium, diazepam, and
doxapram, have been reported to be effective in resolving laryngospasm; it seems likely they exert that effect by either altering depth
of anaesthesia or by decreasing tone in laryngeal musculature.

Box 48.7 Risk factors for laryngospasm and bronchospasm

Laryngospasm
◆

Younger age

◆

Respiratory infection

◆

Smoking, passive smoking

◆

Insufficient depth of anaesthesia

◆

Secretions or bleeding in the oral cavity

◆

Regurgitation

◆

Airway instrumentation (e.g. tracheal extubation)

◆

After oral surgery (e.g. tonsillectomy).

Bronchospasm
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Bronchospasm
Bronchospasm can occur in any anaesthetized patient, but is five
times more likely to occur in patients with a history of asthma and
in patients with a history of upper respiratory tract infections in
the preceding 4–6 weeks. The principal underlying mechanism is
stimulation of the airway at or below the level of the larynx at an
insufficient depth of anaesthesia. The stimulus may be an airway
device, aspirated secretions, or gastric contents. Several risk factors
for bronchospasm are known (Box 48.7).
Supraglottic airways cause less airway stimulus than tracheal
tubes and are the first choice in patients at risk of bronchospasm.
If tracheal intubation is required, it should be performed at a
deep level of anaesthesia with complete neuromuscular block,
and particular care should be taken to avoid irritating the carina
as this is a particularly potent stimulus for bronchospasm. If safe
and practical, the tube should be removed before emergence
from anaesthesia.
If practical, drugs associated with histamine release (e.g. thiopental, atracurium, and morphine) should be best avoided in
patients at risk of bronchospasm. Non-steroidal anti-inflammatory
drugs (NSAIDs) are associated with an increase in airway resistance, although many asthmatics regularly self-medicate with over-
the-counter NSAIDs with no apparent problems.
All the volatile anaesthetic agents cause bronchodilation but isoflurane and desflurane are particularly irritant to the airway and
may provoke coughing which is associated with bronchospasm.
Sevoflurane may therefore be a better choice for the patient with
irritable airways. Propofol and ketamine have bronchodilator properties and in theory make a good choice for at-risk patients.

Post-obstruction pulmonary oedema
Airway obstruction at the end of anaesthesia can lead to post-
obstruction pulmonary oedema (negative pressure pulmonary
oedema) which is usually self-limiting but can be associated
with profound hypoxia, necessitating complex drug therapy and
a period of ventilation on a critical care unit. The precipitating
obstruction does not need to be prolonged and may occur as a
result of the patient biting and occluding the airway device in
use, or from laryngospasm during emergence from anaesthesia.
Second-generation supraglottic airways have integral bite blocks
built into the devices which reduce the risk of this complication.
When using first-generation supraglottic airways or tracheal
tubes, separate bite blocks should be used routinely to ensure
airway patency during emergence. Early recognition and prompt
treatment of airway obstruction at emergence reduces the risk of
this complication.

◆

ASA physical status 3–5

◆

Respiratory infection

Pulmonary aspiration

◆

Smoking, passive smoking

◆

History of asthma attack

◆

Chronic bronchitis

◆

Chronic obstructive pulmonary disease

◆

Obesity

◆

Insufficient depth of anaesthesia

◆

Airway instrumentation (e.g. tracheal intubation).

Aspiration of gastric contents or blood during anaesthesia was
recognized as a major problem in the 1930s and remains the single largest cause of mortality associated with airway complications
under general anaesthesia today. Several studies have highlighted
risk factors (Caplan et al. 1990; Cook et al. 2011) and it is important to recognize that tracheal tube placement, even as part of
rapid sequence induction, does not guarantee complete protection. There is a suggestion that a supraglottic airway such as the
laryngeal mask airway, when placed correctly, may offer significant protection from aspiration of blood from above the airway,
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in comparison with a tracheal tube where blood and secretions
above the level of the tube cuff may be aspirated at extubation.
Second-generation supraglottic airways, such as the ProSeal™,
Supreme®, and i-gel®, may offer some protection from above and
also provide functional separation of the respiratory and digestive
tracts, but they cannot be recommended when there is significant
risk of aspiration.

Unrecognized oesophageal intubation
Unrecognized oesophageal intubation still occurs during anaesthesia. A misplaced tracheal tube should be easy to identify when capnography is in use, but in cardiac arrest or suspected anaphylaxis,
the absence of carbon dioxide waveforms (indicating oesophageal
intubation) may be misinterpreted as being as a result of low cardiac output. Even in cardiac arrest, carbon dioxide will be seen
in exhaled breath and thus when no carbon dioxide waveform is
detected, the tube should be removed and either replaced or, if
this is not possible, an alternative means of ventilating the lungs
attempted.

Failure to secure an airway
Difficult tracheal intubation is encountered in 1–2% of cases, using
a Macintosh laryngoscope, and this figure may be higher in certain groups such as the obstetric population and in head and neck
surgery. Difficulty in ventilation through a facemask may occur as
frequently as difficulty in tracheal intubation during induction of
anaesthesia. The reported incidence of difficult mask ventilation is
1–5 % (Asai et al. 1990; El-Orbanhy and Woehlck 2009; Kheterpal
et al. 2009), and the incidence of impossible mask ventilation is
approximately 0.2% (Kheterpal et al. 2009).
All anaesthetists should be aware of and follow published guidelines for difficult airway management such as those by the Difficult
Airway Society in the United Kingdom (Frerk et al. 2015).
Failure of the primary airway plan (facemask, supraglottic
airway, or tracheal intubation) does not by itself constitute an
emergency situation. Maintaining oxygenation is the overriding goal of airway management rather than succeeding with
any particular technique, and if the primary technique fails, it
is important to move quickly through optimal attempts at alternative methods, which should include administration of a neuromuscular blocking agent to exclude laryngospasm as a cause
of difficulty with ventilation (Cook et al. 2011; Difficult Airway
Society Extubation Guidelines Group 2012). Having a comprehensive airway strategy in place before embarking on anaesthesia
helps with this decision.
If attempts at maintaining oxygenation by all three methods have
failed in the presence of neuromuscular block and immediate wakening of the patient is not possible, emergency rescue is needed.
Manikin studies have shown that wide-bore cuffed cricothyroidotomy devices allow the best rescue ventilation, but in clinical practice in the emergency situation this technique fails in more than
40% of cases (Cook et al. 2011). Jet ventilation through a narrow-
bore cannula has an even higher failure rate. These failures occur
because of decision-making difficulties, equipment problems, poor
technique, and patient factors. Simulator training has been shown
to improve decision-making and adherence to published algorithms in these situations. Cardiopulmonary bypass could be used
as a rescue technique, although this is unlikely to be readily available in an emergency situation.

Future perspective
Variations on videolaryngoscope design continue to emerge and
are likely to continue to do so as technology improves. Devices with
an interchangeable blade design are likely to become more common allowing a more versatile approach to difficult laryngoscopy.
Improvements in chip camera and video screen technology will also
influence the development of flexible ‘fibreoptic’ laryngoscopes,
making them lighter, more durable, and more readily portable.
New-generation supraglottic airway devices continue to be
developed with the aim of improving seal pressures and reducing
the risk of pulmonary aspiration by improving separation of respiratory and gastrointestinal tracts. Despite this, there will certainly
still be a need for tracheal intubation in the future. It is likely that
cuffed tubes will become an increasingly common part of paediatric anaesthetic practice over the next decade. In adult practice,
tracheal tubes have been produced with a suction port above a new
design of tapered cuff; the intention is to provide improved seal
characteristics and allow aspiration of material from within the
larynx above the cuff to reduce the risk of aspiration. Changes in
tube tip design to facilitate intubation using videolaryngoscopes
are also on the horizon. Tracheal tubes with inbuilt chip cameras
are being tested as an aid to difficult intubation; they are able to
provide continuous visualization of the position of the tube in the
trachea throughout anaesthesia in situations where tube placement
is uncertain or changing.
Research into cricothyroidotomy equipment design, techniques,
and training may help the profession be better prepared for the rare
‘cannot intubate, cannot ventilate’ scenario; meanwhile, computer-
based decision support tools to aid preoperative airway assessment
and airway management planning for the anticipated difficult airway are available and may become more widespread as the profession recognizes the potential hazards associated with airway
management highlighted by NAP4 (Cook et al. 2011).

Conclusion
Airway management, when appropriately performed, is a safe procedure, but serious airway complications occur in a limited number
of patients. Airway workshops prove popular at local and national
educational meetings, major research projects have been carried
out to improve our understanding of the nature and pattern of serious airway complications, and national guidelines and textbooks
about difficult airway management have been published. In addition, new airway devices have been developed, and pulse oximetry
and capnography have become routine. Despite these initiatives,
airway complications remain commonly associated with poor
standards of care. Our biggest future challenge is to better translate
the available wealth of knowledge into changes in clinical practice.
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CHAPTER 49

Vascular access
during anaesthesia
Andrew R. Bodenham
Introduction
Vascular access, both arterial and venous, at peripheral and more
central sites is relatively new in historical medical terms and has
only really developed into mainstream practice in the last 60 years.
Other routes of drug and fluid administration via the gut and inhalation preceded it by centuries (Dudrick 2006). It is a core skill for
anaesthetists, yet is not always well taught or is left out of core training curricula, with the assumption that skills will just be picked up
early along the way. Like many procedures, it can be surprisingly
easy to learn the basics, but many hazards and difficulties await the
less skilled or inexperienced operator.
Space precludes a detailed description of actual techniques for all
routes of access; only general principles will be covered here.

General principles
Certain procedural steps are common to all devices and insertion
sites: time should be taken to make an optimal choice of device and
insertion site considering clinical needs, duration of therapy, and
patient preferences. Adequate explanation/consent is needed from
the patient. This may be an integral part of anaesthetic consent or
requires separate consent similar to surgery for a stand-alone procedure. Verbal consent may be entirely appropriate for peripheral
cannulation, but for more invasive stand-alone central procedures,
written consent procedures should be used as in surgery. I explain
and list general risks and benefits, and those particular to the site of
access, for example, bleeding, infection, vein thrombosis, dislodgement, lung injury (pneumothorax), pain, and scars. Patients in an
intensive care unit (ICU) may appear unconscious but may still
be able to understand a basic explanation of procedures, and need
adequate local anaesthesia (LA) and sedation.
Aseptic technique is essential for all insertion and aftercare procedures irrespective of site of access, because of the direct insertion into the circulation. This is an area of increasing scrutiny in
hospital practice (Pronovast et al. 2006). Needlestick injury is also
important as hollow needles and cannulae can carry a significant
inoculum of blood.
In awake patients, all but the smallest-bore devices should be
inserted under adequate LA, either topical or injected. For central
access, wide infiltration anaesthesia is required, and often inadequate volumes are used (a minimum of 10 ml is needed in an
adult). Intravenous sedation is very helpful for anxious patients.
Some patients (e.g. children) will need general anaesthesia, or the

procedure may be part of the anaesthetic sequence after induction.
Sicker patients may benefit from insertion of central venous devices
under LA, pre-induction (e.g. patient with severe heart failure or
critical aortic stenosis).
The chosen access site vessel is approached by a number of techniques, including:
◆

◆
◆

◆

◆

◆

under direct vision (e.g. superficial vessel, jugular venous pulse,
or surgical cut-down)
under indirect vision (e.g. infrared visualization devices)
by palpation from arterial pulse, or a full vein from use of
tourniquet
using landmark orientation (e.g. adjacent to an artery, the clavicle, or heads of sternomastoid muscle)
using ultrasound guidance (two-dimensional or acoustic Doppler
signal)
using X-ray guidance (after contrast enhancement of vessel by
peripheral injection, e.g. subclavian).

Needle entry into the vessel is confirmed visually by backflow or
aspiration of blood, then a catheter or guidewire can be passed over
or through the needle respectively.
Guidewire and catheter insertion should be without resistance.
Once the guidewire is in the vessel, a catheter with a preformed
tip can be passed over the wire. Alternatively, a larger dilator and
introducer sheath can be passed over the wire, and various catheters, wires, or devices can be inserted through the introducer
sheath.
Verification of catheter position within the vessel is important
and can be checked by aspiration/backflow of arterial or venous
blood, successful flushing of the catheter, measurements of pressure
via the cannula, or X-ray verification as appropriate. Ultrasound
can be used to visualize catheters in the vessel near to the puncture
site and at other more distant sites where vessels are visible with
ultrasound (e.g. jugular veins). Verification of the position of a central catheter tip in the great vessels can be confirmed by plain X-ray,
computed tomography (CT), ECG guidance (Lee et al. 2009), injection of contrast, transoesophageal echo (Koung-Shing et al. 2004),
electromagnetic sensors, or direct vision/palpation during cardiac
surgery.
Appropriate anchorage of devices is essential to avoid dislodgement, either by adhesive dressings or sutures, or internal anchoring
cuffs. Purpose-designed adhesive devices such as StatLock® devices
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(Bard Medical, Covington, GA, USA) are increasingly used to
avoid sutures and increase the reliability of anchorage. Meticulous
aftercare and observation is required to maintain catheter function
and prevent problems. This includes regular flushing, safe removal
before problems occur, and appropriate recognition and management of problems and complications (Association of Anaesthetists
of Great Britain & Ireland 2016).
The vast majority of devices are currently inserted by percutaneous techniques but an alternative is the traditional surgical
cut-down, which still has a place in emergency situations, in the
very small child, and where percutaneous access has failed. Its
use has declined dramatically due to the operative time and skills
required, a larger scar, potential greater damage to the cannulated
vessel (often tied off/thrombosed), and a higher incidence of local
infection as a result of local tissue dissection (McBride et al. 1997).
It remains a useful standby in operating theatres where, if necessary, a surgeon can temporarily divert from the original surgery
to perform a cut-down at the operative site (e.g. neck or groin) or
elsewhere.
Space precludes a detailed description of all different access sites
and catheter management but there are many excellent sources elsewhere (Latto 2002; Pieters 2003; Hamilton and Bodenham 2009).

Peripheral intravenous cannulation
This is a core component of medical practice yet is often performed poorly by inexperienced staff. Significant skill is required
in the more challenging cases (e.g. the infant or neonate with very
small veins, the very elderly with fragile veins, and patients having chemotherapy), where all obvious veins have already been used
and become thrombosed. It is by no means risk free (Box 49.1). It
is revealing to be on the receiving end of such interventions or visit
your local oncology unit to see the severe side-effects of extravasation injury, which may be bad enough to require skin grafting.
There are less obvious sites other than upper and lower limbs
which can be used, for example, scalp veins in infants, chest wall
veins in adults with prominent collateral veins, and the external
jugular vein.
Discomfort can be minimized by skilled operators using the
smallest feasible gauge device, thoughtful preparation with topical
LA creams, or injection of LA. Avoid insertion where possible over
joint flexures. Check catheter patency and dilute drugs with a free-
running saline infusion.
Box 49.1 Complications of peripheral cannulation

There is an increasing range of aids to peripheral vascular cannulation, typically based on enhancing the size or visibility of veins
(and arteries), commonly used in small children. Traditionally
these included transillumination with cold light sources (Goren
et al. 2001), local warming (Lenhardt et al. 2002), and epidermal
nitroglycerine (Vaksmann et al. 1987).
High-resolution ultrasound is very useful to aid peripheral
venous puncture in adults and children (Samoya 2010). Newer
devices utilize the differential absorption of infrared light (which
penetrates deeper than visible light) by blood compared with surrounding tissues to generate an image of vessels using an infrared
camera. This is either projected onto a screen or as a computer-
generated image back onto the skin. Such devices are commercially
available but costly and clinically, their true value is still under
investigation (Perry et al. 2011).

Alternatives to venous access
It should always be questioned whether peripheral or central
venous access is required, or essential, in the short or longer term.
Other routes for drug administration exist (Box 49.2).
Fluid therapy can also be administered by subcutaneous infusion
through a needle or cannula. Sites of injection are rotated around
the body every 48 h, with typical injection sites in the axilla. It is
frequently used for hydration in palliative care (Royal College of
Nursing 2010).

Intraosseous injection
This route of access is now widely accepted in adult and paediatric resuscitation, where a needle with a trocar is inserted into the
upper tibia to access the bony venous sinuses for administration
of drugs and fluids. There are purpose-designed needles and powered drills available. Care must be taken to avoid extravasation
injury with compartment syndromes, bony injury, and infection,
and alternative venous access should be sought as soon as reasonably possible. The subject has been usefully reviewed, including its
use during anaesthesia (Tobias and Kinder Ross 2010; Taylor and
Clarke 2011).

Central venous catheters
Many patients undergoing anaesthesia will require central venous
catheterization during surgery or in the early postoperative period

Box 49.2 Other routes for drug administration

◆

Local or systemic infection

◆

Enteral and rectal

◆

Thrombosed, painful veins

◆

Intramuscular, subcutaneous

◆

Leakage of fluids into tissue leading to:

◆

Sublingual

◆

Transdermal

• ineffective drug administration (e.g. awareness with total
intravenous anaesthesia)

◆

• drug extravasation with skin/tissue loss

Nasal

◆

Compartment syndrome from pressurized infusions

Inhalational

◆

◆

Inadvertent arterial cannulation

Topical

◆

◆

◆

Catheter fracture or damage.

Intraventricular (cerebrospinal fluid), pleural, peritoneal, lymphatic, ocular.
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Box 49.3 Indications for central venous access

vascular access during anaesthesia

veins on insertion. Large-bore catheters and dilators devices do not
traverse corners easily, so use right internal jugular or femoral veins
in preference to the right subclavian vein or left-sided access sites.
Compare the size of a vein with the diameter of the catheter using
ultrasound. A catheter which occupies more than one-third of the
diameter of the vein is likely to be associated with low venous flow
and high risk of thrombosis over time.

◆

Monitoring of central venous pressure

◆

Drug administration

◆

Large-volume fluid resuscitation

◆

Pacing wires

◆

Insertion of pulmonary artery catheters

Routes of access

◆

Dialysis/haemofiltration

Internal jugular vein

◆

Lack of peripheral venous access

◆

Cardiopulmonary bypass

◆

Parenteral nutrition.

(Box 49.3). More than an estimated 250 000 are inserted annually
in UK hospitals.
Contraindications are relative, including limited sites for access,
anatomical variants, acquired venous stenosis, previous difficulties/
complications, severe coagulopathy, and local sepsis at the insertion site. Vascular surgical patients may have prosthetic material
(typically radiolucent) at the proposed site of cannulation (e.g.
carotid, femoral, or axillary patches or grafts). These are a strong
contraindication to use of adjacent veins because of the risks of vessel damage, infection, or both.

Short-term central venous access
There is a very wide choice of devices. Most are inserted via a
Seldinger guidewire technique, either directly over the guidewire or
through an introducer sheath. Commoner devices in use for anaesthesia include a standard three-or four-multilumen central venous
catheter (CVC), a ‘long line’ or peripherally inserted central catheter (PICC) inserted via arm veins (e.g. good for isolated vasopressor
infusions), larger-bore valved introducer sheaths (e.g. pulmonary
artery catheter introducer), and large-bore dialysis-type catheters
for massive transfusion and postoperative dialysis/haemofiltration.
The risks of large-bore peripheral cannulae for large-volume
pressurized fluid infusions (risk of extravasation/compartment
syndrome) should be weighed against the risk of inserting a large-
bore CVC (introducer sheath/dialysis catheter). If time, equipment,
and expertise allows, the latter is generally better. Use large-bore
dialysis-type catheters for predicted massive blood losses, or predicted need for dialysis/haemofiltration in the postoperative period
(e.g. a patient with poor renal function needing complex cardiovascular surgery).
Some patients already have a long-term CVC in situ (e.g.
Hickman, PICC, Port, or dialysis type). Consider their use during anaesthesia, rather than a new device insertion because of the
frequent presence of narrowed central veins with increased risks/
difficulty for further cannulation (see ‘Short-vs long-term venous
access’).
A suitable range of catheter lengths should be stocked for each
route of insertion. A minimal range of adult lengths would be
15 cm for the right internal jugular vein, 20 cm for the left internal jugular vein and right axillary/subclavian vein, and 24 cm for
left axillary/subclavian and femoral veins. Use the narrowest gauge
devices suitable for an individual indication to reduce trauma to the

The right internal jugular vein is typically associated with the lowest risk of procedural complications and central catheter tip misplacement. There is wide variability in the relationship between the
carotid artery and vein, and some patients will have a dominant
venous circulation on one side of the neck. There may be higher
risks in patients with carotid artery disease (patch, unstable plaque,
scarring), where inadvertent arterial puncture may be dangerous,
even with a green 21-gauge seeker needle. For postoperative ICU
usage there is an increased risk of infection because of the close
proximity of secretions from the oropharynx or tracheostomy
stoma. Care needs to be taken to avoid carotid puncture or cannulation, which can be largely avoided with the routine use of ultrasound guidance. Low in the neck there is risk to other vessels, for
example, the thyrocervical trunk and branches, the vertebral artery,
and subclavian artery close behind the vein (visible with higher-
resolution ultrasound, see Fig. 49.1). The vein is very superficial
and easily transfixed. Catheters inserted from the left side have to
traverse two corners on passage to the superior vena cava (SVC),
making central placement more difficult.

C

IJ

4.9

Figure 49.1 Cross-sectional ultrasound image of right internal jugular (IJ) and
carotid (C), low in neck. Note the vessels immediately behind the vein, which are
obviously at risk if the vein is transfixed at this level with the needle, thyrocervical
trunk artery, and branches of thyrocervical trunk including the inferior thyroid
artery (arrows). Such vessels should be avoided by adjusting the needle trajectory
and avoiding transfixion by increasing venous pressure by head-down tilt, Valsalva
manoeuvre, and application of intermittent positive pressure ventilation or
positive end-expiratory pressure.
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Landmark techniques
The internal jugular vein runs from the jugular foramen at the base
of the skull (immediately behind the ear) to its termination behind
the posterior border of the sternoclavicular joint, where it combines with the subclavian vein to become the brachiocephalic vein.
Throughout its length it lies lateral, first to the internal and then
common carotid arteries, within the carotid sheath, behind the
sternomastoid muscle. Many landmark approaches to the internal
jugular vein have been described (Latto 2000b), suggesting none is
ideal. A typical approach is from the apex of the triangle formed by
the two heads of the sternomastoid.
The procedure is as follows: slightly extend the neck and turn the
head slightly to opposite side. Palpate the carotid artery at the level
of the cricoid cartilage. Look for the internal jugular vein pulsation. If compressed, then released, the internal jugular can usually
be seen to refill. To locate the vein, introduce the needle from the
apex of the triangle at an angle of 30º and aim towards the ipsilateral nipple.
Often when attempting to puncture the vein it collapses under
the pressure of the needle, which then transfixes it, and puncture is
not recognized. The vessel may then be located by aspirating as the
needle is slowly withdrawn. Blood will be aspirated as the needle
tip passes back into the vein, which refills once the needle pressure
has been released. It is a common mistake to assume the internal
jugular vein is deep. Typically it is less than 2 cm from skin and can
be easily located with a standard blue/green ‘seeker’ needle. Once
the vessel has been identified, the seeker needle can be left in place
as a guide to puncture with the introducer needle. The vein can
be cannulated in the sitting/semi-recumbent patient in the case of
heart failure or morbid obesity, where typically the venous pressure
is very high.
Ultrasound guidance
There is very good evidence to support the routine use of ultrasound guidance for internal jugular puncture to reduce complications and increase success of procedures (Wu et al. 2013). You can
see branches of the vein (e.g. facial vein), valves, and the carotid,
subclavian, and thyroid arteries. The thyroid gland, cysts within it,
and lymph nodes are relevant and visible. Choose a puncture site
and needle direction such that overlap of the vein over the artery
is minimized.

External jugular vein
This is useful in acute situations or coagulopathic patients when
a standard large-bore short cannula can be inserted under direct
vision. CVCs can be sited via the external jugular vein but the angles
on passing through the deep fascia into the subclavian vein lead to
potential problems with central passage of wires and catheters.

actual, dialysis arteriovenous fistulae because of the risk of bleeding
from an arterialized vein or damage to the vein from thrombus formation. The subclavian vein may be preferred in the head-injured
patient (less risk of effect on intracranial pressure).
Landmark techniques
The patient is positioned supine (some advocate placing a sandbag
between the patient’s shoulder blades). The junction of the medial
third and outer two-thirds of the clavicle is marked and the needle
introduced just beneath the clavicle at this point, and then redirected closely behind the clavicle towards the suprasternal notch,
passing forward with continuous aspiration until blood is obtained.
The vein may be transfixed, so aspiration is required as the needle
is withdrawn. Many different approaches to infraclavicular axillary,
subclavian, and supraclavicular subclavian veins are described,
suggesting none are ideal (Ng 2000).
Ultrasound guidance
The clavicle impedes ultrasound imaging except in young children
(Pirotte and Veyckemans 2007), but ultrasound can be used to guide
puncture of the vein using a more lateral infraclavicular axillary
approach (O’Leary et al. 2012) or supraclavicular site (Mallin et al.
2000). Recent studies have shown benefits of ultrasound similar to
the internal jugular at the former site (Bodenham 2011a; Fragou
et al. 2011). The close proximity of the pleura, axillary artery, and
brachial plexus requires careful approaches to the vein. Ultrasound
allows these structures to be visualized and avoided. In addition,
branches of the axillary artery (thoracoacromial trunk, anterior to
vein) and the cephalic vein can be visualized and avoided (Fig. 49.2).
Further laterally, the operator will note a greater distance between
vein and pleura, reducing the risk of pneumothorax. This advantage is balanced by a smaller diameter and deeper vessel compared
with a more medial approach. It may be difficult to visualize and

CV
AV

BP
AA

P

Subclavian vein
The subclavian vein is a continuation of the axillary vein. It runs
from the apex of the axilla behind the posterior border of the clavicle and across the first rib to join the internal jugular vein, forming
the brachiocephalic vein behind the sternoclavicular joint.
Landmark approaches are associated with a higher risk of complications compared with the internal jugular vein, particularly
pneumothorax and incorrect tip placement (catheter ascending
into the neck or contralateral side). However, it is more comfortable for the patient in the long term and is a potentially cleaner site
in relation to infection risk. Avoid using the side of potential, or

4.0

Figure 49.2 Cross-sectional ultrasound image of the right axillary vessels as
seen from the right side. Note complexity of anatomy and close proximity of
axillary vein (AV), axillary artery (AA), brachial plexus (BP), cephalic vein (CV)
just proximal to where it enters the axillary vein, and branches (arrows) of the
thoracoacromial arterial trunk (branch of the axillary artery) overlying the vein,
the chest wall, and pleura (P).
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Figure 49.3 Cross-sectional image of left femoral vessels as seen from the patient’s feet. (a) Vessels side by side at level of inguinal ligament, and (b) just below level of
inguinal ligament. On image (b), note complexity of relations with superficial femoral artery (SFA) partially overlapping the femoral vein (FV), profunda (deep) femoral
artery (PFA), and long saphenous vein entering the femoral vein (LSV). FA, femoral artery.

access the vein in obese or very muscular patients. The vein can also
be visualized with an image intensifier after injection of peripheral
contrast (Jaques et al. 1995).

Femoral vein
The anatomy is more complicated than the side-to-side orientation
of vein and artery typically depicted in textbooks, which is only
relatively true at the level of the inguinal ligament. The femoral vein
is favoured in patients unable to tolerate head-down positioning
and in children and emergency situations.
Landmark technique
Palpate the femoral artery and introduce the needle just medial to
the femoral artery close to the inguinal ligament (actually not palpable, but a line from iliac crest to pubis tubercle). It is a common
mistake to go too low where the superficial femoral artery overlies
the vein and which may be the most easily palpable section.
Ultrasound guidance
Identify the femoral vein with the great saphenous vein entering
it, and the common femoral artery dividing into deep and superficial branches (Fig. 49.3). Ensure that the vein is punctured near
the inguinal ligament where the artery and common femoral vein
lie side by side. The superficial femoral artery partially overlaps the
vein just below this site (Hughes et al. 2000). Higher puncture sites
risk incompressible damage to vessels, which can produce hidden
bleeding into the peritoneal or retroperitoneal space (Taylor and
Palagiri 2007).

Upper arm veins
High-frequency ultrasound can readily identify peripheral veins in
the limbs. This is useful in intravenous drug users and the obese,
and may facilitate central venous access with a PICC in the mid-
upper arm to avoid flexure at the elbow.
PICCs can be inserted from antecubital veins which are visible or
palpable. Veins in the upper arm away from the elbow flexure are

an alternative and better for longer-term use (Sandhu and Sidhu
2004). The basilic, brachial, and cephalic veins are easily visualized with high-resolution ultrasound, together with accompanying
artery and nerves (Fig. 49.4). There is wide anatomical variation.
Access is best achieved with a small-bore needle, fine guidewire,
dilator, and sheath (micropuncture kit). The catheter is measured
for length from the proposed insertion site to third/fourth right
intercostal space, or from X-ray screening (Parkinson et al. 1998).
Regarding accompanying nerves, the median nerve adjacent to the
brachial veins, and cutaneous nerves of forearm adjacent to the
basilic vein should be identified where possible with ultrasound
and avoided. The cephalic vein runs a more tortuous course where

BV
BV
BA
NP

H
2.7

Figure 49.4 Cross-sectional image of vessels in right upper arm as seen from
below. Basilic vein (BV), two brachial veins (arrows), humerus (H), nerve plexus
(NP), and brachial artery (BA). There is significant variability in such relations
between patients.
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Figure 49.5 (a) Axial CT. (b) Coronal reconstruction to show superior vena cava (SVC). Note close relationship between SVC, right pleura (PL), and ascending aorta
(AA), which overlie each other on anteroposterior X-ray imaging. IM, internal mammary vessels.

it penetrates the deep fascia to enter the axillary vein leading to
potential difficulties in passing catheters.
Other routes of access are also used, for example, via the
umbilical vein in neonates, direct access to the inferior vena cava
(IVC) by radiologists, and mid-thigh femoral veins accessed with
ultrasound.

Applied anatomy of the superior vena cava
The SVC drains venous blood from the upper half of the body and
is the target site for CVC catheter tips from the upper-body insertion sites. The applied anatomy has been recently reviewed (Gibson
and Bodenham 2013). It is formed by the confluence of the two
brachiocephalic veins behind the first right costal cartilage. It is
approximately 2 cm in diameter and 7cm long with no valves and
descends to the upper part of the right atrium (Fig. 49.5). Its lateral
right border is partially visible on anteroposterior chest X-ray but it
is difficult to see where the right atrium begins.
The upper right border of the SVC bulges into the right pleural space such that a tear in this area risks major haemorrhage
into the low-pressure pleural space. In the longer term, catheter
tips (particularly from the left side) can perforate the vein wall
and cause a hydrothorax when fluids are infused (Fig. 49.6). The
lower half of the vessel is within the fibrous pericardium with
relevance to the risk of pericardial tamponade (see ‘Cardiac
tamponade’).
A major branch of the SVC is the azygous vein, which ascends on
the right side in the posterior mediastinum, before arching forward
to pierce the posterior wall of the mid section of SVC, at the level
of the fourth thoracic vertebra. The tip of a catheter can lie at this
junction or within the azygous vein.

Anatomical variations of central veins
Congenital
The commonest variant of the SVC is the so-called left SVC,
which may occur with or without a normal right SVC, with an
AP SITTING-PORTABLE WD3

Figure 49.6 A stiff dual-lumen dialysis catheter has been inserted via the left
subclavian vein and is abutting the wall of the superior vena cava (arrow). It is
likely to cause discomfort, accelerated thrombosis, catheter failure, or erosion
through the vein wall into the pleural space. To achieve adequate function
including flows for dialysis it needs to be exchanged for a longer device whose tip
lies in the long axis of the superior vena cava/right atrium.
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incidence of approximately 0.5% in healthy individuals and 1–5%
in those with additional cardiac defects. The left SVC is a persistence of the left cardinal vein present in the early fetal circulation, which normally atrophies with development. The right vein
(if present) takes the normal course of the SVC. The left crosses
the left side of the arch of the aorta, passes in front of the left
pulmonary hilum, and passes posteriorly to enter the right atrium
from behind, via a functionally enlarged coronary sinus. The two
SVCs may communicate in the upper chest. A left-sided SVC can
be used for access, but care should be taken as the vein may open
into the left atrium with risks of systemic air or particulate embolism (Ghadiali et al. 2007).
Similarly, below the diaphragm, the IVC can show numerous
variations. The IVC is normally formed from a bilateral circulation, which develops into a single large vessel through right-sided
enlargement and left-sided regression. In the adult, the IVC may be
represented below the level of the renal veins by two symmetrical
vessels with an incidence of about 0.3%.
Rarely, patients present with dextrocardia, where the heart orientation is reversed so that it lies to the right of the midline. It is
estimated to occur in 1 in 10 000 births. It can be associated with
the reversal of abdominal/chest organs and blood vessels, so-called
situs inversus, in which case the SVC and IVC also lie to the left of
the midline (Evans et al. 2010).

vascular access during anaesthesia

and Bodenham 2004), and is frequently asymptomatic as a result of
collateral vein enlargement. This can present as a failure to pass a
guidewire or catheter.
The presence of engorged venous collaterals on the chest wall,
or engorged difficult-to-compress veins on ultrasound, or high
venous pressure on cannulation are suggestive of such stenoses.
Diagnosis of such problems can be confirmed by simple venography with an image intensifier, CT, or Doppler ultrasound studies
(Fig. 49.7). With advanced age and disease, the SVC and other
great veins may become increasingly tortuous. Mediastinal shift
from effusions, lung collapse, or pneumonectomy will shift all
structures including the SVC from the midline. This may cause
confusion on X-rays if such changes are not understood.
Similar problems may also arise in the IVC. In the event of
blockage or portal hypertension, the azygous system may massively
enlarge and become the predominant route of venous drainage
from the lower body.

Catheter tip position

Any patient with a history of previous long-term central vein cannulation or a mass causing compression has the potential for an
acquired SVC/IVC or great vessel abnormality. SVC compression
from a tumour can cause oedema and venous engorgement in
the upper body (SVC syndrome) (Cheng 2009). It is questionable
whether a catheter should be passed through such a compressed
vein as it may cause thrombosis and further SVC obstruction.
Stenosis or thrombosis is common with long-term access (Galloway

Failure to achieve good catheter positions will increase the risk of
the following: catheter-related thrombosis, arrhythmias, perforation of the vein wall (to cause hydrothorax, cardiac tamponade,
extravasation), catheter failure and pain during injections, and later
stenosis.
An adequate length of the distal catheter, lying in the long axis
of the SVC with its tip above the pericardial reflection is ideal,
approximately level with the carina on chest X-ray, often at the
junction of the SVC/right atrium or upper right atrium. This is not
always achievable, particularly with left-sided catheters, contrary
to textbook guidance (Fletcher and Bodenham 2000; Vesely 2003;
Stonelake and Bodenham 2006). The commonest problem is a catheter which is too short with its tip abutting vein wall at an acute
angle (Fig. 49.6). A schematic representation of the areas where
catheter tips can lie is shown (Fig. 49.8).

(A)

(B)

Acquired

CA

4.0

Figure 49.7 Blocked central veins following long-term venous access. (a) A venogram shows complete obstruction of the right subclavian vein with the venous return
via collaterals to the internal jugular vein (also blocked low in neck) and thereafter to other collaterals into the chest. (b) Ultrasound examination of the right neck, where
the original internal jugular vein (large arrow) has blocked and branches out into multiple engorged collaterals (small arrows). CA, carotid artery.
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Figure 49.8 Stylized anatomical figure dividing the great veins and upper right
atrium into three zones (A–C), representing different areas for placement of
central venous catheter tips. A, Junction of right atrium and superior vena cava
(SVC) suitable for all catheters, but below pericardial reflection. B, SVC above
pericardial reflection, suitable for right internal jugular and sometimes right
subclavian access. C, left innominate vein, suitable only for short-term fluids and
central venous pressure monitoring from left-side access.
Reproduced with permission from Stonelake PA, Bodenham AR. The carina as a radiological
landmark for central venous catheter tip position. British Journal of Anaesthesia, 2006, Volume
96, Issue 3, pp. 335–40, by permission of the Board of Management and Trustees of the British
Journal of Anaesthesia.

Imaging
The majority of short-term CVCs are inserted without real-time
imaging, with a subsequent chest X-ray to confirm central placement. The limitations of one-dimensional imaging must be understood (see ‘Misplaced catheters’). Catheter tips move when a
patient changes from lying to sitting/standing, or on deep breathing
(Kowalski et al. 1997). On X-ray they will appear to be sited further
centrally on supine/head-down imaging vs an erect posteroanterior film with deep inspiration. X-ray screening is ideal although
infrequently used during anaesthesia but should be considered if
difficulties occur.
Other aids including ECG guidance or electromagnetic sensors
are increasingly used, but these do not distinguish between arterial, venous, and mediastinal placement, or a coiled tip, and compensation for right-and left-sided catheters is required (Kremser
et al. 2011). Units need a suitable range of catheter lengths for each
access site (see ‘Short-term central venous access’).

Misplaced catheters
Catheters may be misplaced within the venous system, following an abnormal path to the neck, the arm, or contralateral side.
Such catheters need re-positioning if they are to stay in situ for
anything more than a few hours. Alternatively, the patient may

Figure 49.9 A chest X-ray showing two central venous catheters inserted by
left and right internal jugular veins. The left-sided catheter fails to follow the
path of the left innominate vein (arrow). This image cannot distinguish between
a catheter in a vein (internal mammary or left superior vena cava), and artery
(descending aorta), pleural space (actual site in this case), mediastinum, or other
structure. It position was verified with computed tomography imaging and it was
removed without complication.

have a normal variant of anatomy or acquired stenosis of the
great veins leading to misplaced catheters in the great veins.
Catheters are generally easily recognized in such positions and
specialist advice is not required before using or removing such
catheters.
Catheters may lie outside the vein in an obviously incorrect position. Of more concern is that catheters on a plain chest X-ray may
appear to follow an approximate normal path, but are not correctly
sited in the SVC. Analysis of cross-sectional anatomy shows that
catheters in the SVC, right pleural space, right internal mammary
vessels, azygous system, ascending aorta, or mediastinum cannot
be reliably differentiated on a single plane X-ray (Fig. 49.9). Many
clinicians rely too much on chest X-ray appearances, not appreciating that such images can only confirm that the catheter has passed
centrally and is not kinked.
If a catheter is in an unusual position or malfunctions, time
should be taken to ascertain its position, and it should not just
be pulled out. Bedside tests include assessing the pressures in all
lumens (via a fluid column or transducer) and aspiration of blood
from the lumens for estimation of haemoglobin (systemic blood vs
pleural collection), oxygen partial pressure, or saturation. None of
these bedside tests are entirely reliable. If in doubt, definitive localization requires injection of X-ray contrast down the catheter with
imaging (venogram) or cross-sectional CT imaging (Amerasekera
et al. 2009; Bodenham 2011b). If in doubt, don’t pull it out (Gibson
and Bodenham 2013)!

Complications
Anaesthetists need knowledge of complications, their avoidance,
and management. They may also be called upon to help sort out
major CVC complications (e.g. major bleeding or upper airway
obstruction).
Any anatomical structure adjacent or connected to the vascular tree may potentially be damaged during needle, catheter, and
guidewire insertion, or later as a result of thrombosis, perforation,
and infection (Box 49.4) (McGee and Gould 2003). Certain patterns are recognized as potentially life-threatening and a cause for
high-value legal claims during or after anaesthesia (Domino et al.
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Box 49.4 Complications of central venous catheterization

Early
◆

Arrhythmias

◆

Vascular injury

◆

Pneumothorax

◆

Haemothorax

◆

Cardiac tamponade

◆

Neural injury

◆

Embolization (including guidewire, catheter, or air).

Late
◆

Infection

◆

Thrombosis

◆

Embolization

◆

Erosion/perforation of vessels

◆

Cardiac tamponade

◆

Lymphatic damage

◆

Arteriovenous fistula.

2004; Hove et al. 2007; Cook 2010). These typically relate to local
pressure effects from an arterial haematoma, massive bleeding into
the chest/abdomen, and strokes from carotid cannulation.

Collateral damage from needle placement
This includes damage to adjacent arteries, lung, pleura, and nerves.
Even if the original needle trajectory is correct, empty veins often
have to be transfixed for cannulation. Structures behind the vein
are then liable to injury (e.g. arteries in the neck: the carotid, subclavian, vertebral or thyrocervical trunk). Arteries may also overlie
the vein, for example, the superficial femoral artery in the groin
(Hughes et al. 2000) and thoracoacromial trunk in relation to the
axillary vein (Smith et al. 2009; O’Leary et al. 2012). Needle damage is largely avoidable by the routine use of ultrasound (see main
‘Ultrasound guidance’ section).

Central insertion of devices
Guidewires generally pass with minimal resistance centrally, but
may go astray from all access sites, including the right internal
jugular vein. Without X-ray screening or other aids, there is no
certainty that they have not passed across the midline, into venous
branches, down an arm, or out of the vein. Excessive force must not
be used as guidewires can easily exit veins, to pass into the pleura,
mediastinum, or other structures.
Dilators and catheters passed over a guidewire will enlarge the
tract to their outer diameter or larger if the vein tears. If a guidewire is kinked or acutely angulated, and further force is applied
to the dilator/catheter, it will tear the vein wall and exit into adjacent structures. The guidewire should be repeatedly checked to
ensure it moves freely through the dilator/catheter, to ensure no
distortion or false passage. If any resistance is felt, the procedure
must be stopped, or further imaging obtained to guide alternative
approaches. Such judgement is very much an acquired skill. Mobile
image intensifiers which are available in most theatre suites provide

vascular access during anaesthesia

the optimal tool, but are rarely used by anaesthetists, outside pain
management procedures.

Arterial damage
Insertion of needles, guidewires, dilators, and catheters may cause
damage to arteries at the puncture site or more centrally. A local
haematoma or false aneurysm may cause skin and tissue loss, nerve
damage from compression (Chitwood et al. 1996), and upper airway compression (similar to bleeding after major neck surgery).
Surgery will be required to decompress large haematomas urgently,
irrespective of how the leak is eventually closed (surgery or radiology). Arterial dissection, thrombosis, embolus, and unintentional
cannulation may cause distal ischaemic damage, with particular
relevance to the carotid artery. If there is a needle puncture only,
then removal and pressure for 5–10 min will usually suffice.
Case series suggest that accidental arterial catheter placement
may be missed clinically, as staff seek to find alternative erroneous
explanations for malfunctioning catheters, back-bleeding, infusion
pump alarms, and signs of thrombosis including a stroke or transient ischaemic attack. Bleeding or a haematoma at the puncture
site is not necessarily seen until removal of the catheter. A high
index of suspicion is required.
Removal of large-bore catheters situated in the carotid artery
needs careful consideration, to avoid emboli to the brain, and to
seal the arterial defect. Systemic heparinization and removal of
the device, with either a surgical procedure similar to a carotid
endarterectomy (venting clot and suturing defect), or a radiological
stenting procedure, are two preferred options (Guilbert et al. 2008).
Removing such devices and pressing for 20 min to prevent carotid
haemorrhage, will further risk brain ischaemia from haematoma,
dislodged emboli, and a lack of blood flow. Similar considerations
apply to larger arterial cannulae elsewhere. In the short term, it is
generally safe to leave dilators, catheters, and guidewires in position, particularly in a heparinized patient, while the situation is
evaluated. It is generally recommended not to remove catheters
larger than 9 Fr from arteries without using a percutaneous occlusion device or surgical closure. If in doubt don’t take it out! Seek
advice from vascular surgery or interventional radiology.

Pleural collections
A pneumothorax typically results from needle damage during
subclavian or jugular puncture but can occur from misplaced
guidewires or catheters. Needle-based damage should be almost
completely avoidable with routine skilled use of ultrasound.
Ventilated patients are likely to need a chest drain after such needle
damage. In the spontaneously breathing patient, the air leak may
not be visible on chest X-ray until some hours later and patients can
often be managed conservatively if asymptomatic and the degree of
lung collapse is minimal.
Pleural catheter placement is important to recognize as infused
fluids may cause an enlarging pleural effusion and if the catheter
originates in the vein then there is the potential for massive bleeding into the low-pressure pleural space on catheter removal.

Haemothorax/peritoneum
Minor tears of great veins are probably more common during
guidewire, dilator, or catheter insertion than is generally realized,
because of thin vein walls. As a result of the low venous pressure,
connective tissue, muscle, or other structures will usually tamponade local bleeding without further problems. Major bleeding occurs
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when a tear connects directly to the low-pressure pleural space
(Jankovic et al. 2005). Chest veins at particular risk, immediately
adjacent to the pleura, include the SVC (right border), azygous
system, hemi-azygous system (on left), and internal mammaries.
It is revealing to observe these vessels on CT (Fig. 49.5) scans, or at
thoracotomy/thoracoscopy.
Damage to the arterial tree can cause similar problems, when a
hole made by a needle alone is sufficient for massive bleeding. The
subclavian arteries protrude into and can bleed directly into the
apex of the pleural spaces. Alternatively, a more distant enlarging
arterial haematoma may burst into the pleura. Similar mechanisms
apply in the peritoneal space, with cases of fatal concealed haemorrhage from iliac vessels. Management relies on drainage, leaving
dilators/catheters in place to reduce bleeding, and urgent repair by
surgery or increasingly interventional radiology.
Lymphatic leaks result from either direct damage to the major
thoracic lymphatics where they join the internal jugular vein or
SCV, or thrombosis of the vein causing a back pressure effect. The
leak can cause an external leak of lymph/chyle, a lymphocoele
(localized collection), or a chylothorax. It can occur either side but
is more commonly found on the left because of the much larger left
thoracic duct (Mallick and Bodenham 2003).

Nerve damage
Major vessels at most cannulation sites are accompanied by nerves,
which are at risk from needle or device damage, and stretching
as a result of a haematoma. Reported damage includes that to the
phrenic nerve, sympathetic chain (Horner’s syndrome), femoral
nerve, brachial plexus, and median nerve in the upper arm elbow
region. At some sites (e.g. the axillary artery and vein) the brachial
plexus can be visualized and specifically avoided with higher-
resolution ultrasound. Deeper injection of LA may produce inadvertent reversible nerve block.

Cardiac tamponade
Reported series suggest that this occurs from two mechanisms: first,
the pericardial space (reflection) extends up on to the arch of the
aorta and the proximal part of its branches, so a needle puncture
at this site may lead to bleeding into the pericardium. Surprisingly,
this is a recognized problem, usually after attempted right subclavian approaches (Fangio et al. 2002). Second, erosion of catheters
through the lower SVC or right atrium can occur, allowing infusion of fluid into the pericardium (Orme et al. 2007). Reported
series suggest that it is pressurized fluid infusion, rather than low-
pressure venous bleeding, that is the usual problem.
Box 49.5 Complications associated with central venous catheter
removal
◆

Air embolism

◆

Catheter fracture and embolism

◆

Dislodgement or thrombus or fibrin sheath

◆

Haemorrhage

◆

Arterial complications—bleeding

◆

Infection—local and systemic

◆

Catheter trapped in vein/tissues.

Regrettably, cardiac tamponade is often a post-mortem finding.
A high index of suspicion is required to prompt, and then confirm,
this diagnosis by echocardiography in any collapsed patient with a
CVC in situ. Management requires attempted aspiration of infused
fluid through the catheter if still in situ, urgent pericardiocentesis,
and stenting or surgical repair if required.

Removal of central venous catheters
CVCs should be removed as soon as they are either no longer
required, or problems occur. Most devices can just be pulled out
once anchorage devices are removed. The negative pressure in
central veins can entrain air through an open/damaged catheter
or through a well-formed tract, so devices should be removed in a
head-down position, with applied pressure and occlusive dressing
to the entry site. Air entrainment and embolization is at highest risk
with large-bore devices, and well-established short tracts (e.g. jugular non-tunnelled dialysis catheter). This is a rare but recognized
cause of collapse and death. The low venous pressure means bleeding is generally easily stopped with applied pressure and dressings.
There are a number of other potential complications (Box 49.5).
Occasional long-term catheters cannot be removed because of
the very tight constriction of a fibrin sleeve around the catheter or
organized clot anchoring side holes in the catheter to the SVC or
right atrium. Do not persist to the point of catheter breakage or
vessel damage, seek specialist advice.

Removing a Hickman line/port
Anchored catheters need a cut-down procedure to free the cuff and
avoid the catheter fracture on traction (Galloway and Bodenham
2003; Hudman and Bodenham 2013). Cuffed catheters may be
pulled out if they have been in place less than 2–3 weeks, before
adhesions form. Similarly, heavy infection breaks down adhesions,
allowing the cuff to be pulled free.
Identify the cuff with palpation or ultrasound. Inject LA around the
cuff site and tunnel tract then cut down (1 cm incision) on the venous
side of the cuff. Use forceps to feel the catheter rolling beneath, as the
incision is too small for a finger. Free up and remove the venous section first; typically a thin fibrin sheath will need to be incised. Then
dissect around the cuff to free adhesions and remove it completely.
Avoid sharp dissection until the venous section is removed to avoid
catheter embolus. Similar principles apply to removing ports, which
lie in a fibrous capsule with non-absorbable anchor sutures.

Short- vs long-term venous access
Cannulae in peripheral veins typically only last a few days but long-
term devices can last months to years, and are in increasing use in
hospitals and the community. The definition of long-term access
is unclear, for example, predicted use greater than 6 weeks or the
presence of internal anchoring devices.
Long-term devices can be used during anaesthesia and critical
care with good attention to aseptic technique. Such devices are
increasingly present so all anaesthetists should have a basic knowledge of their functions and use (Box 49.6). Such devices can be used
for routine (e.g. anaesthesia induction) and emergency use (resuscitation). Some devices (e.g. Groshong catheters) have a valved tip
or proximal hub, which will preclude CVP monitoring and may
give pulsatile infusion of drugs (Rose and Bodenham 2010). The
development of fibrin sleeves (Hemmelgarn et al. 2011), which
commonly present after weeks/months around the internal section
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Box 49.6 Common indications for long-term access
◆

Cancer chemotherapy

◆

Home parenteral nutrition

◆

Repeated blood transfusions

◆

Long-term intravenous fluid requirement

◆

Long-term antibiotics

◆

Haemodialysis

◆

Regular venesection.

vascular access during anaesthesia

Site of access
Anecdotal evidence suggests that right-sided catheters have a lower
risk of thrombosis, because of a shorter straighter route to the SVC,
with easier catheter tip positioning. Choose a site after considering
patient factors, previous venous access, and clinician experience.
Look for evidence of vein thrombosis, previous scars, or venous
collaterals and use ultrasound to assess patency at access sites.
Formal central vein imaging (venogram, CT, magnetic resonance
imaging) is helpful in difficult cases. Arrange puncture sites and
tunnel tract to avoid tight bends; if necessary, use multiple punctures to avoid bends and kinks of less than 90°.

Tips for insertion of long-term devices
of long-term catheters, can cause similar effects. Assess the risks
and benefits of such use compared with new insertion of devices in
a patient, who may already have very difficult access with blocked
central veins.
Ports are accessed with non-coring Huber tip needles, although
in practice any small-bore needle can be used. Some force is
required to push the needle through the skin and then the thick
silicone rubber membrane. The needle stops when it hits the back
wall of the chamber.
Many devices are now inserted by anaesthetists during stand-
alone procedures in the operating theatre. Points to consider when
choosing devices include the following:
◆

◆

◆
◆

The indication and duration of proposed treatment requiring
venous access
The proposed location for administration of therapy (e.g. hospital, outpatient clinic, or home)
The risks of contamination
The patient's clinical status (e.g. coagulation, platelets, sepsis)
and whether the patient will self-administer drugs/fluids.

Devices
Shorter term
Mid-lines (10–20 cm soft catheters) are inserted via the antecubital
fossa, with the tip in the upper third of the basilic/cephalic vein,
short of the great veins, and are suitable for up to 3 weeks of infusion of non-irritant solutions.

Long term
PICCs are advanced centrally from the antecubital fossa/upper arm
veins, and can last months to years, if managed correctly.
Cuffed, ‘Hickman-type’ catheters are tunnelled from the insertion site to chest/abdominal wall. A Dacron® cuff develops tissue ingrowth for anchorage and as an infection barrier (takes
3–4 weeks). Dialysis catheters (e.g. Tesio® type), are wide-bore, stiff
catheters with dual lumens and an anchoring cuff.
Subcutaneous ports (titanium/plastic) are placed in a surgical
cavity on the chest, abdominal wall, or upper arm. They are ideal
for intermittent therapy (e.g. antibiotics for cystic fibrosis) and
popular for use in children. The sealed system has an intact skin
barrier between needle access episodes, which lowers the overall
infection risk.
All the above-mentioned devices are available in single-and
multiple-lumen versions. Some are CT compatible to allow high-
pressure injection of X-ray contrast.

Ask awake patients to inspire on insertion of guidewire/catheter
to help central passage. Measure required catheter length from the
positioned guidewire (using image intensifier), or measure predicted length externally over the chest wall.
Take care with rigid sheaths/dilators to avoid central vein damage. Do not insert too deeply (generally longer than required).
Pinch the sheath (or use valved device) on removal of the obturator
to avoid bleeding and air embolism. Sheaths readily kink—draw
back until the catheter passes through it.
A long, thin, coated Terumo®-type (Somerset, NJ, USA) guidewire (70+ cm) can be passed via the sheath or through soft catheters to help central placement in difficult cases. Screen the
guidewire, obturator sheath, and catheter insertion if any resistance
is encountered.
Use venography through a needle, sheath, or catheter if you
are uncertain as to the position of the device relative to the vein
path (check contrast allergy first). For fixed-length catheters (e.g.
Groshong/dialysis), choose the correct length for site of access,
and adjust the length of tunnel to give a correct tip position. Move
the anchor cuff along the tract to adjust the length of the venous
section.
Ports can be inserted under LA with or without sedation, or
general anaesthesia. Smaller low-profile versions can be sited in
the arm. Minimize the incision and pocket size by placing anchor
sutures in the pocket first, then slide the port in and tie off. Buried
subcuticular sutures provide a good cosmetic result (Hudman and
Bodenham 2013).

Aftercare
External anchoring sutures/devices should not be removed for
at least 3 weeks to allow the Dacron® cuff to adhere. PICCs have
no anchoring cuff and need a continued external anchor device.
Adhesive external anchor devices (e.g. StatLock®) are thought to
have a lower risk of infection than sutured devices.
If the patient is considered at high risk of thromboembolism,
therapeutic dose anticoagulation may be indicated; low-dose regimens are not thought to work. Some units still lock dialysis catheters with heparin 1000 units ml−1—always aspirate deadspace if in
doubt. Thrombosed/blocked catheters may be unblocked, or prevented from blocking with low-dose urokinase (5000 units) injected
into the catheter (Baskin et al. 2009; Hemmelgarn et al. 2011).

Arterial access
This is required for many elective and emergency operative procedures, for example, vascular, cardiothoracic, neurosurgical, and
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patients with severe cardiorespiratory disease. Relevant indications for anaesthesia and postoperative critical care include the
following:
◆

Haemodynamic monitoring, when changes in blood pressure are
likely to be sudden or profound

◆

Repeated arterial blood gas sampling

◆

Pulse contour analysis for cardiac output

◆

Aortic balloon pumps

◆

Cardiopulmonary bypass.

Common access sites include the radial, ulnar, brachial, dorsalis
pedis, posterior tibial, and femoral arteries. Many patients have
poor foot vessels so these are used less often than arm vessels.
Occasionally, other sites such as the mid-arm brachial or infraclavicular axillary artery are used when other sites are blocked.
Umbilical artery catheters are used in neonates.
The presence of dialysis arteriovenous fistulae or a future need
for fistula requires consideration. In cardiac or vascular surgery,
discussions with surgeons as to the optimal site are required, for
example, during high aortic repairs and stents, the left subclavian
or brachial artery may be occluded or accessed by vascular radiologists or surgeons.

Applied anatomy
Peripheral arterial cannulation is typically carried out via the radial
artery of the non-dominant forearm, which is easily palpable at
the wrist as a result of its superficial position. The presence of the
ulnar artery means that the radial artery is generally not an end
artery, and if damaged or thrombosed, tissue loss does not usually occur. Classically, the ulnar artery has been regarded as the
dominant arterial supply to the forearm and hand but more recent
studies have suggested that the radial artery is more likely to be the
dominant vascular supply to the hand (Haerle and Häfner 2003).
Alternatively, the brachial artery may be used, but as it is an end
artery, the distal limb is at risk if occlusion occurs.

(A)

Many studies exist of applied arterial anatomy, including the
use of ultrasound assessment, in the context of arterial cannulation, arteriovenous fistulae, and other surgical interventions. The
detailed anatomy and relatively high frequency of normal variants
may not be well recognized outside specialist surgery (Rodríguez-
Niedenführ et al. 2003). Distal superficial radial and ulnar arteries
may be clinically obvious, but cases of inadvertent cannulation during attempted venous access are described (Chin and Singh 2005).
Variation in the proximal arterial supply to the upper arm and
forearm are well recognized, and may not be obvious on palpation
(e.g. high bifurcation of the brachial artery) (Çavdar et al. 2000)
(Fig. 49.10).
Some patients with peripheral vascular disease have heavily
diseased or blocked brachial, radial, or ulnar arteries, and rely on
collateral supply. This should be identifiable clinically, and with
ultrasound. It is intuitive that a site distal to such an obstruction
should generally be avoided and a careful assessment of perfusion
made. Allen’s test—compression of the radial/ulnar artery while
assessing hand blood flow—is useful conceptually, but has never
been proved clinically to predict safe cannulation (Jarvis et al.
2000). Elderly patients tend to have more tortuous ectatic vessels
which are more difficult to cannulate.
The femoral artery is a valuable access site widely used for
diagnostic and interventional procedures. In the context of more
prolonged catheterization, in anaesthesia or critical care it carries
increased risks of infection and thrombosis. The superficial femoral
artery is commonly more easily palpable than the common femoral
artery but overlies the vein and is more likely to be diseased in the
presence of atheroma. Higher damage to vessels can lead to hidden
bleeding into the peritoneal or retroperitoneal spaces. Use ultrasound to cannulate the common femoral artery over the femoral
head to allow compression against it. There is good evidence for the
use of ultrasound for femoral artery cannulation (Seto et al. 2010).

Practical insertion tips
Consider the risk and benefits of multiple attempts at poor vessels in distal sites, vs a finite risk of cannulating an end artery

(B)

RA
A

A
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2.2
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A
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Figure 49.10 (a) Ultrasound image of radial artery just above wrist. Radial artery (RA) and paired compressible venae comitantes (small arrows) are seen either side of
the artery. (b) Ultrasound image in the antecubital fossa, with venous tourniquet. There is a high bifurcation of the brachial artery in the upper arm but only one palpable
pulse at the elbow. Two arteries (A) lie side by side with two sets of vena comitantes (arrows). This is a common anatomical variant.
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more proximally. Do not persist with attempts at peripheral arterial cannulation in patients who are hypotensive and ‘shut down’.
The femoral and brachial arteries are useful during resuscitation
of shocked patients; or use ultrasound guidance to visualize an
impalpable artery.
Technically, procedures are typically easiest in awake patients,
before anaesthesia, because of a stronger palpable pulse. Care
should be taken with the length and size of catheters, particularly
for deeper vessels such as the femoral and brachial arteries where
short catheters can be dislodged with movement. Guidewire-
based Seldinger devices are likely to have a higher success rate
than catheter-over-needle devices in both routine and more
difficult cases.
If using stitches, do not place stitches too deeply. It is possible to inadvertently damage peripheral arteries. Vessels may be
calcified, making cannulation difficult and it may be impossible
to close the vessels with pressure after removal of the cannula.
Other vessels may have aneurysmal changes or dissection. If difficulties ensue, consider a vascular surgical cut-down to lessen
the risk of iatrogenic injury. Larger sheaths left in situ in major
arteries (femoral/brachial) need systemic heparinization to avoid
thrombosis.

Removal
After catheter removal, press firmly on the site for at least 5 min.
Occasionally persistent bleeding from the radial artery may require
a fine suture (e.g. 5/0 nylon), to close the skin wound and stabilize the clot. Then apply further pressure. Radiological occlusion
devices are required for removal of devices larger than 9 Fr, in the
presence of severe coagulopathy, or in areas where pressure cannot
be applied.

Complications
Complications can be divided into early and later but early complications may only be evident later (Box 49.7).
Vascular compromise may occur at any stage. Inadvertent injection of drugs into an arterial catheter is an important avoidable cause
of morbidity. All cannulae and connecting tubes must be clearly
labelled. Risks of infection increase with time and arterial catheters
have been implicated in meticillin-resistant Staphylococcus aureus
Box 49.7 Complications of arterial cannulation

Delayed
◆

Thrombus

◆

Embolism

◆

Nerve injury

◆

Infection

◆

Catheter dislodgement, fracture, embolism

◆

Arteriovenous fistula.

vascular access during anaesthesia

infection and other septicaemias. If concerns arise as to arterial
patency and distal circulation, then urgent referral to vascular surgery or interventional radiology is required.

Ultrasound guidance
Ultrasound imaging is not required routinely to cannulate arteries, although it has been used in difficult cases (Levin et al.
2003), and to reduce the number of attempts required at the
wrist (Sandhu and Patel 2006; Schwemmer and Arzet 2006).
Although not proved, it is likely that the frequency of vascular,
tissue, or nerve damage and subsequent thrombotic or infectious
complications is related in part to the number of needle passes.
Ultrasound guidance for arterial access may be useful in patients
with low blood pressure to identify flow and pulsatility, and to
identify and avoid atheromatous vessels, stenosis, dissections,
thrombosis, and congenital or acquired variations in anatomy.
It helps in the presence of oedema, obesity, or multiple previous
cannulations.
It is particularly useful at deeper sites such as the femoral artery
to ensure access at the level to the common femoral as opposed
to the lower superficial femoral artery. Look for and avoid vena
comitantes and nerves. The low frequency of serious complications
(e.g. tissue ischaemia and nerve damage) after radial cannulation
make comparative studies difficult without very large numbers.
Many anaesthetic departments will already have access to high-
resolution ultrasound equipment suitable for assisting peripheral
arterial access.
Ultrasound allows cannulation at a number of other deeper sites,
for example, the impalpable radial and ulnar arteries in the mid
forearm, so avoiding the flexures (Gratrix et al. 2009). There is
increasing evidence for the benefit of ultrasound guidance in both
the routine and more difficult case at peripheral and femoral sites
(Shiver et al. 2006; Seto et al. 2010).

Principles of ultrasound guidance
There is a strong evidence base for the use of ultrasound in adult
practice (Lamperti et al. 2012), in particular for the internal jugular
vein with an improved first attempt success rate, reduced number
of needle passes, and decreased frequency of complications compared with landmark techniques (Wu et al. 2013). Ultrasound also
reduces the time to successful cannulation and potential costs, and
infection risks (O’Grady et al. 2011). Trends are similar at other
sites and paediatric practice.
Ultrasound allows:
◆

Direct visualization of the vessels (artery and vein) and their
associated structures:
• Identification of thrombosis, valves, dissection, atheroma, or
anatomical abnormalities
• Identification of an optimal target vessel and site along it

◆

Early

First-pass cannulation in the midline of a vessel directly avoiding
other vital structures

◆

Bleeding

◆

Visualization of guidewire and cannulae entering vessel

◆

Haematoma

◆

Reduction of puncture-related complications

◆

Arterial damage (dissection, thrombus, embolism).

◆

At-risk structures can be identified and specifically avoided (e.g.
accompanying arteries, nerves, chest wall, and pleura).
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Veins show respiratory fluctuation (if patent and no obstruction to
right atrium) and are easily compressible. Arteries are round and
non-compressible, and become easier to visualize with pressure.
Arteries are seen to be relatively incompressible and pulsatile even
in the shocked patient. Peripheral arteries have characteristic double vena comitantes. If in doubt, use colour Doppler to differentiate
pulsatile arterial flow from more continuous venous signal. Limb
veins will show flow with Doppler if the distal limb is squeezed or
the patient is asked to contract their muscles.
Equipment preparation is important. The display should be positioned on the opposite side of the patient to the operator and the
image should anatomically be in the orientation as seen from the
position of the operator. An orientation marker in the image should
be matched to a palpable marker on the probe. Correct orientation
ensures that the image moves in a logical direction when the probe
is moved and that the needle moves in the same direction in the
patient as on the display. If in doubt, tap one end of the probe and
watch for the accompanying display artifact.
Accurate needle-tip visualization is key. The spatial relationship
between needle and probe may be in the ‘short (out-of-plane)’ or
‘long (in-plane)’ axis and the image cross-sectional or longitudinal. It
is common to use a cross-sectional vessel view and short-axis insertion. This method provides good visualization of surrounding structures. It takes practice to maintain constant needle-tip visualization as
the tip may inadvertently pass through the beam and the shaft is mistaken for the tip. Alternatively, the vein may be imaged longitudinally
and the needle inserted in the long axis. This gives superior needle/
wire views but does not provide concurrent images of surrounding
structures. Hybrid approaches are increasingly used but the needle
does need to be directed in the desired direction of guidewire travel.
Some needles have their distal section machined to make them more
echogenic (Chapman et al. 2006). Training and accreditation issues
related to ultrasound have been discussed but not fully implemented
in most centres (Bodenham 2006; Association of Anaesthetists of
Great Britain & Ireland et al. 2011).

Conclusion
Vascular access is a core skill for anaesthetists in theatre and critical
care practice. A thorough knowledge of applied anatomy, practical skills, and recognition and management of complications are
essential for safe practice. The increasing use of ultrasound, ECG
guidance, and X-ray screening, and improved design of devices
allow much safer and more successful procedures. Many patients
will now have long-term devices in situ, which can be used during
anaesthesia and critical care. Such devices are increasingly inserted
or removed by anaesthetists.
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CHAPTER 50

Conscious sedation
Johannes (Hans) T. A. Knape
Introduction
The term sedation has its origin in the Latin verb ‘sedo, sedare’
which literally means ‘to calm down’ and this is exactly how sedation is used in medicine. The interesting point is that the notion
of ‘sedare’ or ‘to calm down’ is usually associated with emotions
of reassurance and smoothness, not only in general, but in medicine as well. Sedation, like anaesthesia, is a medical procedure with
potential risks, but this is often poorly understood, not only by
patients, but also by many health care professionals. This is especially true for moderate-to-deep sedation.
The use of intravenous sedation in medicine has increased exponentially in the last decades (Shah and Cohen 2010; Triantafillidis
et al. 2013). Three factors are responsible for this.
First, the exponential increase in invasive diagnostic and therapeutic procedures being performed outside of the operating theatre
(Seeff et al. 2004) being facilitated by sedation. Among these are
many procedures in gastroenterology [e.g. colonoscopy, gastroscopy, endoscopic retrograde cholangiopancreatography (ERCP),
and endoscopic ultrasound], and also in cardiology (interventional
procedures such as pulmonary vein isolation and transoesophageal
echocardiography), pulmonology (bronchoscopy, endobronchial
ultrasound), intervention radiology and radiotherapy, gynaecology
(labour pain, missed abortions, in vitro fertilization procedures),
dentistry, and expanding indications. The most prominent example
of this development is gastroenterology, a medical specialty which
has evolved from a mainly contemplative medical specialty in the
1970s to a mainly invasive medical specialty today. Nowadays, gastroenterologists have great knowledge and skills in both invasive
diagnostics and procedures of the oesophagus, and the whole intestinal tract including the pancreatobiliary tract.
Second, whole new groups of drugs have become available such
as short-acting benzodiazepines, (ultra-)short-acting opioids,
propofol, dexmedetomidine, and ketamine. These drugs enable the
clinician to suppress the central nervous system and to sedate the
patient quickly with a limited duration of action in an apparently
straightforward way.
Third, the demand from the public for comfort and safety during painful and unpleasant medical procedures is rising sharply in
most countries. Patients undergoing medical procedures for which
they have given their consent also require that these procedures are
performed effectively, safely, and efficiently, without unnecessary
discomfort.
The increased demand for assistance for moderate (conscious)-
to-deep sedation has not been met by anaesthetists in the majority of Western countries for a variety of reasons. The shortage of

anaesthetists in many countries in the last decades has limited the
efforts of anaesthesiology to take the lead in sedation procedures.
Moreover, the absence of reasonable reimbursement for sedation in many countries has not stimulated anaesthetists to take an
active role in the field of sedation. Another factor is that it has to
be emphasized that training in moderate-to-deep sedation procedures has lagged behind in many anaesthesia training programmes
until recently. When compared with providing general anaesthesia
for a diagnostic colonoscopy, the moderate sedation of a patient
for pulmonary vein isolation over the same time period is ‘a whole
new ball game’ which has to be taught, including all the circulatory,
pulmonary, and central nervous system complications associated
with such procedures.
These circumstances were instrumental in prompting many
non-anaesthesia specialties to develop sedation programmes for
their respective patients (Dumonceau et al. 2010). For a long time,
anaesthetists only highlighted the risks of the medical procedure
of sedation, referring to many case reports on sedation procedures with a fatal outcome in the 1980s. These adverse events were
mostly as a result of the use of combinations of sedative or analgesic
drugs, or both, and the absence of adequate patient monitoring.
Anaesthetists indicated that the administration of sedative drugs
for sedation should be confined to medical practitioners who were
trained to use these drugs for general anaesthesia and were familiar
with handling complications associated with them. Correct as they
were, however, anaesthetists often were not able to meet the quickly
increasing demand for moderate-to-deep sedation.
Gastroenterology endoscopists in particular have taken the lead
in many countries in setting up protocols and training not only
medical specialists but also non-medical personnel to provide sedation to their patients. Currently, most clinical articles on sedation
are published in non-anaesthesia journals (Rosow 2014). In the last
few years, interest and involvement of anaesthetists have increased
mainly as a result of the awareness that (1) moderate-to-deep sedation is an independent medical procedure and not just an adjunct
of the diagnostic or therapeutic procedure in itself, and (2) that
moderate-to-deep sedation is a medical procedure with potential
risks for which a number of precautions and specific conditions are
required to deliver a safe, efficient, and effective procedure.
The inclusion of moderate-to-deep sedation in the Helsinki
Declaration of Patient Safety in Anaesthesiology from the
European Board of Anaesthesiology and the European Society of
Anaesthesiology has contributed strongly to this increased recognition of sedation in anaesthesiology (Mellin-Olsen et al. 2010).
Although the practice of sedation today is completely different from the sedation practice of 30 years ago, it is natural that
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anaesthetists, with their specific expertise in handling the side-
effects of potent sedative and analgesic drugs, must take responsibility, together with other medical specialists, to lead in the design
of sedation practices. Moderate-to-deep sedation today is provided by a variety of medical and non-medical practitioners. And
in contrast to what was previously believed, a number of studies
have made it clear that moderate-to-deep sedation implemented by
non-anaesthesia sedation practitioners is associated with a similar
incidence of respiratory and cardiovascular adverse events when
compared with reports on sedation performed by anaesthetists,
showing that it can be done safely (Clarke et al. 2002). These practices must be characterized by high quality, efficiency, effectiveness,
safety, optimal conditions for the (endoscopic) practitioner, and
comfort for the patient.
It is thus clear that anaesthesiology now holds a different position towards sedation when compared with 30 years ago. The challenges, however, to contribute to a high-quality and safe practice for
moderate-to-deep sedation are the same and it is up to anaesthetists to take the lead in this field in close cooperation with gastroenterologists, cardiologists, gynaecologists, dentists, pulmonologists,
radiologists, emergency physicians, nurse anaesthetists, endoscopic
assistants, and other medical and non-medical personnel who are
involved in the care for patients under sedation.

Definitions
Sedation (the artificial suppression of central nervous system functions) has to be considered to be an independent medical procedure with potential risks and complications. From experience in
practice, it has become clear that not all parties involved speak the
same language. Some medical specialists speak of ‘sedation’, but
when asked to describe the desired condition, they mean, in fact, a
state of deep general anaesthesia. In order to avoid misunderstandings, clear definitions are required.
It is important to realize that a number of factors determine
the sedation technique which results in the best operative conditions, the best comfort for patients, the best controlled lowering
of consciousness, and the safest procedure. Sedation for a procedure which is only unpleasant to undergo requires a sedation plan
which differs from that for a therapeutic procedure which is not
only unpleasant to undergo but also painful at times. The nature of
the diagnostic or therapeutic procedure is foremost in the design of
the sedation plan. Furthermore, the (co-)morbidity of the patient
is crucial. This co-morbidity determines the cardiovascular, ventilator, and vital reserves of the patient. All these factors together
govern the training level of the sedation practitioner, the level of
monitoring conditions, and the competences of the healthcare personnel involved.
Anxiolysis is a medication or other intervention used to reduce
the fear and stress level of the patient about to undergo an unpleasant medical procedure. When the level of consciousness is somewhat lowered, but remains intact during the performance of this
technique, a state of light sedation is achieved.
Moderate sedation is the state of an artificial decrease of consciousness, where the patient may respond when stimulated by
speech or by light tactile stimuli. The patient seems to be asleep.
In the condition of deep sedation, consciousness has been
depressed such that the patient does not react when spoken to but
does so when repeated or painful stimuli are applied.

In the conditions of moderate and deep sedation, the patient
seems to be in a state of sleep. Both stages are characterized by a
considerable likelihood to develop upper airway obstruction or
depression of spontaneous ventilation. This is in contrast to anxiolysis and light sedation, where consciousness is maintained. The
risk level in cases of moderate-to-deep sedation is higher than in
cases of anxiolysis and light sedation. That is why procedures of
moderate-to-deep sedation require better trained personnel and
monitoring of a higher level than is demanded for anxiolysis and
light sedation.
The definition of ‘conscious sedation’ is confusing for many and
therefore a matter of debate. The word ‘conscious’ implies that
consciousness is maintained: light sedation. In contrast, many
physicians speak of conscious sedation where they mean, in fact,
a condition where patients have lost consciousness and are asleep.
This situation is in agreement with a state of moderate or even
deep sedation. Moreover, many physicians use the term ‘conscious
sedation’ to suggest that this a state of sedation with a certain continuity. In practice, the level of sedation of any individual patient
is discontinuous as a result of the pharmacokinetic and pharmacodynamics properties of the drugs used, the intensity of painful
stimuli, the sensitivity of the patient to the drugs used, the anxiety level of the patient, and his/her medical condition and reserves.
Sedation which aimed to produce anxiolysis (with retainment of
full consciousness) may produce a state of moderate sedation for
a short period of time, and patients in a state of moderate sedation may develop short periods of unintended deep sedation. The
term ‘conscious sedation’ trivialises the risk associated with the
state of moderate-to-deep sedation, to which, in fact, the patient
is exposed. By using the terms anxiolysis, light sedation, moderate
sedation, and deep sedation the actual state of a patient undergoing
sedation and its associated risks can be more precisely described
and documented.

Morbidity, mortality, and safety
Most modern and international guidelines indicate that sedation, analgesia, or both in selected patients can be performed
safely under certain conditions and prerequisites. The most
frequent complication is hypoxaemia as a result of ventilatory
depression, upper respiratory obstruction, or both (Sharma
et al. 2007). Until the millennium, most data came from case
reports and few well-founded prospective studies were available.
Not only studies involving sedation provided by anaesthetists
produced relatively safe reports. Clarke et al. (2002) reported
a large study of 28 742 gastrointestinal endoscopy procedures
with propofol sedation, mostly performed by non-anaesthesia
sedation practitioners, which showed a similar low incidence of
adverse events when compared with the results of studies performed by anaesthetists.
The risk of the whole medical procedure under sedation is determined by the risk of the diagnostic or therapeutic procedure, upon
which the risk of the sedation procedure is superimposed. Both
risks have to be identified, considered, and evaluated. As a number
of studies have shown, the ASA classification of the patient is an
important predictor for complications (Vargo et al. 2006; Sharma
et al. 2007). More invasive procedures such as ERCP are associated
with greater risks. The risk of developing cardiovascular complications is strongly associated with the condition of the patient and
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their co-morbidity, the executed procedure, and the medication
used for sedation. Monitoring, pre-, per-, and post-sedation care,
the competences of the sedation team, and the level of monitoring
will have to be appropriate for the risks of the procedure and the
condition of the patient.
Although American and some European anaesthetists maintain
that patients requiring propofol for sedation should be sedated by
anaesthetists because of the US Food and Drug Administration’s
statement that ‘For general anesthesia or monitored anesthesia care
(MAC) sedation, Propofol injectable emulsion should be administered only by persons trained in the administration of general anesthesia and not involved in the conduct of the surgical/diagnostic
procedure’ (Perel 2011), it is now clear that a considerable number
of the sedation procedures of the 14 million colonoscopies performed annually in the United States are performed by gastroenterologists with propofol (Seeff et al. 2004). The same is happening in
some European countries.
It is important to register sedation and sedation-associated procedures both by anaesthetists and by non-anaesthetists carefully
and use these data to continuously improve the quality and safety of
sedation procedures. Medical scientific societies must play a leadership role in this.

In patients who are considered to be at risk for aspiration of gastric contents or in emergency procedures, the sedation practitioner will have to weigh a potentially increased likelihood for
aspiration against the risks associated with delay of the intended
procedure. They have to include the choice of drugs, adaptation
of the depth of the sedation and possible protection of the airway
in their considerations.

Screening of patients for sedation
There are insufficient data from the literature to conclude that pre-
sedation screening of the health status of patients would have a
beneficial effect on the outcome of procedural sedation (American
Society of Anesthesiologists 2002; Miller et al. 2005). On the
other hand, there is sufficient evidence to relate some pre-existing
patient characteristics to complications in the context of sedation.
Information from the patient’s medical history and selected data
from a physical examination are extremely valuable for the sedation
practitioner to assess the medical condition of the patient and their
ability to cope with adverse effects on the ventilator and circulatory
system associated with sedation.
The following information is valuable:
◆

Preparing the patient
Irrespective of the type of sedation which will be required, it is
important to be informed about the health condition of the patient,
their co-morbidity, and their cardiopulmonary reserves. The ability of a patient to exercise can be expressed by a particular metabolic equivalent (MET) value. The MET value of a patient can be
expressed as the utilization of oxygen per kg bodyweight per minute. One MET equals 3.5 ml oxygen per kg bodyweight per minute.
The MET value of physical activities may vary from 0.9 MET when
asleep to 18 MET during heavy exercise. Activities such as walking slowly are associated with MET values of about 2.0; cycling at
16 km h−1 is associated with a MET value of about 5.5, and for
running a MET of 8 is required.
It must be emphasized that a patient with a certain co-morbidity
such as type 2 diabetes without complications with a MET level of
3 has a higher risk when compared with a patient with the same co-
morbidity but an exercise tolerance corresponding to a MET of 8.
The data from a health questionnaire will provide important first
information about the condition of the patient.

Should the patient have fasted
before sedation?
Data from the literature provide little evidence to require
patients to have fasted before sedation which would reduce the
risk of aspiration (Bahn and Holt 2005; Green et al. 2007). On
the other hand, there are studies which show that contents of the
oropharyngeal cavity may easily enter the trachea during sedation, not necessarily causing symptoms (Savilampi et al. 2014).
Because the likelihood to develop reflux of gastric contents may
be increased in some groups of patients (diabetes, those with
renal failure) and because emptying of the stomach may be
delayed in some patients and under some circumstances, it is recommended to stay on the safe side and to maintain the same regimen for pre-sedation fasting as is done for general anaesthesia.

conscious sedation

◆

◆

◆

◆
◆

Age, height, and body weight (BMI) and ASA classification
Cardiovascular system: (unstable) chest pain, symptoms and
signs of myocardial failure, its functional class
Ventilatory system: chronic obstructive pulmonary disease
(chronic bronchitis or emphysema), dependence on oxygen,
ability to cough vigorously, swallowing disorders, functional
abnormalities
Gastrointestinal system: history of gastro-oesophageal reflux,
hiatus hernia, ileus
Airway problems, sleep apnoea
Musculoskeletal disorders (rheumatoid arthritis, muscular
dystrophy)

◆

Chromosomal aberrations (e.g. trisomy 21)

◆

Earlier complications associated with anaesthesia or sedation

◆

Drug history and allergies

◆

Limited physical exam:
• Blood pressure and pulse rate
• Heart and lungs
• Airway (overweight, aberrations in the anatomy of the head
and neck area).

If any suspicion arises from these data, additional laboratory
investigations, consultations, or both, from an anaesthetist,
pulmonologist, or cardiologist may be indicated. Studies have
indicated that adequately trained non-anaesthetists are able to
perform this screening procedure well, provided that the possibility exists of low threshold access to a dedicated anaesthetist
for consultation.
When planning a diagnostic or therapeutic procedure, it is mandatory by law in most countries that the patient has to be informed
about the intended goal of the procedure, given reasonable expectations of what the benefit(s) of the procedure will be, and the common complications associated with it. Moreover, the patient has to
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be informed about potential alternative approaches and their benefits and drawbacks.
As moderate-to-deep sedation is considered to be a medical procedure with potential risks, the same informed consent procedure
has to be completed for sedation, including written permission of
the patient for the sedation practitioner to proceed or to apply an
alternative technique. These considerations and consent are documented in the medical record of the patient.

Qualifications of a sedation practitioner
Although sedation, being medical procedure with potential risks,
is characterized by many similarities with general anaesthesia in
terms of risk, it has to be recognized that an increasing percentage of moderate-to-deep sedation procedures are carried out by
health professionals other than anaesthetists, in the United States,
Europe, and elsewhere in the world (Clarke et al. 2002; Seeff et al.
2004; Rex et al. 2009). It also seems that the occurrence rate of
adverse ventilator and cardiac events of sedation procedures
carried out by non-anaesthetists is not essentially dissimilar
from rates of adverse events of sedation procedures provided by
anaesthetists.
It is mandatory that those practitioners who carry responsibility for performing moderate-to-deep sedation in patients have the
knowledge and skills to screen the health conditions of patients,
to inform patients about the proposed procedure, to practise
moderate-to-deep sedation procedures in adult patients in good
health or with minor co-morbidity (ASA I or II), and to monitor
their recovery.
The following knowledge and skills are required to do this safely:
1. Knowledge of indications, contraindications, and necessary precautions of the anticipated sedation technique.
2. Selection of a sedation procedure which meets the requirement
of the planned procedure and the needs of the patients, including
their co-morbidities.
3. Thorough knowledge of the pharmacology, pharmacokinetics,
and pharmacodynamics and sufficient experience of the application of the appropriate sedative and analgesic drugs, including
their interactions.
4. Knowledge and skills to evaluate the health condition and physiological reserves of the patient, allowing the execution of a systematic and correct risk analysis.
5. Having the appropriate communication skills to inform the
patient, the parents, or the legal representatives of the patient
about the sedation procedure, its effects, its side-effects, the
potential adverse effects, and, if possible, alternative techniques,
including potential complications.
6. Knowledge of monitoring of vital parameters required for the
intended sedation. Knowing how to evaluate and interpret the
monitoring data, and the consequences for the conduct of the
sedation procedure and the health status of the patient.
7. Ability to recognize the development of vital complications, and
to treat them adequately and in a timely fashion to prevent permanent damage to the patient.
8. Being able to evaluate and interpret the depth of the sedation
level on clinical grounds in relation to the medical condition of
the patient and their reserves.

9. Organizing an adequate recovery phase by clinical and instrumental monitoring of the patient and being able to define adequate discharge criteria.
10. Being able to produce an adequate sedation report enabling
reconstruction of the case and to register for quality control.
11. Knowledge of, and adequate performance of, airway management to guarantee an open airway and mask ventilation and
advanced life support techniques, if needed.
It is imperative that sedation practitioners who apply a technique
resulting in a state of moderate-to-deep sedation have no other
concurrent tasks or responsibilities. In cases of light sedation, this
person may execute other activities if they can be stopped or transferred to other healthcare workers instantly. This is only allowed
when the sedation level is stable and when constant personal and
instrumental monitoring is guaranteed.

Responsibilities of sedation practitioners
A recent study including various countries in Europe showed
that moderate-to-deep sedation for gastrointestinal endoscopy
procedures is performed by a diverse range of healthcare personnel: anaesthetists, endoscopy assistants, endoscopy nurses, sedation
practitioners, nurse anaesthetists, and others (Vaessen and Knape
2014). The question of who carries responsibilities for performing the sedation procedure, whether the sedation practitioner is
a qualified anaesthetist, a non-anaesthetist medical specialist or a
doctor, or a non-medical practitioner (physician assistant, nurse
anaesthetist, endoscopy assistant, and others), is a difficult subject,
depending on diverse and variable legal regulations of the country involved. Although American certified nurse anaesthetists and
European nurse anaesthetists have essentially different qualifications, competencies, and authorities and positions in healthcare,
they seem ideal candidates to be trained as sedation practitioners
because of their knowledge and experience in airway management
and circulatory management, where the most cited complications
of sedation seem to occur. Unfortunately, the range of the non-
medical anaesthesia workforce in Europe, including their competences, is also quite diverse. Nurse anaesthetists work in some
countries but are not active in others where, in contrast, circulation
nurses, anaesthesia assistants, operating theatre assistants, anaesthesia technicians or anaesthesia physician assistants, all with varying qualifications and competencies, are employed.
The free movement of medical specialists and the mutual
exchange and recognition of diplomas and qualifications of medical specialties which are included in the European Directive of
Medical Specialties has been achieved by the activities of the
European Union of Medical Specialists. In contrast, the diversity
of legal regulations in Europe and the varying definitions of non-
medical healthcare workers prevent harmonization of knowledge
and competencies (Spritzer and Perrenoud 2006). The qualifications and authorities of non-medical professions in healthcare differ from country to country and obstruct the free movement of
non-medical healthcare workers within Europe. Authorizations
which apply to a certain non-medical profession in one country
may not apply in other countries because of differences in training
programmes.
In the future, harmonization of training programmes for non-
medical healthcare professionals may stimulate the development
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of harmonization of qualifications of non-medical anaesthesia personnel and sedation practitioners.

Monitoring of patients undergoing
moderate-to-deep sedation
The most frequent complications of sedation procedures fall within
the domain of the ventilator and to a lesser extent of the circulatory
domain. Fortunately their prevalence is limited but, depending on
the diagnostic or therapeutic procedure and the co-morbidity of
the patient, the rate of complications may be as high as 51% (Bhalla
et al. 2006). Many of these complications are short-lasting and of
limited nature but some may be the forerunner of a serious complication causing permanent damage. Continuous surveillance of the
clinical condition of the patient, both by personal observation and
by instrumental monitoring, is therefore required.
Important aspects of clinical observation of the patient include
the level of consciousness, the reaction of the patient to physical
stimuli associated with the diagnostic or therapeutic procedure,
and the pattern of breathing. However, clinical observation alone is
not enough in cases of moderate-to-deep sedation and additional
instrumental monitoring is required to create safe conditions for
the patient.

Monitoring of the ventilation:
pulse oximetry
Upper airway obstruction and depression of ventilation are the most
common adverse effects of pharmacological sedation techniques.
As these adverse events, especially when undetected or when
observed too late, may cause severe damage or life-threatening
complications, it is important to apply the most appropriate monitoring techniques to enable early detection or early anticipation of
imminent danger.
Hypoxaemia is the most frequent adverse event in moderate-to-
deep sedation and, depending on the definition of hypoxaemia,
may occur in 37% of patients (Bhalla et al. 2006). This is the reason why continuous pulse oximetry monitoring is recommended
in patients undergoing moderate-to-deep sedation. The value of
pulse oximetry, a simple and readily available non-invasive technique, is its ability to detect a decrease in oxygen saturation of the
arterial blood early enough to take adequate measures to restore
oxygen saturation and thus to prevent injury to the patient. It
should be remembered, however, that pulse oximetry gives no
information on the efficacy of the ventilator status of the patient
whatsoever. Continuous clinical observation of the adequacy of
the spontaneous ventilation of the patient is therefore mandatory.
The use of a precordial stethoscope is a simple and effective means
to acquire a semi-quantitative impression of the quality of the
breathing pattern.

Monitoring the efficacy of spontaneous
ventilation: capnography
Capnography is a monitoring method which results in a continuous representation of the CO2 concentration of the exhaled gas
mixture from the lungs in a non-invasive manner.
The interpretation of the graphic display allows an estimation of the effectivity of the ventilation. The important value of
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capnography in sedated patients is that it can effectively indicate an early ventilatory depression (e.g. because of opioids,
sedatives, or both), which is a recognized risk of sedation techniques. Because a depression of the ventilation may frequently
be followed by hypoxaemia during sedation, capnography is
extremely useful as an early warning system. A recent study
made it clear that capnography in some instances has no extra
value, especially in those cases where bolus injection of propofol
causes an abrupt cessation of breathing (van Loon et al. 2014).
However, most regimens of sedation are based on continuous
infusion techniques where an adverse event of cessation of
breathing is forewarned by a gradual decrease in the effectiveness of the ventilation which can be excellently observed with
capnography monitoring.
Until recently, technical problems of sampling exhaled gases in
non-intubated sedation patients for capnography have prevented
the widespread use of this valuable monitoring tool. The development of disposables allowing both the administration of oxygen on
the one hand and sampling of exhaled gas on the other hand has
improved the ease of the application of capnography (Sabatani and
Mantovan 2013). Of course, the accuracy of the numerical CO2
values is limited because of the inevitable blending of the exhaled
gases with room air. But the interpretation of the CO2 curve
allows a fair estimate of the frequency of breathing and a rough
estimate of the actual end-tidal CO2. Continuous CO2 monitoring
is invaluable in sedation procedures where continuous visual and
auditory observation of the patient is unreliable or even impossible, such as in magnetic resonance imaging investigations. It is
expected that the role of capnography as a monitor of the ventilation in moderate-to-deep sedation will increase considerably in
the near future.

Monitoring of the circulation
Following hypoxaemia as a relatively frequently occurring complication of moderate-to-deep sedation, periods of low blood pressure
during moderate-to-deep sedation can be observed in up to 15% of
cases (Heuss et al. 2003). Hypotension may occur as a consequence
of latent hypovolaemia after fasting, of the use of diuretics and of
antihypertensive drugs when the activation of the sympathetic
system is reduced in association with the depression of the central
nervous system by the sedative drugs. Frequent non-invasive blood
pressure determination provides important additive information
about the vital functions of the patient and is therefore recommended during moderate-to-deep sedation.

ECG monitoring
The evidence from the literature to support continuous ECG
monitoring in all patients who undergo moderate-to-d eep
sedation, even in patients with relevant ischaemic cardiovascular disease, to improve outcome is very limited (Heuss et al.
2003; Godwin et al. 2005; Vargo et al. 2006; Sharma et al. 2007).
Nevertheless, since ECG monitoring is familiar in all kinds of
risky procedures and easy to apply, it is recommended in patients
in all types of procedures and in particular it is recommended in
patients who come for moderate-to-deep sedation, especially in
patients with significant pulmonary or cardiac disease (or both),
in older patients, and in patients for whom a longer-lasting procedure is anticipated.
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Monitoring the depth of sedation
During moderate-to-deep sedation it is important to assess the
effects of the sedative drugs used on the level of conscious. The level
of suppression of the consciousness of the patient is correlated with
the risk of developing adverse ventilator and cardiac effects. This
can be assessed by continuous clinical observation of the patient.
Various methods have been introduced to objectively assess the
level of suppression of the central nervous system with variable success. The very best known example is the Bispectral Index™ system,
but the system has no additional or predictive values in monitoring patients undergoing moderate-to-deep sedation (American
Society of Anesthesiologists 2002; Miner et al. 2005). The continuous clinical observation and assessment of the sedation level (using
the Ramsey Sedation Scale or Modified Observer’s Assessment of
Alertness Scale) remains the basis for estimating the clinical depth
of sedation.

Routine oxygen administration
It is a matter of debate of whether to routinely administer oxygen
to patients undergoing moderate-to-deep sedation (Deitch et al.
2007). Opponents suggest that the administration of oxygen might
mask the occurrence of hypoventilation and increased CO2 content in the arterial blood. Although the scientific evidence is meagre, most sedation practitioners routinely administer oxygen. The
philosophy is that a moderate-to-deep sedation technique inherently has a negative effect on the efficacy of the ventilation and thus
increases the danger of developing hypoxaemia. Routine administration of oxygen under these circumstances may have a preventive
effect on the development of hypoxaemia and reduce the associated risks. In cases where capnography is applied as a monitoring
technique of ventilation in sedated patients, the administration of
oxygen can only be beneficial.

Emergency interventions and resuscitation
Moderate-to-deep sedation procedures are characterized as high
medical risk procedures and therefore serious morbidity and definitely mortality as a consequence of the sedation procedure in itself
is not acceptable.
When for whatever reason an emergency situation develops, it
is mandatory that rapid and optimal treatment of the patient can
be offered. In all cases of sedation outside operating theatres, well-
trained resuscitation personnel and equipment must be readily
available. In cases of moderate-to-deep sedation procedures outside of a hospital, well-defined agreements must be in place to offer
the patient being resuscitated rapid transport to a nearby hospital
which can take charge of the resuscitation procedure.

Recovery of the patient after moderate-to-
deep sedation
It would be a mistake to only consider the risks to the patient during the formal sedation procedure and not following the sedation.
Although preferably most of the sedation drugs used are short-
acting drugs, this does not mean that after waking up all risks to
the patient have disappeared. An acceptable state of sedation is
characterized by an equilibrium between the depth of sedation and
the (painful) stimulus of the diagnostic or therapeutic procedure.

When the (short-lasting) painful stimulus is over, the balance of
the activation of the sympathetic system and the sedative effects can
be disturbed such that the level of sedation unexpectedly increases,
including the risks inherent to deep sedation levels: hypoventilation, airway obstruction, or both.
Clinical observation of the patient and registration of the ventilation, blood pressure, pulse rate, and oxygen saturation must be
continued immediately post sedation in a well-equipped recovery facility with well-trained personnel after a moderate-to-deep
sedation procedure. During this period, the same level of monitoring of the patient is required by personnel with the following
competences:
Personnel should have the ability to observe and interpret the
level of sedation and should be skilled enough to observe and monitor the vital parameters of the patient and to adequately interpret
these data. Furthermore, recovery personnel must have knowledge
of the clinical effects of the medication which was used for sedation
and be skilled in basic resuscitation techniques, at least on the basic
life support level to maintain an open airway, to adequately perform mask ventilation, and treat bradycardia and systole.
As during the sedation procedure, it is imperative to document
the observations and register these in the patient files.

Discharge of the patient
As many patients who have been sedated are returning home afterwards, strict criteria have to be met for discharge of the patient.
The decision to discharge a patient from the recovery room has to
be considered to be a medical decision, including the associated
responsibilities. The decision must be based on objective and fixed
criteria which have to be documented in the patient’s file.
Discharge of a patient after sedation has to meet the following
requirements: the patient must be oriented in time and place, and
have returned to the same level of consciousness as before the sedation procedure for at least a period of 1 h, unless the sedation has
been terminated with antagonistic drugs. In that case, a stay in the
recovery area of 2 h is required. The vital parameters of ventilation
and circulation must have returned to normal and be stable.
The patient must be able to drink fluids, not suffer from nausea
and vomiting, and benefit from adequate pain relief. Furthermore,
it important for the patient to be accompanied by an adult person
who can assist the patient if needed.
A document will be given to the patient with the following information: instructions for the post-sedation period; information
about potential late effects of sedation and what to do if they occur;
information on upcoming appointments with their physician; and
the telephone number of the hospital, general physician, or both, in
case a complication develops.

Techniques and drugs
The extensive discussion of all pharmacological properties of drugs
which can be used for procedural sedation is not the purpose of
this section; instead the reader is referred to Part 2 of this textbook.
Here, the properties of those drugs which are favoured for use in
procedural sedation are discussed.
Many of the drugs which are suitable to produce an adequate
level of sedation are drugs which are commonly used for general
anaesthesia. In this context, it is important to realize that a technique to produce a state of sedation is essentially different from a
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technique to produce general anaesthesia and that additional training for sedation is necessary. For general anaesthesia, the realization of loss of consciousness is usually achieved within a short
period of time (seconds).
In contrast, for sedation, the suppression of the level of consciousness has to be achieved in a controlled way and may take
some minutes. This statement has two important consequences.
First, in order to gradually decrease the level of consciousness for
sedation but also to be able to restore consciousness quickly (i.e.
within minutes), only short-acting intravenous sedatives and intravenous opioids which are easily and rapidly titratable can be used.
Second, it is impossible to give fixed-dose regimens for sedative
drugs because of great interindividual variability in responses to
sedative drugs. A sedation procedure has to be carried out with
small doses of opioids and hypnotics where the resulting effects of
the drugs on the level of consciousness, on the ventilation, and on
cardiovascular events must be foremost in the decision for further
dosing of the drugs, or for a restrictive policy.

Light sedation
To achieve light sedation or anxiolysis, where consciousness
is retained, relatively simple sedation procedures can be used.
Inhalation of a mixture of nitrous oxide and oxygen 50/50, which
can be purchased in pre-mixed cylinders, may be helpful to cope
with labour pain in obstetrics, or to reduce small fractures in children. The pain-relieving properties of nitrous oxide are of benefit.
Nitrous oxide/oxygen works as an on/off sedative and its effects
wear off quickly in practice.
Midazolam is a popular benzodiazepine in procedural sedation
practice. The drug has a short distribution half-time contributing
to short recovery times after small intravenous doses for sedation. Many adult patients are able to undergo simple but unpleasant gastrointestinal endoscopic procedures under sedation with
small doses (1–2 mg intravenous increments) of midazolam. It is
imperative to take sufficient time (minutes) to observe the effect
of a single intravenous dose, because midazolam does not work
‘on the needle’: the resulting sedative/hypnotic effect takes some
time to develop. When incorrectly deciding that too small a dose of
midazolam has been given for the desired sedative effect, additional
doses are given intravenously. Then a deep level of sedation may
result, including apnoea and hypotension. In addition, the combination of midazolam and a short-acting opioid potentiates the dangerous adverse effects of the drug to an extreme extent. Fortunately,
flumazenil, an antagonist of benzodiazepines, may be effective, but
close observation and monitoring of the patient in combination
with cautious dosing of the drugs is mandatory.
Most moderate-to-deep sedation procedures today are applied for
moderately to highly complex, invasive gastrointestinal endoscopic
procedures such as dilatation of the oesophagus, percutaneous endoscopic gastrostomy, ERCP, and endoscopic ultrasound. These procedures are not only unpleasant to undergo but also may be painful at
times and a considerable number of patients present with significant
co-morbidities. Highly skilled sedation practitioners are required to
perform these moderate-to-deep sedation procedures safely.
Propofol is frequently used for moderate-to-deep sedation techniques. The continuous infusion of sedative (low) doses of propofol, combined with small doses of (ultra-)short-acting opioids
such as remifentanil or alfentanil, is an excellent technique for this
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purpose. Remifentanil is ultra-short-acting as a result of its unique
pharmacological properties. The preferred route of administration
is as a continuous infusion (0.05–0.1 µg kg−1 min−1); upon cessation of the infusion, both its analgesic and respiratory depressant effects will have worn off completely between 3 and 10 min.
Alfentanil has been well-known as a short-acting opioid for some
time and has been proved to be even more useful as an analgesic in
sedation procedures. Intermittent doses of 100–200 µg alfentanil
as an adjunct to a continuous low-dose propofol infusion permit
the sedation practitioner to reliably anticipate painful moments of
the diagnostic or therapeutic procedure, while producing fewer respiratory events and less nausea when compared with remifentanil.
The continuous dosing of propofol, if needed supplemented by
small (15–25 mg), incremental doses of the drug, provides relatively stable sedation levels which can be terminated within minutes if required. Although they may have made small movements
or have produced small sounds, patient satisfaction is high, usually
because they have complete amnesia of the procedure.
The relatively new drug dexmedetomidine has been advocated
for moderate-to-deep sedation. It is an α2 agonist with sedative,
anxiolytic, and analgesic properties and promotes haemodynamic stability. This drug is also short-acting and until recently
has been applied mainly in patients requiring intensive care treatment with good results. The experience with sedation for procedures outside of the operating theatre is limited. Its usefulness for
procedural sedation is controversial (Parashchanka et al. 2014).
Dexmedetomidine as mono-sedative is not considered to be the
most practical drug. It may be used as a drug to enhance cooperation from the patient but does not provide amnesia which is so
appreciated by patients. In order to achieve this, additional drugs
such as benzodiazepines or opioids, or both, are required which in
itself increases the recovery time and also the need to use antagonists to combat dangerous ventilatory and circulatory (hypotension) adverse effects.
Ketamine produces a dissociative-like state of anaesthesia but
also analgesia. Moreover, it may also be a useful drug for sedation. Its particular values are its relative lack of haemodynamic
and respiratory side-effects and that it can be administered in
various ways: intravenously, intramuscularly, intranasally, intrathecally, and rectally. This makes it especially useful in patients with
a mental handicap or in aggressive patients in whom sedation is
mandatory. Unfortunately it has a limited applicability because of
its well-known side-effects: emergency delirium, nightmares, and
hallucinations. Supplemented by small doses of a benzodiazepine
to prevent hallucinations, the drug is especially useful to produce
analgo-sedation for painful wound dressing in burn patients,
mainly because of its analgesic effects.

Sedation in children
For sedation of children (from a post-conceptual age of 44 weeks up
to 15 years) who have to undergo unpleasant medical procedures,
separate guidelines have been developed. For younger children, too
little evidence is available to give recommendations. These young
patients are mostly subjected to general anaesthesia if needed.
The need for sedation of children is huge and rising. Three problems come forward in this area of care. The number of unpleasant
and uncomfortable invasive diagnostic and therapeutic procedures for children is quickly increasing, in particular in oncology.
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Painless and stress-less medical care is more and more required by
parents of children. The scientific evidence is that repeated painful
procedures in children may have negative consequences for their
emotional and cognitive development. Failure of costly and labour-
intensive investigations as a consequence of inadequate sedation or
of resistance of the patient is not acceptable.
And even more importantly, there is a safety problem in sedation for children. The incidence of mild, moderate, and potentially
serious complications of sedation in children varies from 0.4% to
21.3% (Cravero and Blike 2004). These adverse events are usually
the result of an unexpectedly deeper or longer sedation effect and
insufficient precautions to identify these events. These events have
lead to the development of guidelines for procedural sedation and
analgesia in children and there is enough evidence which shows
that the application of these guidelines has increased the safety of
procedural sedation and analgesia in children (Coté et al. 2016).
Further discussion is beyond the scope of this chapter.

Declaration of interest
None declared.

References
American Society of Anesthesiologists. Practice guidelines for sedation and
analgesia by non-anesthesiologists: an updated report by the American
Society of Anesthesiologists task force on sedation and analgesia by non-
anesthesiologists. Anesthesiology 2002; 96: 1004–17
Bahn EL, Holt KR. Procedural sedation and analgesia: a review and new concepts. Emerg Med Clin North Am 2005; 23: 503–17
Bhalla A, Sood A, Sachdeva A, et al. Cardiorespiratory compromise under
conscious sedation during upper gastrointestinal endoscopy. J Coll
Physicians Surg Pak 2006; 16: 585–9
Clarke AC, Chiragakis J, Hillman LC, Kaye GL. Sedation for endoscopy: the
safe use of propofol by general practitioner sedationists. Med J Aust
2002; 176: 158–61
Coté CJ, Wilson S, American Academy of Pediatrics; American Academy
of Pediatric Dentistry. Guidelines for monitoring and management of
pediatric patients before, during, and after sedation for diagnostic and
therapeutic procedures: update 2016. Pediatrics 2016; 138: e20161212.
Cravero JP, Blike GT. Review of pediatric sedation. Anesth Analg 2004;
99: 1355–64
Deitch K, Chudnofsky CR, Dominici P. The utility of supplemental oxygen during
emergency department procedural sedation and analgesia with midazolam
and fentanyl: a randomized, controlled trial. Ann Emerg Med 2007; 49: 1–8
Dumonceau JM, Riphaus A, Aparicio JR, et al. European Society of
Gastrointestinal Endoscopy, European Society of gastroenterology
and endoscopy nurses and associates, and the European Society of
Anaesthesiology guideline: non-anesthesiologist administration of
propofol for GI endoscopy. Endoscopy 2010; 42: 960–74
Godwin SA, Caro DA, Wolf SJ. Clinical policy: procedural sedation and analgesia in the emergency department. American College of Emergency
Physicians. Ann Emerg Med 2005; 45: 177–96

Green M, Roback MG, Miner JR, Burton JH, Krauss B. Fasting and emergency department procedural sedation and analgesia: a consensus-based
clinical practice advisory. Ann Emerg Med 2007; 49: 454–61
Heuss LT, Schnieper P, Drewe J, et al. Safety of propofol for conscious sedation during endoscopic procedures in high-risk patients –a prospective,
controlled study. Am J Gastroenterol 2003; 98: 1751–7
Mellin-Olsen J, Staender S, Whitaker DK, Smith AF. The Helsinki declaration
on patient safety in anaesthesiology. Eur J Anaesthesiol 2010; 27: 592–7
Miller MA, Levy P, Patel MM. Procedural sedation and analgesia in the emergency department: what are the risks? Emerg Med Clin North Am 2005; 23:
551–72
Miner JR, Biros MH, Seigel T. The utility of the bispectral index in procedural
sedation with propofol in the emergency department. Acad Emerg Med
2005; 12: 190–6
Parashchanka A, Schelfhout S, Coppens M. Role of novel drugs in sedation
outside the operating room: dexmedetomidine, ketamine and remifentanil. Curr Opin Anesthesiol 2014; 27: 442–7
Perel A. Non-anaesthesiologists should not be allowed to administer propofol
for procedural sedation: a consensus statement of 21 European national
societies of anaesthesia. Eur J Anaesthesiol 2011; 28: 580–4
Rex DK, Deenadayalu VP, Eid E, et al. Endoscopist-directed administration of propofol: a world-wide safety experience. Gastroenterology 2009;
137: 1229–37
Rosow C. Improving safety during sedation by nonanesthesiologists: do we
lead or follow? Anesth Analg 2014; 119: 7
Sabatani P, Mantovan R. Electrical cardioversion of atrial fibrillation: evaluation of sedation safety with midazolam by means of EtCO2 and IPI
algorithm analysis. Int J Cardiol 2013; 169: 430–2
Savilampi J, Ahlstrand R, Magnuson A, Geijer H, Wattwil M. Aspiration
induced by remifentanil. A double-blind, randomized, crossover study
in healthy volunteers. Anesthesiology 2014; 121: 52–8
Seeff LC, Richards TB, Shapiro JA, et al. How many endoscopies are performed for colorectal cancer screening? Results from CDC’s survey of
endoscopic capacity. Gastroenterology 2004; 127: 1670–7
Shah B, Cohen LB. The changing faces of endoscopic sedation. Expert Rev
Gastroenterol Hepatol 2010; 4: 417–22
Sharma VK, Nguyen CC, Crowell MD, Lieberman DA, de Garmo P, Fleischer
DE. A national study of cardiopulmonary unplanned events after GI
endoscopy. Gastrointest Endosc 2007; 66: 27–34
Spritzer A, Perrenaoud B. Reforms in nursing education across Western
Europe: implementation process and current status. J Prof Nurs 2006;
22, 162–71
Triantafillidis JK, Merikas E, Nikolakis N, Papalois AE. Sedation in gastrointestinal endoscopy: current issues. World J Gastroenterology 2013;
19: 463–81
Vaessen HHB, Knape JTA. Considerable variability of procedural sedation
and analgesia practices for gastrointestinal endoscopic procedures in
Europe. Clin Endosc 2016; 49: 47–55
van Loon K, van Rheineck Leyssius AT, van Zaane B, et al. Capnography during deep sedation with propofol by non-anaesthesiolgists: a randomized
controlled trial. Anesth Analg 2014; 119: 49–55
Vargo JJ, Holub JL, Faigel DO. Risk factors for cardiopulmonary events during propofol-mediated upper endoscopy and colonoscopy. Aliment
Pharmacol Ther 2006; 24: 955–63

853

CHAPTER 51

Blood conservation
and transfusion
in anaesthesia
Dafydd Thomas and Katy Beard
Introduction
The term blood conservation describes a clinical practice that
attempts to minimize the use of allogeneic blood components and
is not always fully understood. The reason for such clinical behaviour stems from a desire to prevent transfusion-transmitted disease
and ensure a plentiful supply of blood components (Shander et al.
2010, 2012). The ability to store donated blood was a development
of the second half of the twentieth century, but even with the use of
current optimal storage mediums, shelf life remains between 35 and
42 days. It is apparent, therefore, that there is a continued need for
blood donation if blood services are to keep pace with demand. The
HIV epidemic (Busch et al. 2003) and changing population demographics have accentuated the need to ensure that blood component
transfusion is used wisely and only when indicated. In addition, it has
become apparent that blood transfusion is an independent risk factor for adverse outcomes (Tartter 1998; Rao et al. 2004; Isbister et al.
2011). These drivers have led to the development of clinicians who
focus very closely on this area of clinical practice known as blood
conservation (Maniatis et al. 2011). As a result of the confusion about
the term blood conservation, a number of clinicians in this area have
now developed the term patient blood management (PBM) which
more accurately describes the treatment options available to manage a patient’s anaemia, blood component transfusion becoming the
line of last resort once all other options have failed to maintain an
adequate concentration of haemoglobin, red cells, platelets, or coagulation factors in the patient. The patient-centric nature of this care
allows treatment to be tailored specifically to the needs of the patient
(Mercurali and Inghilleri 1996). Additional benefits have arisen as a
result of this practice as it has proved possible to avoid blood transfusion in many patients, particularly surgical patients, who have demonstrated that haematological reserve can often obviate the need for
blood component use (Goodnough and Shander 2012).

Background to challenges in
the management of blood supply
Over the last 25 years, the indication for blood transfusion has come
under considerable scrutiny for a number of reasons but mostly for
the two reasons already mentioned related to infective risk resulting
from transfusion and adequacy of blood supply for the ageing population. It has been appreciated for many years that blood transfusion

has associated risks that range from mild febrile reactions to severe
incompatibility reactions. In addition, the potential to transmit
blood-borne infections such as malaria or syphilis was recognized
early. The transmission of hepatitis was also documented but it was
only later that the various viral diseases were more specifically identified. In fact, the two most devastating discoveries occurred in the
1980s when it was recognized that the retrovirus, human immunodeficiency virus (HIV), was causing an emerging illness known as
acquired immunodeficiency syndrome (AIDS). The AIDS epidemic
officially began on 5 June 1981, when the US Centers for Disease
Control and Prevention in its Morbidity and Mortality Weekly
Report newsletter reported unusual clusters of pneumocystis pneumonia caused by a form of Pneumocystis carinii (now recognized as a
distinct species Pneumocystis jirovecii) in five homosexual men in Los
Angeles, California. Shortly afterwards, in 1988, the previously recognized non-A, non-B hepatitis was reclassified as hepatitis C after
Harvey Alter’s successful research into the subject (Alter et al. 1989).
Discovery of the transmission of these two viruses created a reaction among governments, the public, and of course clinicians and
scientists working in the field of blood transfusion. The fact that such
widespread transmission was occurring as a result of the transfusion of blood components, which was always considered to be life-
saving and of such benefit to patients, shook the blood establishment
to the core and resulted in enormous research efforts to understand
and categorize these viruses. It is a credit to the scientific endeavour
displayed that we now have a much greater understanding of these
viruses. In the case of both HIV and hepatitis C, we have developed
treatment strategies to hold these viral illnesses in check if not completely eradicate them in some patients. Enormous resources have
been invested into understanding the transmission and pathogenicity
of these infections and immunological investigation of their impact
in recipients. A necessary follow on once there were reliable tests to
diagnose the presence of infective vectors in the donated blood was
an application of this diagnostic knowledge to screen donated blood
to ensure it was safe to transfuse into a patient. The commercial
development of such tests meant that there was an added cost to the
testing and provision of safe blood components, which saw the cost
of blood components increase worldwide but more particularly in
the developed countries where it was more affordable and the public
demanded ‘zero risk’ from blood transfusion. This is of course idealistic and remains a goal to strive for, but little in life is completely risk
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free. The cost of testing has added considerably to the production of
the final component. The introduction of nucleic acid testing within
the United Kingdom has enabled the production of components that
have a 1 in 45 million risk of transmitting hepatitis C, and HIV testing has decreased the risk of HIV transmission to 1 in 5 million. The
risk of contracting hepatitis B remains the highest risk at 1 in 670 000
at the time of writing.
In addition to laboratory testing, there have been other pressures
on the provision of a plentiful and safe supply of blood components: changing population demographics have started to alter the
balance. As populations show increased longevity, in the main as a
result of better healthcare and nutrition, life expectancy is increasing year on year. The birth rate has slowed in many countries and
therefore there are fewer donors available to provide blood for an
ageing population who are undergoing more extensive and complicated surgery, as surgical and anaesthetic techniques advance.
Another pressure on blood collection has been the exclusion of
precious donors as a result of stricter donor criteria; more affordable foreign travel to more exotic destinations has led to increased
donor deferral (Advisory Committee on the Safety of Blood, Tissue
and Organs 2011). All of these pressures have added to the challenge to recruit sufficient donors to maintain blood supplies.
There can be no argument with the principle that decreasing
inappropriate use of blood components will decrease the demand
on blood services and such initiatives need to be fully incorporated
into blood service planning (American Society of Anesthesiologists
1996). We know that there are risks from blood transfusion no matter how finite and if there is not a physiological need to transfuse
blood, other methods to improve anaemia, thrombocytopenia, and
blood coagulation defects need to be tried first (Goodnough et al.
2011). This is particularly applicable to the elective surgical patient
who can usually tolerate a degree of perioperative haemodilution
(Habler and Messmer 1998). The effect of such rational blood component use means that demand decreases and will lead to wider
availability of the blood components for those patients in whom
there is no alternative treatment available (e.g. bone marrow transplant patients and massively haemorrhaging trauma victims).

Blood conservation and patient blood
management
There are a number of aspects of blood management that relate
particularly well to the perioperative nature of anaesthetic practice.
The three main phases are preoperative, operative, and perioperative management of anaemia. Depending on the patient requiring
treatment, different elements of patient-centred care may be used
to avoid transfusion of allogeneic blood and to attempt to manage and correct anaemia using a variety of blood-sparing methods (Goodnough et al. 1997, 2011). Certain components require
advanced planning such as preoperative optimization of anaemia
while other intraoperative techniques such as red cell salvage can be
quickly set up even in a surgical emergency. Figure 51.1 describes
the three pillars and lists the various interventions that can be used.

Preoperative interventions
before planned surgery
Historically, a preoperative visit the day or evening before surgery
was usual practice. The more modern approach, to avoid unnecessary

cancellation of surgery, is to organize preoperative assessment at least a
month before planned surgery, allowing time for the correction of any
reversible abnormal pathophysiology. The drive to ensure enhanced
recovery from surgery and minimize last-minute cancellations means
that issues such as poorly controlled hypertension, glycaemic control,
and anaemia need correction in advance of surgery (NHS Improving
Quality 2008; Pasricha et al. 2010; Kotze et al. 2012).
Paying particular attention to the correction of preoperative
anaemia not only minimizes the risk of receiving a blood transfusion but may enhance outcome. It has been shown that in those
patients undergoing non-cardiac surgery when anaemic, outcome
is worse with increased morbidity and mortality (Musallam et al.
2011). The identification and adequate treatment of preoperative
anaemia can result in decreased transfusion and possible cost savings as a result of a decrease in number of complications, length of
stay, and mortality, when used as part of an organized patient blood
management process (Goodnough et al. 2011; Na et al. 2011; Kotze
et al. 2012; Weber et al. 2012).

Diseases associated with anaemia
There is a wide range of aetiological causes of anaemia but the commonest causes preoperatively are secondary to dietary iron deficiency anaemia, anaemia of chronic disease, blood loss as a result of
either gastrointestinal malignancy or ulceration, and those patients
with chronic kidney disease. In the majority of cases, correction of
iron deficiency can be simply achieved and providing this occurs
at least a month before planned surgery, exclusion of more sinister
causes can be completed, allowing surgery to continue. In approximately 4–5% of patients there may be a malignant cause and then
appropriate action can be taken to change the planned surgery to
a more appropriate intervention. If anaemia is because of other
causes then a more elaborate plan of haematinic treatment may
be required. The discovery in 2000 of the 25-amino acid peptide
hepcidin, which is secreted by the liver, has had a huge influence
on understanding iron metabolism. It is now considered a master
regulator of iron absorption from the intestines and inhibits iron
transport by binding to the iron transport channel ferroportin. It
plays a role in the anaemia of a number of chronic conditions such
as inflammatory bowel disease, rheumatoid arthritis, renal failure,
and chronic heart failure. Measurement of this peptide will alert
the clinician that oral administration of oral iron may be futile
(Goodnough 2011).

Treatment of anaemia
Pharmacological agents used to increase haemoglobin concentrations include erythropoietin (EPO), iron, folic acid, and vitamin
B12 (Goodnough and Shander 2012).

Erythropoietin
The use of recombinant EPO to treat the anaemia of chronic kidney
disease has led to remarkable improvements in both cardiac function and quality of life for these individuals, minimizing the need to
resort to blood transfusion. A number of other uses became apparent for such erythropoietic-stimulating agents and some workers
used recombinant EPO to try and improve the yield of donated
blood during pre-deposit autologous programmes (Goodnough
et al. 1989, 1997; Mercurali and Inghilleri 1996). The popularity
of pre-deposit programmes has waned in recent years, particularly
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1st Pillar

2nd Pillar

3rd Pillar

Optimise erythropoiesis

Minimise blood loss & bleeding

Harness & optimise physiological
reserve of anaemia

Preoperative
Intraoperative
Postoperative

Detect anaemia
Identify underlying disorders(s)
causing anaemia
Manage disorders(s)
Refer for further evaluation if
necessary
Treat suboptimal iron stores/iron
deficiency/anemia of chronic
disease/iron-restricted
erythropoiesis
Treat other haematinic deficiencies
Note: Anaemia is a contraindication
for elective surgery

Identify and manage bleeding risk
Minimising latrogenic blood loss
Procedure planning and rehearsal
Preoperative autologous blood
donation (in selected cases or when
patient choice)
Other

Timing surgery with haematological
optimisation

Meticulous haemostasis and surgical
techniques
Blood-sparing surgical techniques
Anaesthetic blood conserving strategies
Autologous blood options
Pharmacological/haemostatic agents

Optimise cardiac output
Optimise ventilation and oxygenation
Restrictive transfusion thresholds

Vigilant monitoring and management
of post-operative bleeding
Avoid secondary haemorrhage
Rapid warming/maintain normothermia
(unless hypothermia specifically indicated)
Autologous blood salvage
Minimising latrogenic blood loss
Haemostasis/anticoagulation
management
Prophylaxis of upper GI haemorrhage
Avoid/treat infections promptly
Be aware of adverse effects of
medication

Optimise anaemia reserve
Maximise oxygen delivery
Manimise oxygen consumption
Avoid/treat infections promptly
Restrictive transfusion thresholds

Stimulate erythropoiesis
Be aware of drug interactions that
can increase anaemia

Assess/optimise patient’s
physiological reserve and risk factors
Compare estimated blood loss with
patient-specific tolerable blood loss
Formulate patient-specific management
plan using appropriate blood conservation
modalities to minimise blood loss, optimise
red cell mass and manage anaemia
Restrictive transfusion thresholds

Figure 51.1 The three pillars of patient blood management listing the various interventions that can be used.
Reproduced with permission from Goodnough, L.T. and Shander, A. Patient blood management. Anesthesiology, Volume 116, Issue 6, pp. 1367–76, Copyright © 2012 the Journal of the American
Society of Anesthesiologists, Inc.

in Europe. In addition, the cost of such programmes and marked
reduced risk of infection from allogeneic blood, following improved
testing of donated blood, together with advances in surgical techniques to minimize blood loss have made preoperative autologous
donation poorly cost-effective (Billote et al. 2002). In addition,
European legislation regarding blood establishments meant that
many hospital blood banks who were supporting the programmes
did not wish to be considered and inspected as such. Other reasons
have also been responsible for a decline in the use of EPO in pre-
surgical patients, particularly those with cancer, as the US Food and
Drug Administration issued a warning regarding its use and studies
have shown an increase in tumour growth and recurrence. There is
also an increased risk of thromboembolic disease in patients receiving erythropoietic-stimulating agents. The decreased use of EPO
has led to greater interest in the preoperative use of iron. Again,
studies undertaken in patients with chronic kidney disease showed
a significant improvement in haemoglobin concentrations even
among EPO-naïve patients. In addition, other investigators have
shown that the use of EPO to stimulate erythropoiesis can induce

a state of functional iron deficiency in the treated patient (Na et al.
2011; Goodnough and Shander 2012).

Oral iron
The simplest and cheapest way of correcting iron deficiency is with
the use of oral iron preparations. However, this form of treatment
is often ineffective and although absorption from the gut can be a
cause of limited effectiveness, patient compliance may also be poor,
which may be as a result of forgetfulness or more frequently as a
result of the gastrointestinal upset these preparations can cause.
Anecdotally they are most effective in well-motivated patient
groups, such as Jehovah’s Witnesses.

Intravenous iron
As a result of the problems described with oral iron preparations,
the use of i.v. iron has increased and has been further helped by the
development of preparations that have dramatically lower adverse
reaction rates than previously noted with parenteral iron dextran
preparations.
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The most commonly available agents include low-molecular-
weight iron dextran, iron sucrose, iron carboxymaltose, ferric gluconate, and iron isomaltoside. All show good safety profiles and
have been used extensively over recent years. The original adverse
events reported from the use of high-molecular-weight iron dextran preparations are far less common with the more modern
preparations listed earlier (Chertow et al. 2006). In a retrospective review of more than 30 million doses of i.v. iron, Chertow
et al. (2006) showed that exposure to high-molecular-weight iron
dextran was associated with a significantly higher risk of adverse
events, compared with low-molecular-weight iron dextran. In a
follow-up analysis, the same authors concluded that adverse events
were relatively low overall, with lower rates among low-molecular-
weight iron dextran, ferric gluconate, and iron sucrose (Chertow
and Winkelmayer 2010). However it is worth noting that more
recent advice (Medicines and Healthcare products Regulatory
Agency 2013) has strengthened recommendations to manage and
minimize risk of i.v. administration after reports of hypersensitivity, especially in pregnant women, by adhering to the method of
administration stated for the product, usually requiring slower
infusion.

Folic acid and vitamin B12
Deficiency of these two vitamins can lead to anaemia. This can be
as a result of dietary deficiency but also may be associated with a
number of common conditions that predispose to a macrocytic
anaemia. Supplemental folic acid is given to pregnant women to
decrease the neural defects that can occur in the fetus, and also to
those patients who may have a dietary deficiency as a result of illness such as intensive care patients, those with Crohn’s and coeliac
disease, and pernicious anaemia (vitamin B12). Dialysis patients
may also become folate deficient as can teenagers and the elderly
who simply eat a poor diet.

Reversal of anticoagulation
and antiplatelet drugs
Currently, many patients who present for both elective and emergency surgery may already be receiving drugs that are intended
to prevent thromboembolic complications. The most common
examples are those who may suffer from atrial fibrillation and are
receiving warfarin to prevent embolic stroke. Other patients may be
receiving antiplatelet therapy as secondary prevention for cardiac
ischaemic events after myocardial infarction, percutaneous cardiac
intervention, or both, resulting in stent implants. Consideration
therefore needs to be given to stopping these agents in the preoperative phase if the risk:benefit assessment allows (Makris et al. 2012;
Kozek-Langenecker et al. 2013; Lin et al. 2013).

Warfarin
Warfarin is a coumarin which interferes with the production of
vitamin K-dependant clotting factors. Warfarin inhibits the vitamin K-dependent synthesis of biologically active forms of the
calcium-dependent clotting factors II, VII, IX, and X, as well as the
regulatory factors protein C, protein S, and protein Z.
When warfarin is newly started, it may promote clot formation
temporarily. This is because the concentrations of protein C and
protein S are also dependent on vitamin K activity. Warfarin causes
a decline in protein C concentrations in the first 36 h. In addition,

reduced concentrations of protein S lead to a reduction in activity
of protein C (for which it is the co-factor) and therefore reduced
degradation of factor Va and factor VIIIa. Although loading doses
of warfarin greater than 5 mg also produce a precipitous decline in
factor VII, resulting in an initial prolongation of the international
normalized ratio (INR), the full antithrombotic effect does not take
place until a significant reduction in factor II occurs days later. The
haemostasis system becomes temporarily biased towards thrombus
formation, leading to a prothrombotic state. Thus, when warfarin
is loaded rapidly at greater than 5 mg day−1, it is beneficial to co-
administer heparin, an anticoagulant that acts upon antithrombin
and helps reduce the risk of thrombosis, with warfarin therapy for
4–5 days, in order to have the benefit of anticoagulation from heparin until the full effect of warfarin has been achieved.
Regardless of this prothrombotic risk, in terms of blood conservation and minimizing surgical blood loss it is advisable to
stop warfarin 3–4 days before surgery to allow the INR to return
to more normal values. Usually surgery is considered safe if the
INR is below a value of 1.5 (British Committee for Standards in
Haematology 2004).
Newer oral anticoagulants which have anti-Xa action have been
licensed for use particularly in the area of prophylaxis during
orthopaedic surgical intervention. Dabigatran is an oral anticoagulant from the class of the direct thrombin inhibitors. It is used for
various clinical indications, and in some cases it offers an alternative to warfarin as the preferred orally administered anticoagulant,
as it does not require frequent blood tests for INR monitoring,
while offering similar results in terms of efficacy. No specific way
exists to reverse the anticoagulant effect of dabigatran in the event
of a major bleeding event.
The convenience of such drugs not requiring regular monitoring
brings further problems in terms of blood conservation as there
is no specific way to reverse its effect, as with vitamin K use for
warfarin. The lack of a reliable blood test to monitor dabigatran
makes it difficult to determine if a given patient is experiencing a
drug interaction. Testing of anticoagulant activity may be required
in specific circumstances, such as surgery, overdose, and bleeding.
The INR test should not be performed, as it is unreliable in patients
on dabigatran. This can be done through thrombin time (TT), ecarin clotting time (ECT), and activated partial thromboplastin time
(aPTT) tests. If ECT or TT is not available, the aPTT test provides
an approximation of dabigatran’s anticoagulant activity. An aPTT
of longer than 80 s at trough was associated with an increased risk
of bleeding when dabigatran was used in atrial fibrillation patients
in a clinical study (Camm et al. 2012).
The Therapeutic Goods Administration in Australia published
a Safety Advisory in November 2011 regarding the risk of bleeding in people using dabigatran. The analysis of these reports
shows some of the bleeding adverse events occurred during the
transition from warfarin to dabigatran; many of the adverse
events occurred in patients on the reduced dosage regimen; and
the most common site of serious bleeding for dabigatran was
the gastrointestinal tract, whereas for warfarin it was intracranial. Risk factors for bleeding are age 75 years or older; moderate
renal impairment (30–50 ml min−1)—severe renal impairment
is a contraindication; concomitant use of aspirin (approximately
twice the risk); clopidogrel (approximately twice the risk); and
non-steroidal anti-inflammatory drugs including COX-2 inhibitors (50% more risk).
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Antiplatelet drugs
Providing it is deemed safe to do so, stopping antiplatelet drugs
approximately 7 days before surgery allows recovery of normal
platelet function, allowing platelets to play a role in clot formation
in response to surgically induced tissue damage. See Box 51.1 and
Box 51.2.

Surgical techniques to minimize blood loss
Surgical technique is one of the most important determinants of
blood loss. It is therefore imperative that there is adequate preoperative assessment and planning before an elective operation.
During planning, considerations should include the use of an
enlarged surgical team to help reduce the length of the operation and also the potential for blood loss during surgery, and
the staging of complex procedures to reduce the potential for
blood loss during surgery (Weltert et al. 2013). The increasing
use of preoperative clinics allows such preparation to be undertaken some time in advance of the operation and it is advised
that such a review occurs 4–6 weeks before the planned surgery,
particularly if there are likely to be co-morbidities that would
require correction or optimization before anaesthesia and surgery. Of course, in the context of this chapter, anaemia correction will need to be addressed but in addition poorly controlled
angina, hypertension, or diabetes mellitus are also of concern to
the operative team.

Meticulous haemostasis
When meticulous haemostasis is applied to surgical processes, less
bleeding occurs.
The gentle and experienced surgeon will develop avascular planes
and often use blunt dissection to expose the vascular bundles that
then need a ligature or clip before cutting. Use of tourniquets and

blood conservation and transfusion in anaesthesia
Box 51.2 Perioperative blood conservation strategy checklist
Does the patient require:

Preoperative
◆

Erythropoietin

◆

Iron, folate, vitamin B12 supplements

◆

Avoidance of drugs that can enhance bleeding:
• NSAIDs
• Antiplatelet drugs

◆

Heparin

◆

Warfarin

◆

Herbal preparations.

Intraoperative
◆

Autologous red cell provision:
• Acute normovolaemic haemodilution
• Preoperative autologous donation (rare red cell conditions)
• Cell salvage—operative or postoperative

◆

Provision of coagulation components:
• Component sequestration
• Acute normovolaemic haemodilution

◆

Additional therapies

◆

Anaesthetic considerations:
• Normothermia
• Positioning
• Drug therapy—aprotinin, tranexamic acid, desmopressin,
factor VIIa
• Deliberate hypotension

Box 51.1 Operative and postoperative measures to minimize
allogeneic transfusion

• Avoid excessive crystalloid use
Point-of-care testing
Microsampling.

◆

Surgical techniques

◆

◆

Pharmacological agents

◆

◆

Anaesthetic techniques of blood conservation:

Postoperative period

• Acute normovolaemic haemodilution

◆

Washed or unwashed cell salvage

• Prevention of acidosis

◆

EPO and i.v. iron

• Temperature

◆

Withholding transfusion according to clinical need.

• Judicious use of i.v. fluids
• Positioning avoiding venous obstruction. When an operation site is above the level of the patient's heart, bleeding
can often be reduced. Avoiding pressure on major veins also
helps reduce blood loss.
◆

Intraoperative cell salvage

◆

Postoperative cell salvage

◆

◆

Triggers to consider transfusion, liberal vs restrictive transfusion practice
Point-of-care testing.

limb exsanguination is common among orthopaedic surgeons to
help decrease operative loss but ischaemia of the tissues means
that care must be taken to use such techniques for limited periods. Cross-clamping of major arteries (e.g. hepatic artery in liver
surgery) or cross-clamping of the aorta controls bleeding but again
can have deleterious effects on tissue perfusion if prolonged. Tissue
hypoxia and oxidative stress during reperfusion are the drawbacks
of prolonged use of cross-clamping. Elevating the operating field
above the level of the heart can often have a minor effect on arterial
pressures but more importantly significantly reduce venous congestion and subsequent bleeding.
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Minimally invasive surgery
Laparoscopic surgical procedures using small surgical cuts, or
simple dilatational access with virtually no cuts at all, can greatly
reduce the trauma of access and reduce the amount of bleeding and
are therefore of great importance to bloodless medicine.

Endoscopic and laparoscopic surgery
Endoscopy is used to examine, biopsy, or surgically treat a variety
of conditions. Types of endoscopy include:
◆

arthroscopy (joints)

◆

bronchoscopy (bronchial tubes, lungs)

◆

colonoscopy/sigmoidoscopy (large intestine)

◆

colposcopy (vagina, cervix)

◆

gastroscopy (stomach, small intestine)

◆

laparoscopy (abdomen/thorax).

A rigid or flexible scope is used to visualize the inside of the body,
either through insertion via a small incision or by passing the scope
through a body opening (such as the mouth or anus).
In addition, more extensive surgical techniques can be undertaken in which a videoscope or fibreoptic endoscope is inserted
via a tiny incision into the abdomen, joint, or anatomical space to
be operated on. Laparoscopic surgery can be used to visualize and
retrieve tissue samples by biopsy, but also to perform major surgery
using instruments that are also passed into the abdomen through
small incisions. The increased laparoscopic activity means that
nephrectomy, colectomy, and cystectomy can be undertaken using
these minimally invasive techniques.

Lithotripsy
Lithotripsy uses sound waves to break up a kidney stone or other
stone into smaller pieces, allowing it to pass out of the urinary system without having created any incision at all.

Arterial embolization
There are various methods of blocking a bleeding blood vessel,
preventing further blood loss. These include chemical agents that
scar the inside of the blood vessel; mechanical agents that block a
bleeding vessel, including metal coils and latex or silicone balloons;
and particles or microspheres, including gelatine foam, an injected
liquid that quickly turns into a thicker gel-like or spongy mass to
prevent bleeding from a vessel. These techniques can be performed
surgically or radiologically.

Cryosurgery
A surgical technique that uses extreme cold to destroy abnormal
tissues in the body, and is sometimes used as a bloodless medicine
technique by freezing tissue; bleeding is minimized.

Off-pump coronary artery bypass
This avoids the problems associated with cardiopulmonary bypass
surgery including systemic inflammatory response, coagulopathies
associated with platelet dysfunction, accelerated fibrinolysis, and
consumption of clotting factors. This is not the place to describe
surgical instruments in detail, but an outline of surgical principles may be of use. The improvement in surgical techniques and

attention to haemostasis has led to a decrease in perioperative blood
loss. The meticulous dissection and attention to haemostasis often
prolongs the operative time but can be achieved with traditional
surgical techniques. More technical approaches can be used and a
number of aids can be used to achieve more rapid dissection while
minimizing surgical loss. Such devices include laser dissection,
harmonic scalpels, ultrasonic dissection, and LigaSure™ (Medronic,
Minneapolis, MN, USA) forceps. It is probable that one of the most
effective surgical interventions is early re-operation in patients who
appear to be bleeding and in whom coagulation parameters appear
to be within a normal range.

Haemostatic surgical instruments
Diathermy or electrocautery
Diathermy or electrocautery uses a device in which an electric current is used to heat a treatment instrument or probe. The heated
probe cauterizes capillary vessels and small arteries, thus minimizing blood loss during surgery. This device does not transfer any
electric current to the patient and is also known as thermal cautery.

Microwave scalpels
Microwaves are a form of electromagnetic energy that can be used
to generate heat. The microwave scalpel uses an instrument that
concentrates a localized high-power microwave field around the
leading edge of a scalpel blade. As microwave energy is absorbed
in tissue, this scalpel can provide coagulation during surgery on
vascular organs such as the spleen or liver.

Lasers
Lasers when used in surgical instruments have a similar principle
when in use to electrocautery devices, but use laser energy to cut,
vaporize, and simultaneously coagulate a targeted area without
disrupting adjacent tissue. Cutting is achieved precisely and haemostatically, making the systems suitable for endoscopic and open
surgical procedures. Lasers promote clotting by localizing heat in
bleeding vessels, resulting in coagulation.

Argon beam coagulator
A surgical instrument that uses a beam of ionized noble argon gas
(argon ‘plasma’) to conduct a high-frequency electric current to
bleeding tissues with limited tissue contact. Argon beam coagulation may be used for the haemostasis of diffuse surface bleeding
from parenchymatous tissues (e.g. of the liver, spleen).

Cavitron ultrasonic surgical aspirator
The Cavitron ultrasonic surgical aspirator (CUSA®; Integra
Lifesciences Corporation, Plainsboro, NJ, USA) is a powerful ultrasonic aspirator and dissector which can be used in a number of
surgical situations but has been very successfully applied in the dissection of liver parenchyma, reducing perioperative blood loss and
mortality (Storck et al. 1991).

Harmonic scalpels
The harmonic scalpel is an innovative way of cutting tissue using a
rapidly vibrating blade to coagulate and create a cavitational effect
in the tissue it is in contact with. It is activated by an ultrasonic
method that results in less temperature increase, less smoke, and
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less lateral tissue damage compared to conventional electrocautery.
It is for these reasons that it has become popular because of the
decreased chance of unrecognized electrical arcing injuries, and it
is accepted as a potentially safer instrument for tissue dissection. It
has been available for approximately 20 years but is not widely used
in open or laparoscopic procedures. It is more popular in Europe
and has the potential for less traumatic dissection and decreased
operative blood loss (Westervelt 2004).

Topical haemostatic agents
These should only be used when bleeding cannot be controlled by
conventional methods such as sutures, ligatures, and diathermy.
Once in contact with the bleeding area, they enhance clot formation.
They can be divided into two groups:

Haemostatic swabs
A chemical or biological compound, such as calcium alginate, oxidized cellulose, thrombin, or collagen promotes one or more steps
of the clotting cascade therefore allowing a stable clot to build.
These products are useful, inexpensive, and widely used.

Fibrin sealants
Fibrin sealants enhance the final stages of the clotting cascade, but
their action is dependent on local concentration of clotting factors
and they do not depend upon the body’s normal clotting mechanism. Theoretically haemostasis can be achieved even in the presence of a coagulopathy. They comprise a source of fibrinogen, which
is combined with thrombin plus, possibly, factor XIII or an antifibrinolytic agent (or both), such as bovine aprotinin or tranexamic
acid, which stabilizes the clot. When the constituent parts are
mixed, a cross-linked insoluble fibrin matrix is formed via the
final common pathway. Commercially available fibrin sealants are
manufactured from fibrinogen and thrombin derived from human
plasma, and so there have been concerns over their use and possible
transmission of infection. The use of pooled human plasma products introduces the risk of transmission of blood-borne pathogens.
They have been reports of parvovirus B19 transmission but none
of hepatitis or HIV transmission. The use of bovine products also
raises concerns with regard to the transmission of bovine spongiform encephalitis. There are also risks associated with immunological sequelae, including anaphylaxis and coagulopathy.
The role of these sealants in facilitating haemostasis has become a
part of the patient blood management programme and has the aim
of aiding surgical haemostasis and reducing total blood loss for the
patient undergoing the procedure. The contribution to total blood
loss may be minimal, but the minimizing of surgical ooze or troublesome bleeding from surgical interventions may allow quicker
closure and shorter surgical procedures.
These products may contain human or bovine thrombin and
fibrinogen and so use of such products needs to be monitored
by haemovigilance systems. Currently many such products are
ordered by surgical teams and stored within a theatre pharmacy for
immediate use when troublesome bleeding occurs. The traceability
of such products may not be to the standard considered necessary
by a haemovigilance scheme and is not usually under the control of
the hospital blood bank. It is important to remember that the available fibrin sealants both in Europe and the United States tend to be
of the new-generation virally inactivated or virus-removed fibrin
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sealants. However, before these products which have been available
since 1998, there were a number of reports describing a variety of
‘homemade’ formulations. The use of plasma-derived products to
facilitate haemostasis was first described in 1909. Concern over the
transmission of hepatitis with the use of human thrombin led to its
substitution with bovine thrombin. Commercial concentrates containing human fibrinogen plus fibrin stabilizing factor (factor XIII)
together with bovine thrombin were available in Europe in the late
1970s. All of these products contained an antifibrinolytic agent. The
viral risk was reduced through donor selection followed by heat
treatment of the human fibrinogen component. In addition, human
thrombin (virally inactivated) has now replaced bovine thrombin.
Despite these advances in viral safety it is worth mentioning that
a few cases have been reported with the use of fibrin glues which
relate more to the mode of use of these products. Although it has
to be stated that the use of generic ‘fibrin glue’ appears to be safe in
the majority of cases, in one report of a fatality when a syringe was
used to administer the glue to a deep hepatic wound, the fatal hypotension was thought to be related to a reaction to bovine thrombin.
Another recently reported case highlighted significant morbidity
after using a pressurized fibrin glue aerosol, again in liver surgery,
resulting in air embolism and intravascular thrombus, identified
with transoesophageal echocardiography, to be present in the right
ventricle with some air even finding a passage through to the left
ventricle leading to cardiovascular collapse.
In conclusion, the use of all types of fibrin glues appears to be
increasing but the current practice seems to have little standardization of use with little attention being paid to the traceability of the
product used. This is of course very important when human thrombin, albeit treated and virally inactivated, is being used. A better
system needs to be used and a registry of patients who receive such
products needs to be kept by the institution. In addition to the documentation, placement of a sticky label in the patient’s notes precisely identifying the product needs to become a standard of care.

Pharmacological approaches
In cases of excessive blood loss in which no surgical or haemostatic
abnormalities can be identified, a different approach is required,
namely the use of pharmacological strategies. These can broadly
be divided into preoperative prophylaxis for operations that confer
a high risk of bleeding, and interventions for massive, refractory
bleeding. The medications most widely used and evaluated include
those that follow.

Serine protease inhibitors (e.g. aprotinin)
Aprotinin is a non-specific serine protease inhibitor (inhibits plasmin at low dose, kallikrein at high dose, activated protein C, and
thrombin) derived from bovine lung. In addition to its antifibrinolytic properties, it may have effects on promoting platelet function
by blocking the thrombin-activated protease-activated receptor 1
(PAR1), and appears to affect novel anti-inflammatory targets preventing transmigration of leucocytes. Efficacy is dose dependent.
Due to its origin, there is a risk of allergy especially with repeated
doses; therefore a test dose should always be performed. No cases of
bovine spongiform encephalopathy transmission by aprotinin have
been reported.
In cardiac surgery with a high risk of significant blood loss,
aprotinin significantly reduced bleeding, mortality, and hospital
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stay. Beneficial effects were also reported in high-risk orthopaedic surgery. In liver transplantation, initial reports of benefit were
overshadowed by concerns about toxicity. In a meta-analysis
(Sedrakyan et al. 2004), transfusion requirements decreased by 39%
in coronary artery bypass graft surgery. In orthopaedic surgery, a
decrease of blood transfusions was likewise confirmed. However,
in 2006, the use of aprotinin became controversial when the drug
was associated with an increased risk of renal failure, myocardial
infarction, stroke, and death in a couple of large observational
studies (Mangano et al. 2007). Following the Blood Conservation
Using Antifibrinolytics in a Randomized Trial (BART) study its use
was suspended (Fergusson et al. 2008). This was a large, multicentre, randomized control trial that compared aprotinin, tranexamic
acid, and aminocaproic acid. It concluded that the use of aprotinin
was associated with a significant doubling of death from cardiac
causes and only provided a modest reduction in the risk of bleeding when compared to the other antifibrinolytics.

Lysine analogue antifibrinolytics
(e.g. ε-aminocaproic acid)
These antifibrinolytics work by inhibiting the binding of plasmin
to fibrin by occupying the lysine-binding site of the proenzyme
plasminogen (Mannucci and Levi 2007). Two meta-analyses have
failed to demonstrate any statistically significant effect, at any
dose, on the amount of allogeneic blood transfusion required in
cardiac surgery. However, a study undertaken in major paediatric surgery patients found the effects of aminocaproic acid and
tranexamic acid in reducing blood loss were comparable to that
of aprotinin. There was found to be no increase in postoperative
stroke in cardiac patients receiving aminocaproic acid during
bypass surgery.

Tranexamic acid
This is a synthetically derived antifibrinolytic agent which acts like
aminocaproic acid but is 10 times more potent.
Uncontrolled bleeding is an important cause of death in trauma
victims. The 2011 Cochrane systematic review of antifibrinolytics
concluded that tranexamic acid safely reduces mortality in bleeding
trauma patients without the increase of adverse effects. The result of
the CRASH-2 study also strongly endorses this (Shakur et al. 2010).
Further trials are needed to determine the effects of tranexamic
acid in patients with isolated brain injury.
The effect of tranexamic acid and its impact on platelet function
remains controversial. A recent study supported its use to partially
reverse the platelet aggregation dysfunction as a result of dual antiplatelet therapy, namely aspirin and clopidogrel. However, platelet
aggregation was not aided by tranexamic acid in patients not on
antiplatelet therapy.
Tranexamic acid is not licensed for the prophylaxis or treatment of bleeding after cardiac surgery in the United Kingdom. It
is licensed for the prophylaxis and treatment of local fibrinolysis in patients at high risk of haemorrhage after prostatectomy,
conization of the cervix, and surgical procedures or dental
extractions in haemophiliac patients. It is also licensed in the
management of general fibrinolysis associated with thrombolytic therapy and haemorrhage associated with disseminated
intravascular coagulation with predominant activation of the
fibrinolytic system.

Desmopressin
Desmopressin is a synthetic analogue of vasopressin (without the
vasoconstrictive properties). Desmopressin increases factor VIII
and von Willebrand factor and facilitates haemostasis by increasing platelet quality and adhesiveness. It is used routinely in mild
haemophilia and von Willebrand disease, some platelet disorders,
and occasionally in cardiac surgery to enhance platelet function.
The therapeutic dose is 0.3 µg kg−1 i.v. or s.c. before and shortly
after surgery.
Overall, there have been 18 trials of desmopressin in a total of
1295 patients undergoing cardiac surgery. These show a small
effect of perioperative blood loss with a median reduction of 115
ml. Further reviews have commented that although desmopressin
helps to reduce perioperative blood loss, the effect is too small to
influence more clinically relevant outcomes such as the need for
transfusion and re-operation (Henry et al. 2001).
The most common adverse effects suffered with its use include
facial flushing and transient hyponatraemia. There have been
reports of an increased risk of arterial thrombotic events; however,
some reviews concluded that the rate of thrombosis did not differ
significantly.

Activated recombinant VIIa
This is a recombinant form of human factor VIIa. It is thought
to act locally at the site of tissue injury and vascular-wall disruption by binding to exposed tissue factor, generating small amounts
of thrombin that are sufficient to activate platelets. The activated
platelet surface can then form a template on which recombinant
factor VIIa directly or indirectly mediates further activation of
coagulation, ultimately generating much more thrombin and leading to the conversion of fibrinogen to fibrin. Clot formation is stabilized by the inhibition of fibrinolysis as a result of recombinant
factor VIIa-mediated activation of thrombin-activatable fibrinolysis inhibitor.
Despite some enthusiastic support for the use of the drug in massively bleeding patients, there are mixed reports of effectiveness in
the peri-surgical setting (Ejlersen et al. 2001; Friederich et al. 2003;
Boffard et al. 2005; Diprose et al. 2005; Ma et al. 2006; Essam 2007;
Gill et al. 2009; Raobaikady et al. 2005; Levi et al. 2010).
Two reviews of recombinant factor VIIa for the prevention and
treatment of bleeding patients without haemophilia, found no benefit from its use (Stanworth et al. 2007; Hsia et al. 2008). In a more
recent review, the authors conducted an intervention review on the
use of the drug, considering prophylactic and therapeutic studies.
In the prophylactic group there was a trend towards lower transfusion and in the intervention group a trend to lower mortality. They
concluded that there was in both groups a tendency for a greater
incidence of thromboembolic events (O’Connell et al. 2006). The
report concluded that the benefit in bleeding patients was weak
and that unlicensed use should be restricted to clinical trials (Lin
et al. 2011). In addition, other workers have found it difficult to
evaluate its usefulness in trauma settings and intracranial bleeding
(Diringer et al. 2008, 2010; Dutton et al. 2009).

Anaesthetic techniques of blood conservation
Pre-deposit autotransfusion
This method of providing autologous blood has become less popular because of some rather negative assessments in the late 1990s,
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and a Cochrane review and the European Directive on Blood
resulted in a decline in its popularity and so it will not be considered further in this chapter (Goodnough et al. 1989; Brasher and
Goodnough 1999; Henry et al. 2002).

Acute normovolaemic haemodilution
As has been described earlier, there is a need to ensure the haemoglobin concentration is as high as possible preoperatively. If
this is achieved, acute normovolaemic haemodilution becomes
possible as the removal of autologous blood in the immediate
preoperative period (e.g. in the anaesthetic room immediately
before surgery) will provide fresh blood which can be kept at
room temperature, labelled with the patient’s details, adjacent
to the patient until reinfusion is undertaken towards the end of
the procedure.
This technique relies on two basic principles. The first is the
fact that the relative anaemia that develops as a result of this technique, means that the blood shed during surgical loss has a lower
red blood cell content than would have been the case without
haemodilution. The second is that the decrease in haemoglobin
concentration is well tolerated as the patient is normovolaemic and
well oxygenated under anaesthesia despite the lower haemoglobin
concentration (Lieberman et al. 2000; Habler et al. 2004; Weiskopf
et al. 2002, 2005).
Previous enthusiasts of the technique wanted to remove large
volumes of blood but a mathematical model used to predict the
volume of venesected blood necessary calculated that 4 units of
blood were removed to conserve an equivalent 1 unit (Kick and
Daniel 1997; Meier et al. 2003). To rely on this method alone for
allogeneic blood avoidance is not possible in surgery that has a high
blood loss. To save a 2-unit equivalent, 8 units of autologous blood
would need to be removed, leaving very few red cells in the patient.
A strategy of using a combination of colloid and an artificial oxygen
carrier such as perfluorocarbon emulsion or haemoglobin solution
as an oxygen-carrying bridge during surgery has not materialized
because of the inability to manufacture a solution that has met with
widespread acceptance because of safety issues. When such a product does become available, this method of blood conservation may
gain more acceptance as the venesected autologous blood can be
re-administered in the post-surgical phase. Obviously the process
needs to offer less risk than current practice and with the caveats
of the technique mentioned previously, both the safety of the technique and feasibility remain questionable.
Case reports have highlighted the risk of silent myocardial
ischaemia in some at-risk surgical groups (Carvalho et al. 2003)
and a meta-analysis done some years ago questioned the effectiveness of such procedures (Bryson et al. 1998; Segal et al. 2004).
Having said that, in certain surgical procedures where blood loss
is not extensive, the use of both normovolaemic and hypervolaemic haemodilution can be a very successful conservation strategy
particularly when used in combination with hyperoxia (Habler
and Messmer 1998; Boldt et al. 1999). Meier et al. (2004) showed
the reversibility of silent myocardial ischaemia in the presence of
hyperoxia without restoration of the haemoglobin concentration.

Prevention of acidosis
Associated with hypothermia and underperfusion during severe
bleeding is a tendency towards acidosis secondary to decreased
tissue oxygenation and carbon dioxide removal. A decreasing pH
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can have significant effects on the concentration of endogenous
factor VII present and can inhibit clotting mechanisms. The
administration of sodium bicarbonate is not particularly helpful and not used to reverse this acidosis. Treatment strategies to
improve tissue oxygenation and improve microvascular flow are
best used in these situations in an attempt to minimize a decrease
of blood pH.

Judicious use of intravenous fluids
The use of crystalloid or colloid to restore intravascular volume is
a useful treatment to maintain stroke volume and cardiac output.
The delivery of oxygen to the tissues in healthy individuals, who
are not anaemic, allows a surplus of oxygen delivery. This is one of
the main reasons that patients can tolerate a lowering of haemoglobin concentrations to at least 50% of their normal values with
no compromising of tissue oxygenation providing cardiac output
is maintained in the presence of blood loss. There will come a
point, however, in the face of ongoing haemorrhage that excessive
haemodilution will occur, lowering haemoglobin concentrations to
a critical level. The overuse of volume expanders also haemodilutes
the essential clotting components and will compromise clot formation and clot strength.

Positioning avoiding venous obstruction
When an operation site is above the level of the patient’s heart,
bleeding can often be reduced. Avoiding pressure on major veins
by careful positioning of the patient also helps reduce blood loss
and preventing venous stagnation is also a simple measure that can
be taken to reduce blood loss (Simpson 1992).
The use of a tourniquet and evacuation of venous blood before
application is an efficient method of limiting blood loss in the surgical area (Mathru et al. 1996; Snyder 1997).

Normothermia
Maintaining a normal body temperature (normothermia) contributes to reducing blood loss (Schmied et al. 1996). Hypothermia
reduces the function of both clotting factors and platelets, which
will increase the tendency to bleed (Stainsby et al. 2006).

Neuroaxial analgesia techniques
Neuroaxial analgesia techniques, such as sympathetic nerve block,
which may accompany epidural or intrathecal block can limit perioperative blood loss. A reduction of allogeneic blood transfusions
by up to 50% has been described. Sympathetic nerve block causes
peripheral vasodilation and regional flow redistribution (Sharrock
et al. 1993; Sharrock and Salvati 1996).

Controlled hypotension by pharmacological methods
Blood pressure can be lowered in a controlled manner using pharmacological methods and this can contribute to decreased blood
loss. Agents such as sodium nitroprusside or glyceryl trinitrate can
be used for this or a combination of a vasodilator and an α-or β-
receptor blocker. When such a technique is used, it is important
to ensure relatively normal mean arterial pressures in the patient
before surgical closure otherwise bleeding vessels can cause concealed haemorrhage. Elevation of the blood pressure towards the
end of the procedure allows surgical ligation or diathermy to be
undertaken before closure (Suttner et al. 2001).
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Management of coagulation
Point-of-care testing
Excessive bleeding may be as a result of surgical causes, but in
the absence of a surgical cause may be because of derangement of
haemostasis. Haemostasis is a complex process that promotes clot
formation and arrests bleeding providing there is sufficient stasis
to allow this. When vessel damage is extensive, blood loss is often
too brisk to allow clot formation and in this situation mechanical
intervention will be required with either surgical or radiological
methods. It refers to the process of keeping blood within a damaged blood vessel. Most of the time this includes the changing of
blood from a fluid to a solid state. Intact blood vessels are central to
moderating tendency of blood to clot. The endothelial cells of intact
vessels prevent blood coagulation by secretion of heparin-like molecule and thrombomodulin and prevent platelet aggregation by the
secretion of nitric oxide and prostacyclin. When endothelial injury
occurs, the endothelial cells cease secretion of coagulation and
aggregation inhibitors and instead secrete von Willebrand factor
and tissue thromboplastin which initiate the maintenance of haemostasis after injury. Haemostasis has three major steps: (1) vasoconstriction, (2) temporary blockage of a break by a platelet plug,
and (3) blood coagulation, or formation of a clot that seals the hole
until tissues are repaired.

Methods of monitoring
coagulation: laboratory tests
Laboratory tests are commonly carried out to assess coagulation and
are usually performed on citrated plasma samples. The results are
expressed as clotting time in seconds and compared with the mean
plus or minus twice the standard deviation of results obtained from
at least 20 normal individuals, usually laboratory staff. Platelet-
poor plasma is used for testing. Commonly performed tests include
prothrombin time (PT), which is a value used to calculate the INR
and APTT, TT, and fibrinogen concentration.

Point-of-care tests of coagulation

cardiopulmonary bypass procedures. Whole blood is incubated at
37°C with Celite® (diatomaceous earth). It is used to quantify the
heparin. There is no laboratory equivalent. The normal range is
100–140 s. It is prolonged by inadequate mixing, thrombocytopenia, warfarin, and aprotinin. It cannot be used in cases of heparin
resistance.

Platelet function analyser (PFA-100® System)
The PFA-1 00® System (Siemens Healthcare Diagnostics,
Washington, DC, USA) measures primary haemostasis by
assessing platelet adhesion, activation, and aggregation. It distinguishes the effects of aspirin from other abnormalities of
platelet function.

Thromboelastography and thromboelastometry
Thromboelastography and thromboelastometry are near-patient
tests to analyse the visco-elastic properties of whole blood or
plasma and produce graphic displays, easily interpreted in operating theatres (Weber et al. 2012). These results can demonstrate
primary fibrinolysis, secondary fibrinolysis, failure to reverse protamine, and whether blood products are required. The patient’s
progress can be monitored with successive tests. Two instruments are currently commercially available: the term thromboelastography refers to measurements made using the TEG® device
(Haemonetics Corp., Braintree, MA, USA) and the ROTEM®
(Tem International GmbH, Munich, Germany) which produces
measurements termed thromboelastometry. See Figures 51.2
and 51.3. They are used in numerous cardiac and transplant surgery operating theatres and studies have shown that it is a significantly better predictor of postoperative haemorrhage and the need
for re-operation than the conventional coagulation profile. It has
also been reported they are of benefit in trauma patients in identifying coagulopathy and guiding transfusion therapy when compared
with plasma-based routine coagulation tests. Both instruments
can produce useful information within 5–10 min of initiation of
the tests.

Over recent years, tests that assess the haemostatic process in whole
blood have gained popularity, reintroducing a previously developed test, the thromboelastogram, which measures the viscoelastic
properties of whole blood as it clots
Haemostasis is a dynamic process and near-patient tests have the
advantage of being quick with no delays incurred for transportation. They do not require special personnel or preparation providing the operator has been trained and deemed competent. They use
whole blood, giving a better indication of all factors involved in
the clotting process. Hence, therapeutic interventions can be made
more rapidly. Studies have shown that the correct choice of near-
patient test can reduce inappropriate blood transfusion, thromboembolism, major haemorrhage, and mortality.
However, these tests also have their limitations which include
limited comparability with laboratory tests. Results may be unreliable in less experienced hands, may be inadequately documented,
and equipment may lack adequate calibration and quality assurance.

Intraoperative cell salvage

Activated clotting time

ICS is indicated in surgery with:

The activated clotting time first came into clinical use in the mid
1970s to guide the administration and reversal of heparin during

Cell salvage is the process by which blood from the surgical field
is collected, filtered, and washed to produce autologous blood for
transfusion back to the patient. The use of intraoperative cell salvage (ICS) reduces the demand on allogenic (donor) red cells and is
a cost-effective measure (Ashworth and Klein 2010). It also reduces
the risks associated with the immunological complications of allogenic blood transfusions. Analysis of a recent survey showed that
53% of UK hospitals now use ICS. Level one evidence of the efficiency of ICS is sparse but convincing, especially in vascular, cardiac, and orthopaedic surgery (Consensus Statement 1999; Carless
et al. 2006). See Table 51.1.
Maximum benefit of cell salvage can be gained by capture of
emergency cases which often require large-volume blood component support.

Indications for intraoperative cell salvage
◆

Anticipated blood loss of greater than 1000 ml or greater than
20% estimated blood volume
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Parameters & Scaling-TEMogram
A 10
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Clot Firmness
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20 mm

90 mm
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Clotting Time (CT) [s]
Clot Formation Time (CFT) [s]

Time

Figure 51.2 The outlines of the basic components of a ROTEM® graph.
Courtesy of TEM International.
Normal
R; K; MA; Angel: normal

Anticoagulants/haemophilia
Factor deficiency
R; K: prolonged;
MA; Angle: decreased
Platelet blockers
Thrombocytopenia/thrombocytopathy
R: normal; K: prolonged;
MA: decreased
Fibrinolysis (UK, SK, or t-PA)
Presence of t-PA
R: normal;
MA: continuous decrease
LY30 > 7.5%; WBCLI30 < 97.5%;
LY60 > 15.0% WBCLI60 < 85%
Hypercoagulation
R; K: decreased;
MA; Angle: increased
D.I.C
Stage 1
Hypercoagulable state with
secondary fibrinolysis
Stage 2
Hypercoagulable state

Figure 51.3 These outlines describe the various patters of graph obtained from
a TEG® machine.
TEG® Hemostasis Analyzer tracing images used by permission of Haemonetics Corporation.
TEG® is a registered trademark of Haemonetics Corporation.

Table 51.1 Advantages and disadvantages of cell salvage
Advantages

Disadvantages

Reduce the risk of transmission of
infection
No risk of ABO incompatibility
Option in the case of rare blood
group and antibodies
Acceptable for some Jehovah’s
Witnesses
Reduce the demand for allogenic blood
Normal concentration of 2,3-DPG
Removal of activated clotting
factors and inflammatory cytokines
Cells reinfused at room temperature

Initial equipment cost
Cost of disposables
Staff training and competencies
Complex device
Delay in processing red cells
Risk of bacterial contamination
Red cell lysis as a result of
‘skimming’
Electrolyte imbalance
Air and fat embolism

Data from the Medicines and Health Regulatory Authority.
◆

Patients with a low haemoglobin or increased risk factors for
bleeding

◆

Patients with multiple antibodies or rare blood types

◆

Patients with objections to receiving allogenic (donor) blood

◆

The American Association of Blood Banks suggest cell salvage
is indicated in surgery where blood would ordinarily be cross-
matched or where more than 10% of patients undergoing the
procedure require transfusion.

See Table 51.2 for a summary of procedures and situations that may
be suitable for ICS.
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Table 51.2 Procedures and situations which may be suitable for ICS
Vascular surgery, trauma, and orthopaedics

Open aortic aneurysm repair—elective and emergency
Splenic/liver trauma
Spinal surgery
Revision hip replacement
Pelvic and femoral fractures
(In primary hip and knee replacement it may be better to consider postoperative drainage system)

Urology

Radical cystectomy
Radical prostatectomy
Nephrectomy
Pelvic clearance

General surgery

Hepatectomy
Abdominal/thoracic trauma
Emergency laparotomy

Cardiac

All major procedures (postoperative drainage may be of use if mediastinal drainage is of high volume)

Obstetric

Emergency use: major obstetric haemorrhage at caesarean section, laparotomy for post-partum haemorrhage,
genital tract trauma, etc.
Elective use: anticipated haemorrhage at caesarean section, e.g. placenta praevia/accrete, large fibroid uterus, etc.

Gynaecology

All major procedures, e.g. pelvic clearance

Head and neck

Major procedures

Jehovah’s Witness or any patient refusing a
blood transfusion

Consideration should also be given to postoperative drainage and reinfusion where indicated. All surgical
procedures where blood loss is expected to have an impact

Data from the Medicines and Health Regulatory Authority.

Intraoperative cell salvage process
During surgery, blood loss can be removed from the operative site
by a combination of suction and swabs. Depending on the type of
surgery, blood loss to swabs has been estimated at between 30% and
50% (Haynes 2005) of the total surgical blood loss. By washing the
swabs, the blood that is normally discarded can be collected and
the overall efficiency of red cell recovery improved. To maximize
quantity and minimize red cell damage, a large-bore suction tip
(minimum 4 mm) should be used and surface skimming avoided.
A low vacuum pressure should be also used to reduce haemolysis.
Separate suction needs to be used to discard substances that
should not be aspirated into the ICS, such as antibiotics not licensed
for i.v. use, iodine, chlorhexidine, hydrogen peroxide, alcohol, topical clotting agents, orthopaedic cement pleural effusions, amniotic fluid, and gastric and pancreatic secretions. These substances
are harmful to the red cells and result in haemolysis and thus a
decreased red cell yield. The pieces of topical clotting agents and
bone cement are removed during filtration but are best avoided.
The cell salvage process involves the following six steps and is
shown by Figure 51.4.
◆

◆

Suction: blood is aspirated from the surgical site. It is transported
via a dual-lumen tube and collected in a reservoir. It is immediately mixed with an anticoagulant at the end of the sucker where
it joins the dual-lumen tube as acid citrate dextrose or heparinized saline is dripped down the smaller lumen and the mixture of
blood and anticoagulant is aspirated up the other larger lumen.
Filtration: this fluid is then filtered to remove debris and large
clots. Filter sizes vary from 40–150 µm.

◆

◆

◆
◆

Separation: the filtered fluid is drawn into a centrifuge. The force
of the centrifuge holds the more dense red cells against the outer
wall of the bowl. The less dense plasma and debris move into the
centre of the bowel where it spills over into the waste bag.
Washing: disposal products collected in the waste bag (e.g. platelets, fat, and clotting factors) are disposed of as clinical waste.
Cell salvage: the red blood cells are collected in a separate bag.
Reinfusion: collected red cells can be reinfused immediately or
up to 4 h after processing.

Special circumstances and intraoperative cell salvage
The decision to use blood contaminated with bacteria, amniotic
fluid, or malignant cells should be made by the clinicians caring
for the patient.

Malignancy
The manufacturers of ICS devices do not recommend their use
in surgery when the surgical site may contain malignant cells.
However, recent reports and studies have shown no difference in
recurrence risks or survival rates between those who received and
did not receive salvaged blood. This led to approval of the use of
ICS in urological malignancies by the UK National Institute for
Health and Care Excellence (NICE). There is also evidence that
blood filtration through leucodepletion filters also significantly
reduces transmission of malignant cells.

Obstetrics
There are concerns over the use of ICS and the risk of causing an
amniotic fluid embolus. In view that there are no proved cases
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Diagram of ICS set-up
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Figure 51.4 This diagram shows a schematic example of the intraoperative cell salvage set-up.
Drawn for the UK ICS Action Group by Medical Illustration Department –University of South Manchester NHS Foundation Trust. Reproduced with permission.

documented, NICE have approved the use in obstetrics. Again, the
use of leucodepletion filters significantly reduces contamination.
The rhesus status of the mother must also be checked during the
use of ICS in obstetric cases. If the mother is rhesus negative (and
fetus rhesus positive), they should undergo Kleihauer testing after
use to determine the extent of maternal exposure and given a suitable dose of anti-D immunoglobulin.
Reports collected by the UK haemovigilance organization SHOT
(Serious Hazards of Transfusion) have highlighted probable hypotensive episodes related to the use of near-patient leucocyte depletion filters in combination with warm salvaged red cells (Knowles
and Cohen 2010).

Bowel contamination
In this instance, the manufacturers of ICS devices do not recommend the use of ICS unless there is catastrophic haemorrhage,
although there is some evidence that there is no increase in postoperative infection or mortality. Cell salvage is not recommended by
the manufacturers in the presence of sickle cell disease, sickle cell
trait, and other red blood cell disorders.

Safety and management of intraoperative cell salvage
The successful use of ICS requires a team approach.
Recommendations state that a lead clinician, ideally working
in the theatre setting (i.e. consultant surgeon or anaesthetist),
should provide information, support, and direction in promoting
the service. A senior member of the theatre should be responsible for the organization and facilitation of the ICS service. All
staff operating the cell saver should undergo rigorous training
and supervision.

All cell salvage blood and procedures should be documented in
patients’ records. The UK Cell Salvage Action Group has developed
a generic label for salvaged blood. Any adverse events should be
reported to SHOT and the cell salvage service should be audited
regularly to maintain the highest achievable standard.
In many operations where blood loss is expected to be more than
1 litre, the use of intraoperative cell salvage has now become an
accepted and safe technique of minimizing operative blood loss.
The use of a special dual-lumen suction which delivers anticoagulant to the end of the collection tubing allows admixture of the aspirated blood with either acid citrate dextrose or heparinized saline
to prevent clot formation.
Aspiration from the wound, especially from pooled blood,
using a specially designed sucker without air inlets in its tip prevents turbulent flow and enhances red cell recovery as a result
of minimizing haemolysis of red cells. Limiting suction pressures
also helps as does the less acute angle and wider bore of the suction catheter.
The collected blood is stored in a cardiotomy reservoir until there
is sufficient blood to process. The use of ‘standby’ collection set-up
means that the full processing kit is only opened if sufficient blood
is collected, thus minimizing equipment costs. In standby mode,
only a cardiotomy reservoir suction line and anticoagulant is used.
In addition, if local information of expected blood loss and allogeneic blood transfusion usage is categorized by case complexity
and surgeon then the deployment of cell salvage can be made using
this local information, again enhancing the efficiency and cost-
effectiveness of its use.
Once collected the blood is washed, concentrated, and filtered
before reinfusion. In a situation of brisk bleeding, a unit of red cells
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can be processed in 10–15 min. One processing set can be used to
collect and wash many litres of blood in a massive haemorrhage situation and becomes a very cost-effective and immediately available
source of fresh red cells to aid the resuscitation process. It needs
to be remembered that most platelets and clotting factors will be
washed out of the resuspended red cells as the molecular weight of
both means that they are separated by the centrifugal method used
in these devices to separate plasma from the more dense red cells.
As shown in Figure 51.4, the salvage process can be set up to
allow continuous collection and either continuous or discontinuous processing depending on the rate of bleeding and the type of
machine used. The majority of such machines use a discontinuous
method of processing while the C.A.T.S.® device (Fresenius Kabi,
Bad Homburg, Germany) offers the opportunity to continuously
process blood as a result of its different centrifugal system and lends
itself to harvesting and processing of small volumes of red cells,
ideal for use in paediatric surgery where only small volumes will be
processed. See Figure 51.5.
Another advantage of the setting up of a continuous circuit is
one of relative continuity with the patient’s circulation, meaning
that some Jehovah’s Witness patients will accept collection and
reinfusion of their own red cells which helps towards a successful
outcome even in such extensive procedures as liver transplantation
and cardiac surgery.
The quality of blood produced despite the presence of activated
cytokines is very good and has a good 2,3-diphosphoglycerate

(DPG) and a low potassium content as the red cell membranes
remain active and therefore acidosis is minimized in massive
haemorrhage as the red cells start carrying oxygen immediately
after reinfusion.

Postoperative management
Postoperative cell salvage
Postoperative cell salvage is routinely used in some areas of surgical
practice (e.g. cardiac and orthopaedic surgery), especially total knee
arthroplasty (Bengtson et al. 1990; Newman et al. 1997; Weltert
et al. 2013). This technique involves the collection of postoperative blood loss into a wound drain that is then either filtered and
returned to the patient or washed before re-infusion. The volume
of blood required for the technique to be justified is approximately
400 ml or more, but this loss should occur within 6 h of wound closure (Faris et al. 1991; Healy et al. 1994). If the patient is a suitable
candidate for postoperative cell salvage it must be discussed with
them in advance and documented. It is paramount that a strict sterile approach is followed and manufacturer’s instructions followed.
A 40-micron filter must be used during re-infusion. Intravenous
fluids may be required in addition to salvaged blood. It is contraindicated if the patient declines the procedure. It cannot be used if
the surgical field is contaminated with povidone-iodine, chlorhexidine, hydrogen peroxide, and antibiotics and cannot be used
in patients with sickle cell disease, sickle cell trait, and other red

Red blood cells

8 µm in diameter
120 days and travels 300 miles
Flexible biconcave disc
Hb A MW 68 000 Daltons
640 million haemoglobin molecules
in a red cell

White blood cells

Centrifugal force

866

Platelets

Bacteria

Heparin, povidone-iodine, antibiotics
Heparin MW 15 000 – 18 000 Daltons

Figure 51.5 Diagrammatic representation of particle densities in whole salvaged blood to explain why the dense red cells are forced to the outside of the
centrifuge bowl.

867

chapter 51

cell disorders. It should be avoided in cases of known or suspected
infection or malignancy
An area where postoperative cell salvage is used extensively is in
the field of orthopaedic surgery. Joint replacement surgery used to
demand a very high level of allogeneic blood support but recent
practice has led to a significant reduction in this area. A Cochrane
review has shown that the various studies conducted over the
years indicate a significant risk reduction for allogeneic transfusion with both washed and unwashed methods of red cell salvage
(Carless et al. 2006). The combination of accepting a lower postoperative haemoglobin concentration combined with the use of
cell salvage has dramatically reduced the need for allogeneic blood
in the majority of these patients (Shenolikar et al. 1997; Thomas
et al. 2001).
The blood conservation theme has continued to develop in these
patients and the use of tranexamic acid has also reduced transfusion
requirements. The drive to ensure enhanced recovery after surgery
has led to the avoidance of wound drains, particularly in total knee
replacement. This is said to minimize postoperative bleeding and
the blood left in the joint does not seem to prevent early mobilization. Some surgeons are now advocating the use of no drainage
and the insertion of tranexamic acid and local anaesthetic into the
joint that minimizes blood loss and transfusion requirements and
enhances early mobilization. However, a recent report showed that
when properly blinded there was no difference in length of stay,
blood loss, or pain scores between conventional treatment which
included wound drainage (plus postoperative cell salvage) and
enhanced recovery from surgery (Liu et al. 2016). Nevertheless,
there was an increase in returns to theatre in the enhanced recovery from surgery group because of stiff knees and swelling and
fracture blisters, related to the injection of local anaesthetic in large
volumes.
Debate continues about the use of postoperative, unwashed cell
salvage blood which is merely filtered and then returned to the
patient (Vertrees et al. 1996). The re-infusate has a lower haematocrit and a large number of activated cytokines that may lead to
non-haemolytic febrile reactions (Southern et al. 1995; Muñoz
et al. 2005, 2006). Reports of decreased infection were not confirmed when reviewed by the Cochrane group but a study looking
at natural killer cell function showed a significant increase in their
numbers after re-infusion of wound drain blood (Mrózek et al.
1996; Tylman et al. 2001; Gharehbaghian et al. 2002, 2004; Dalén
et al. 2003; Islam et al. 2011).

Minimize phlebotomy
There are a number of studies that have shown the impact of frequent venesection during the postoperative period (Vincent et al.
2002; Corwin et al. 2004). Several strategies can be implemented
to decrease the effect of venesection. Obviously less frequent sampling and smaller samples will have an impact on patients who have
a prolonged recovery from surgery. In addition, capillary haemoglobin assessment as with HemoCue® (HemoCue AB, Ängelholm,
Sweden) or even a non-invasive haemoglobin monitor as with
Masimo continuous pulse oximetry to trend haemoglobin concentrations in the postoperative period until it is felt that a formal
laboratory test is required. Clearly in ITU patients other factors
may increase the risk of anaemia, such as postoperative bleeding,
development of acute kidney injury, and the suppressive effects on
the bone marrow as a result of chronic illness, ongoing infection,
and poor nutritional status.

blood conservation and transfusion in anaesthesia

Triggers to consider transfusion, liberal vs restrictive
transfusion practice
Transfusion triggers have been used in many ITUs since the publication of the TRICC study (Hebert et al. 1999; Carless 2010). Two
strategies can be described, one where a haemoglobin concentration
is chosen which may trigger a transfusion, the other may be a desired
target haemoglobin concentration (Carson et al. 1996, 2012).
One-unit transfusion may therefore be justified to achieve a target figure. Many clinicians, however, believe that a one-unit transfusion, 1 g litre−1 increase is rarely justified and probably not worth
giving for physiological needs, but that does depend on whether
oxygen delivery was critically necessary, that is, had a critical supply demand situation been reached? This is a very difficult decision
and not easily made as there are no objective measures that can be
easily used to help with this decision.

Oxygen postoperatively
The administration of added inspired oxygen ensures that the circulating haemoglobin is maximally saturated with oxygen and also
helps minimize any ventilation/perfusion shunt that may be present postoperatively as a result of atelectasis or pneumonic changes
in the postoperative patients who may have a distended abdomen
with diaphragmatic splinting and deep breathing inhibited as a
result of postoperative pain.

Iron and folic acid postoperatively
In patients who have a prolonged recovery from surgery, it may
be difficult to recommence a normal diet and patients will become
folate deficient very quickly and soon afterwards iron deficient,
even if the acute blood loss operatively had not decreased their preoperative iron stores.
Deep vein thrombosis prophylaxis needs to be considered carefully although this should be started as soon as possible in the postoperative period. In those patients who have experienced extensive
bleeding, prophylaxis is just as necessary as haemorrhage tends to
promote a prothrombotic state in the patient.

Summary
The art of blood conservation requires fastidious attention to
detail of the patient awaiting surgical intervention with measures
to boost preoperative haemoglobin concentrations without resorting to allogeneic transfusion, combined with organized anaesthetic
and surgical care to minimize operative blood loss and ensure
that operative losses are recycled where appropriate. Avoidance of
unnecessary allogeneic transfusion in the stable, non-symptomatic,
postoperative patient plays at least an equal part to the preoperative
and operative phases; it is important to treat the patient rather than
a laboratory value which always needs to be considered when low,
but only acted upon should the patient be symptomatic.
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CHAPTER 52

General principles
of regional anaesthesia
Andrew Berrill and Pawan Gupta
Brief history
Moreno y Maiz was the first researcher to study the medicinal
effects of cocaine in frogs and postulated that cocaine could be
used as a local anaesthetic. Later, Carl Koller demonstrated the
local anaesthetic effects of cocaine on the eye and this led to widespread use of cocaine for eye surgery (Koller 1884). Halstead performed the first regional block, a mandibular block, using cocaine
in 1885. However, the use of cocaine for local anaesthesia was not
without problems. Mattison published a paper on cocaine dosage
and cocaine addiction in 1887 after a Russian surgeon committed
suicide from ‘sorrow or remorse’ because of his belief that a patient
had died under his care from an overdose of cocaine. He collected
and reported 126 cases of cocaine-induced toxicity, many of which
were fatal (Mattison 1887). Research into local anaesthetics led to
the development of safer anaesthetics, for example, procaine and
lidocaine, which were introduced into anaesthetic practice in 1904
and 1943 respectively.
As safer local anaesthetics were introduced into clinical practice,
the popularity of regional anaesthetic techniques increased. In the
1950s, as concerns were raised regarding severe neurological damage (Kennedy et al. 1950), there followed a sharp decline in the use
of local anaesthetic techniques, especially spinal anaesthesia. Later,
with the emergence of several large case series demonstrating the
rarity of adverse neurological events, the use of local anaesthetic
techniques increased again.
The use of peripheral local anaesthetic techniques has developed rapidly as more accurate methods of identifying nerves have
emerged. The use of peripheral nerve stimulation was a major
advance but the availability of portable high-definition ultrasound
has led to an exponential increase in the use of regional techniques.
Ultrasound-guided nerve block has led to a resurgence in the use of
some older techniques (e.g. supraclavicular block and rectus sheath
block) and the development of new approaches (e.g. pecs and serratus plane block) (Blanco et al. 2013). Evidence is emerging that
the use of ultrasound may be associated with fewer complications
(Barrington and Kluger 2013).

Factors affecting action of local anaesthetics
Local anaesthetics produce a reversible block of conduction
along the nerve axons. Chemically, local anaesthetics are made
up of a lipophilic aromatic ring and a hydrophilic amine that are
linked together by an ester or amide bond. This forms the basis

of classification of local anaesthetics into ‘ester’ and ‘amide’ local
anaesthetics. Local anaesthetics can be applied topically over the
skin, mucous membranes, subcutaneously, or injected directly
around the nerves. If applied on the skin (EMLA® cream—eutectic
mixture of local anaesthetics), dermal analgesia requires a contact
time of about 30–60 min to allow the drug to penetrate 3–5 mm
under the skin. On the other hand, if local anaesthetics are injected
subcutaneously, the response is evident more quickly (i.e. 1–5 min)
as the drug is being injected directly near the site of action.
The duration of the action of the drug depends upon the
local blood flow, presence of vasoconstrictors, and local anaesthetic agent itself. High lipid solubility and low protein binding
favour high tissue uptake. Local anaesthetic drugs are continuously metabolized and excreted. While ester local anaesthetics
are metabolized by plasma esterase, amide local anaesthetics are
metabolized in the liver and their metabolites excreted in the
urine. Local anaesthetic bound to proteins acts as a reservoir
replenishing the free amount as it is metabolized and excreted,
thus determining the duration of action. Cm is the minimum concentration of the local anaesthetic that is needed to block action
potential generation and nerve impulse generation. This mainly
depends on lipid solubility. Lidocaine has a high lipid solubility,
and therefore has a low Cm. The onset of action for local anaesthetics depends upon the pKa which is defined as the pH at which
the amount of ionized (charged) and unionized (uncharged)
drugs are equal. Local anaesthetics have to enter the nerves to
block conduction and can only enter the nerves in the unionized
form. Therefore, the more unionized the drug, the faster would be
the onset of action. This means that a high pKa is associated with
a fast onset of action.
In summary, the potency, onset of action, and duration of action
of local anaesthetics depends upon the lipid solubility, dissociation
constant (pKa), and plasma protein binding (α1-acid glycoprotein)
respectively. Table 52.1 shows the commonly used local anaesthetics and their pharmacokinetic characteristics.

Recommended doses of local anaesthetics
Local anaesthetic overdose can be potentially fatal. The ester and
amide local anaesthetics cause toxicity by different mechanisms.
The ester local anaesthetics are hydrolysed by plasma esterases,
which lead to formation of para-aminobenzoic acid that can lead
to anaphylactic reactions. On the other hand, amide-linked local
anaesthetics are metabolized in the liver and the metabolites

874

874

Part 8

regional anaesthesia

Table 52.1 Characteristics of local anaesthetic agents
Local anaesthetic

Type

Lipid solubility
(relative)

Potency

pKa

Onset of action

Plasma protein
binding %

Duration of
action

Procaine

Ester

1

1

8.9

Slow

6

Short

Chloroprocaine

Ester

1

1

9.0

Fast

–

Short

Tetracaine

Ester

8

200

8.5

Slow

75

Long

Prilocaine

Amide

2

50

7.8

Fast

55

Medium

Lidocaine

Amide

2

200

7.8

Fast

64

Medium

Mepivacaine

Amide

2

50

7.6

Fast

78

Medium

Bupivacaine

Amide

8

1000

8.1

Medium

95

Long

Levobupivacaine

Amide

8

1000

8.1

Medium

95

Long

Ropivacaine

Amide

6

400

8.1

Medium

94

Long

are excreted in urine. Amide local anaesthetics cause toxicity by their direct action on different ion channels. Amide local
anaesthetics are metabolized by the microsomal enzymes in the
liver. Prilocaine is metabolized in the liver and kidney. One of
its metabolites, ortho-toluidine, can accumulate after repeated or
large doses. Ortho-toluidine can convert haemoglobin to methaemoglobin, limiting its ability to bind to oxygen, potentially leading to hypoxia.
Local vascularity and patient co-morbidities also impact the
severity of toxicity. Local anaesthetics are bound to α1-acid glycoprotein in plasma, and conditions where the concentration
of α1-acid glycoprotein is decreased are associated with higher
concentrations of free drug and hence higher toxicity. High
cardiac output states such as hyperthyroidism and pregnancy

increase the rate of absorption from the local site of injection, and
increase the likelihood of toxicity. Patients with problems of cardiac conduction, or mitochondrial defects, are also at a higher
risk. The risk of toxicity is also increased in uraemia as the renal
clearance is reduced and the rate of absorption is increased. The
signs and symptoms of toxicity may be delayed because of prolonged absorption as a result of decreased muscle mass in elderly
patients. A reduction in hepatic function (cirrhosis) or liver blood
flow (congestive heart failure) reduces the rate of clearance and
predisposes patients to local anaesthetic toxicity. While reducing
the dose will increase the risk of inadequate analgesia/anaesthesia, a large dose increases the risk of toxicity. Table 52.2 shows the
maximum recommended doses of local anaesthetics in different
parts of the world.

Table 52.2 Maximum recommended doses of local anaesthetics
Local anaesthetic

Medicines and Healthcare
products Regulatory
Authority (UK)

Europe

USA

Our recommendations

Procaine

500 mg
Maximum 1 g

500 mg

500 mg

500 mg

Chloroprocaine

50 mg (spinal)

–

800 mg

50–800 mg

Tetracaine (amethocaine)

Eye drops only

–

–

–

Prilocaine

400 mg

400 mg
600 mg (with adr)

400 mg
600 mg (with adr)

6 mg kg−1
8 mg kg−1 with adr

Lidocaine

200 mg
500 mg (with adr)

200 mg
500 mg (with adr)

300 mg
500 mg (with adr)

200 mg
500 mg (with adr)

Mepivacaine

0.75 mg kg−1

350 mg
350 mg (with adr)

400 mg
550 mg (with adr)

0.75 mg kg−1

Bupivacaine

175 mg

150 mg

175 mg

150 mg

Levobupivacaine

150 mg

150 mg

150 mg

150 mg

Ropivacaine

3 mg kg−1

225 mg

225 mg

3 mg kg−1
Max. 225 mg

adr, adrenaline (epinephrine).
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Methods of identification of nerves
Anatomical landmarks
The most important factor that determines the success of a block is
detailed knowledge of the surface and deeper anatomy of the target
nerves. Many of the nerves in the human body form a part of a neurovascular bundle and their position can be estimated by relating it to
the surrounding muscles and bones. Most blocks, such as supraclavicular block (contact with first rib), have previously been performed
using the anatomical approach. Inter-individual variation in anatomy
(Retzl et al. 2001) makes the success rate unpredictable and usually
large amounts of local anaesthetics are injected to increase the chance
of achieving the desired block. Peripheral nerve blocks performed
with anatomical landmarks to localize nerves are therefore associated
with a higher risk of failure and local anaesthetic toxicity.

Paraesthesia
Direct contact of any nerve with a needle may elicit paraesthesia.
Needle-induced paraesthesia was a popular technique for nerve
localization before the introduction of peripheral nerve stimulators.
However, paraesthesia is unpredictable and is estimated to have a sensitivity for nerve localization of 38% (Perlas et al. 2006). Paraesthesia
is also subjective and can be unpleasant. Clearly, the patient has to be
conscious, cooperative, and able to reliably report any paraesthesia.
Use of paraesthesia to localize nerves is not recommended.

Peripheral nerve stimulator

Strength of stimulus (mA)

A peripheral nerve stimulator helps in localizing nerves by observation of twitches in the muscles supplied by the nerve elicited using
an insulated needle. A minimum current (rheobase) is required to
be applied for sufficient duration to elicit a response. The ‘chronaxie’
is defined as the stimulus duration that produces a response when
the magnitude of the stimulus is twice the ‘rheobase’ (Fig. 52.1).
The chronaxie for different nerve fibres (i.e. C and Aα) lies between
0.05 and 0.40 ms.
Modern nerve stimulators allow alteration of the current, pulse
duration, and frequency of impulses. While lower frequencies may
increase the time it takes to perform the block, higher frequencies

2 × rheobase

Rheobase

Chronaxie

Duration of stimulus (ms)

Figure 52.1 Strength–duration curve for peripheral nerve stimulation.
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are uncomfortable for the patient. Therefore, a frequency that allows
the nerve action potential to return to baseline and is least uncomfortable to the patient should be used. The recommended initial settings of the peripheral nerve stimulator for peripheral nerve blocks
are current 1–2 mA, pulse duration 0.1 ms, and frequency 1–2 Hz.
Elicitation of muscle contraction between 0.4–0.5 mA is considered
ideal for injection of local anaesthetic. If a response is obtained at a
current amplitude of 0.3 mA or less, the needle is likely to be intraneural, thereby increasing the chances of nerve injury. However,
if the contractions are obtained at greater than 0.5 mA, the needle
may not be near the nerve, thereby increasing the chances of failure. However, a stimulus of 0.5 mA has a sensitivity of only 74.5%
in producing a motor response when the needle is adjacent to the
nerve (Perlas et al. 2006). Peripheral nerve stimulators are therefore better than paraesthesia for nerve localization, but do not offer
complete protection against nerve injury or failed block.

Ultrasound
Ultrasound allows real-time visualization of the block and is
regarded as a gold standard in regional anaesthesia (Hopkins 2007).
Ultrasound has been recommended for peripheral nerve blocks by
national bodies such as the National Institute for Health and Care
Excellence in the United Kingdom. An ultrasound probe consists
of multiple piezoelectric crystals. These crystals vibrate at a high
frequency when an alternating current is applied, which creates an
ultrasound wave. This wave travels in the body at a constant speed
(v). It is an acoustic (sound) wave which has a characteristic wavelength (λ) and frequency (ƒ). The relationship between the three is
shown in equation (52.1):

ν=f ×λ

(52.1)

The piezoelectric crystals in the ultrasound probe repeatedly switch
between the emitter and receiver mode at about 7000 times per second. The ultrasound wave emitted by the probe is reflected back
by the tissues and makes the piezoelectric crystals vibrate again.
This vibration is converted to an electrical energy and generates an
image on the machine. As this process happens at about 7000 times
per second, the image on the ultrasound machine appears continuous and in real time.
Real-time visualization of the needle, nerves, blood vessels, muscles, bones, and other surrounding structures reduces the chances
of complications and increases the chances of success. An understanding of ultrasound machines is essential for the safe use of
this equipment. Three main factors that play an important role in
optimization of the ultrasound machine image are the frequency
of the ultrasound probe, gain, and angle of the probe to the skin.
Ultrasound probes come in different shapes and frequencies.
Curvilinear probes have lower frequencies. Lower-frequency ultrasound waves penetrate deeper and are therefore good for deeper
structures. This, however, compromises the quality of the image
(resolution). Straight probes have higher frequencies and are generally used for superficial structures. The frequency of ultrasound
probes varies between 2 and 18 MHz and can be adjusted. The
other important adjustable setting on the ultrasound machine is the
‘gain’ which allows brightening/lightening of the image at the level
of interest. Nerves may appear hyperechoic (white) or hypoechoic
(black) depending upon the surrounding structures and the angle
of the probe to the skin. The best images of any nerve are obtained
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when the ultrasound probe is perpendicular to the nerve. As the
course of nerves inside the body is not parallel to the skin, adjustments to the probe–skin angle are required to get the best image
(anisotropy). The needle may be inserted along the long axis of
the probe (in-plane) or perpendicular to the long axis of the probe
(out-of-plane approach). The in-plane approach allows visualization of the full length of the needle, and is therefore safer as compared to the out-of-plane approach.
In summary, the first step in performing any nerve block is establishing familiarity with the relevant anatomy. If the anaesthetic practitioner is not aware of the detailed anatomy of the relevant nerve, a
nerve block should not be attempted. The next step is localization of
the nerve using ultrasound in combination with a peripheral nerve
stimulator, ultrasound alone, or peripheral nerve stimulator alone. The
final step is injection of local anaesthetic in the safe dose range which
is determined by the site of nerve block and patient characteristics.

Types of needle
The incidence of nerve injury after peripheral nerve blocks is reported
to be between 1:1000 and 1:10 000. Nerve damage could be attributed
to chemical injury by the local anaesthetic or adjuncts, pressure effects
from intraneuronal injection, or mechanical damage by the needle.
The gauge and the angle of the bevel of the needle play a major role
in mechanical nerve injury. The gauge of the needle is dictated by the
depth of the nerve. Very small-gauge needles bend inside the body
making it difficult to reach deeper structures. Twenty-to twenty-four-
gauge needles are recommended for peripheral nerve blocks.
Long-bevel (Stimuplex® D, 15°) (B. Braun, Melsungen, Germany),
medium-bevel (Stimuplex® A, 30°) (B. Braun), and short-bevel
(Polymedic® US needle, 45°) (Polymedic, Singapore) needles are
available for peripheral nerve blocks. A long bevel increases the
chance of nerve puncture as compared to a short-bevel needle
(Selander et al. 1979). On the contrary, the severity of nerve injury
with a long-bevel needle is postulated to be less than a short-bevel
needle (Rice and McMahon 1992). Therefore, medium-bevel (30°)
needles are used by most anaesthetists.
Needle visualization under ultrasound is a limiting factor for
deep nerves. The angle of insertion relative to the ultrasound probe
is an important factor in needle visualization. As the angle of insertion becomes greater than 45°, all reflected ultrasound waves are
directed away from the probe and needle visualization may not be
possible. Ultrasound manufacturers use technology such as ‘multi-
beam technology’ (e.g. SonoSite MB™, Fujifilm Sonosite, Bothell,
WA, USA) to improve visualization at steeper angles.
When the angle of needle insertion is very steep or in an out-
of-plane approach, tissue movement may be the only indicator of
needle tip position. A rule of thumb for safe conduct of ultrasound-
guided nerve blocks is that the needle should not be advanced unless
the operator is aware of the position of the needle tip. Injection of
a small amount of saline can be used as a guide to determine needle position to confirm needle tip position. Alteration to the needle
outer surface has also been shown to improve needle visualization
under ultrasound (e.g. Ultraplex® B. Braun, Melsungen, Germany).

Role of adjuncts
Peripheral nerve blocks can either be used as the sole anaesthetic
or for postoperative analgesia. The main limitations of single-dose

Table 52.3 Local anaesthetic adjuncts for peripheral nerve blocks
Adjunct

Effect on

Amount used

Evidence

Onset Duration Safe
dose
Adrenaline
(epinephrine)

√

√

√

2.5–5.0 µg ml−1

Yes

Clonidine

X

√

X

30–300 µg

Yes

Dexamethasone

X

√

X

4–8 mg

Yes

Sodium bicarbonate X

√

X

0.1–1 mEq

Uncertain

Tramadol

X

√

X

50–200 mg

No

Buprenorphine

X

√

X

0.1–0.3 mg

No
No

Midazolam

X

√

X

50 µg kg−1

Magnesium

X

√

X

50–100 mg

No

X

1 µg kg−1

No

Dexmedetomidine

X

√

peripheral nerve blocks are the delay in onset time, safety of the
dose required, duration of action, and the risk of local anaesthetic
toxicity secondary to intravascular injection. Various adjuncts have
been used which affect these characteristics of the local anaesthetics. Table 52.3 shows the adjuncts used and the impact on clinical
practice.
Out of these, only sodium bicarbonate, adrenaline (epinephrine),
clonidine, and dexamethasone are discussed as only these agents
have been shown to have a potentially useful effect.

Sodium bicarbonate
The pH of the pharmaceutical preparations of amide local anaesthetic solutions varies from 3.5 to 6.5 to ensure their stability
and to increase shelf-life. The addition of adrenaline further
reduces the pH of the local anaesthetic mixture. The pKa of local
anaesthetic agents lies between 7.6 and 8.1. Sodium bicarbonate
solution has a pH of 8.4 and addition of sodium bicarbonate
(0.05–1.0 ml) helps by increasing the pH of the local anaesthetic
solution, thereby bringing the pH of the local anaesthetic mix
towards the pKa. An increase in pH of the solution by 1.0 leads
to a 10-fold increase in the unionized form. This is postulated to
lead to a faster onset, increased success rate, and a denser block.
However the evidence to support the use of sodium bicarbonate is inconsistent (Capogna et al. 1989; Verborgh et al. 1991;
Benzon et al. 1993; Ramos et al. 2001). The addition of too much
sodium bicarbonate can lead to precipitation of local anaesthetic
which reduces the potency and efficacy of the local anaesthetic.
The reduction in the local anaesthetic onset time for peripheral
nerve blocks is not clinically significant (Capogna et al. 1995).
Routine use of sodium bicarbonate for peripheral nerve blocks is
therefore not recommended.

Adrenaline (epinephrine)
Adrenaline acts by causing localized vasoconstriction, thereby
decreasing the rate of uptake of local anaesthetic from the site
of injection. Local anaesthetic is absorbed more slowly into the
circulation and the peak plasma concentrations are reduced by
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30–50% (Braid and Scott 1966; Raj et al. 1977). Adrenaline therefore increases the time to onset, duration of block (30–70%), and
safe dose of local anaesthetics. Addition of adrenaline also helps
in detection of inadvertent intravascular injection. Infiltration of
adrenaline-containing local anaesthetics also helps by providing an
avascular field and better identification of fascial planes.
Addition of adrenaline 1:400 000 (2.5 µg ml−1) does not reduce
the nerve blood flow (Partridge 1991) and leads to increases in the
duration and safe dose of local anaesthetics (Bernards and Kopacz
1999). A lower concentration (i.e. 1:400 000) is recommended for
peripheral nerve blocks to minimize its impact on neuronal blood
flow. A higher concentration (1:200 000) is suggested where the
principal purpose of the addition of adrenaline is to detect intravascular injection.

that regional anaesthetic techniques should be performed ‘awake’
other than isolated case reports. In a series of 4298 patients receiving lumbar epidural in combination with general anaesthesia, no
neurological complications were recorded related to the block technique (Horlocker et al. 2003).
Many sedative techniques can be used to supplement regional
block. The presence of a trained member of staff able to converse
with the patient usually is sufficient to provide adequate support
and reassurance for the patient. Where light sedation is deemed
necessary, increments of midazolam (1–2 mg), propofol (10–20
mg), or fentanyl (25–50 mcg) are commonly used. The use of
general anaesthesia may be necessary in some instances but there
is the risk of profound hypotension if combined with central
neuraxial block.

Clonidine

Complications of nerve blocks

Addition of clonidine has been shown to increase the duration of
surgical anaesthesia, postoperative analgesia (Singelyn et al. 1996),
and improve haemodynamic stability (Gaumann et al. 1992a)
with local anaesthetics. These effects are more evident with local
anaesthetics that have a medium duration of action. The exact
mechanism of action is not clear although it has been shown that
clonidine has a local (Gaumann et al. 1992b) rather than a central
effect (Singelyn et al. 1992).

Dexamethasone
Addition of dexamethasone phosphate (4–8 mg) has been shown
to prolong the duration of analgesia after peripheral nerve blocks.
The increase in duration is variable, from 2 h to more than 24
h. The exact mechanism of this effect is not known, although its
direct action on C fibres (Williams et al. 2009) and a systemic
effect (Desmet et al. 2013) after absorption have been postulated.
A recent meta-analysis recommended the use of dexamethasone
for brachial plexus block (Choi et al. 2014). More research, however, is required before its use and safety can be fully established in
peripheral nerve block.

Aspects of management of nerve blocks
Consent
One of the key elements of success in regional anaesthesia is adequate
preoperative preparation of the patient. The use of information such
as patient leaflets, websites, DVDs, and so on can be a useful adjunct
to a verbal explanation of the proposed techniques. Regional anaesthetic techniques may have particularly beneficial effects for patients
with intercurrent illnesses (Gupta and Hopkins 2012).
A full explanation of the intended technique should be given
along with the side-effects and complications. Cooperation of the
surgical team is important and it is courteous to discuss the regional
anaesthetic proposed. Clear documentation of the benefits and risks
discussed should be made and filed within the patient record.

Use of sedation or general anaesthesia
Regional anaesthesia may be performed in the awake patient with
or without sedation, or under general anaesthesia. Under heavy
sedation or general anaesthesia, the patient may not be able to
report pain, paraesthesia, or both, and therefore the risk of complications may be increased (Bromage and Benumof 1998; Benumof
2000). However, there is little evidence to support the assertion

Serious complications of nerve block are uncommon. A prospective study in France found the incidence of cardiac arrest and neurological injury to be very low but greater with spinal anaesthesia
than after other regional techniques. Interestingly, two-thirds of
patients with neurological deficits had either paraesthesia during needle placement or pain on injection (Auroy et al. 1997). An
Australian prospective audit of neurological complications after
peripheral nerve block found an incidence of block-related nerve
injury of 0.4 per 1000 blocks, similar to the overall incidence in the
French study of 0.02% (Barrington et al. 2009).

Systemic toxicity
Please refer to Chapter 17.

Neurological complications
Central neuraxial blocks
Incidence
The Royal College of Anaesthetists Third National Audit Project
collected information on complications of neuraxial block over a
period of a year. An estimate of the total numbers of procedures
performed was extrapolated from a 2-week survey. The overall
incidence of permanent injury was between 2 and 4.2 per 100 000
procedures (Cook et al. 2009). While the incidence of serious complications is low, the outcome may be devastating.
Direct injury
In most adults the spinal cord terminates at L1–2 and therefore
spinal anaesthesia is performed at L3/4 or below. Identification
of Tuffier’s line (at the level of the iliac crests, usually corresponding to the L4/5 interspace) is traditionally used to help identify the
appropriate interspace. Errors in identifying the correct level have
been implicated in a series of patients with damage to the spinal
cord from needles (Reynolds 2001). There is emerging evidence of
the usefulness of ultrasound in identifying landmarks for neuraxial
block (Perlas 2010).
During epidural placement, there is increased resistance to
needle advancement through the ligamentum flavum and a subsequent loss of resistance when the epidural space is entered. In
some cases, the ligamentous structures may be deficient in the
midline, leading to a lack of resistance and potential damage to
the spinal cord. Interestingly, spinal anaesthesia has been deliberately performed at the mid-thoracic level without sequelae (van
Zundert et al. 2007).
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Haematoma
Development of a haematoma in the vertebral canal is a serious
occurrence as there is limited space and compression of the spinal
cord and increased cerebrospinal fluid pressure leads to a high risk
of neurological damage. Epidural haematomas can occur spontaneously. Structural abnormalities of the spinal canal (e.g. degenerative
diseases) may increase the risk as can abnormal postural positioning (Beloeil et al. 2003). Around two-thirds of patients with a vertebral canal haematoma have a coagulation abnormality and most of
these are associated with drug therapy (Vandermeulen et al. 1994).
Guidelines to assist decision-making regarding regional anaesthesia and disorders of coagulation have been published by national
associations (Horlocker et al. 2010; Harrop-Griffiths et al. 2013).
Infection
Epidural abscess and meningitis can occur both spontaneously and
in association with neuraxial block. The risk factors for epidural
abscess include immunosuppression (e.g. corticosteroid therapy),
difficult neuraxial block and duration of catheterization (Grewal
et al. 2006). Typically, epidural abscess presents with severe back
pain and presence of a neurological deficit. However, the presentation may be more vague and may lead to a delay in diagnosis if a
high index of suspicion is not maintained.
Injury from solutions injected
Local anaesthetic solutions used for neuraxial block should be preservative free. While local anaesthetic solutions do not cause neural
damage in normal conditions, concerns were raised after reports of
occurrence of cauda equina syndrome in patients receiving spinal
anaesthesia via fine-bore intrathecal catheters (Rigler et al. 1991).
Most of these cases involved the use of lidocaine 5% and it was postulated that a combination of maldistribution and a relatively high
dose of local anaesthetic resulted in neurotoxicity.
Many agents have been used as adjuncts for neuraxial analgesia and while beneficial analgesic effects have been demonstrated,
there is little safety data available.
Accidental contamination may occur with the solutions used
to provide asepsis for skin preparation. These have been implicated as a cause of chronic adhesive arachnoiditis (Rice and
McMahon 1992). It is important to allow the antiseptic skin preparation solution to dry fully on the skin before proceeding with
neuraxial block.
Management
A rapid assessment should be performed on any patient receiving a
neuraxial block who presents with back pain, increasing numbness,
or loss of motor power. In patients with continuous infusions, the
infusion should be stopped and signs of block regression looked for.
If there is any concern regarding an epidural haematoma or
abscess, urgent imaging (normally magnetic resonance imaging)
should be sought and urgent surgery performed where necessary.

Peripheral nerve blocks
Direct nerve injury
Peripheral nerves are covered by three layers of tissue: the epineurium, perineurium, and endoneurium. Injection within the perineurium potentially can cause significant injury (Hadzic et al.
2004). Injury to the nerve may be caused by direct trauma or by the
effects of high pressure within the nerve. It has been suggested that
short-bevel needles are less likely to cause nerve injury (Selander
et al. 1977).

Nerve injuries can be classified into neurapraxia, axonotmesis,
and neurotmesis (Seddon 1943). Neurapraxia refers to nerve dysfunction occurring from focal demyelination. The axons and connective tissues remain intact and recovery typically occurs in 6–8
weeks although some lesions may take several months to recover.
Axonotmesis refers to disruption of axons but with intact connective tissue. As the nerve sheath is intact, axonal regeneration can
take place though this may take several months as nerve fibres
regenerate at 1–2 mm day−1. Neurotmesis refers to complete interruption of the nerve. As nerve endings may be completely separated, effective recovery does not occur. Surgical exploration and
nerve grafting may be required to enable recovery.
Numerous clinical indicators have been suggested as signs of intraneural placement of the needle and local anaesthetic. These include
pain on needle placement or injection of local anaesthetic (or both),
high injection pressure (Hadzic et al. 2004), low current threshold
(<0.4 mA) (Chan et al. 2007), and evidence of expansion of nerve
observed on ultrasound (Chan et al. 2007). Methods to avoid intraneural needle placement may reduce the risk of damage from direct
needle trauma and compression from injection of local anaesthetic.
Newer techniques such as sub-paraneural injection of the distal sciatic
nerve in the popliteal fossa may potentially increase the risk of trauma
because of the close proximity of nerve to needle (Abdallah and Chan
2013). The relationship of intraneural injection to the subsequent
frequency of nerve damage is controversial, with several reports of
inadvertent neural puncture occurring during regional anaesthesia without subsequent neurological damage (Bigeleisen 2006; Sala
Blanch et al. 2009). Intraneural needle placement and injection
should, however, be avoided until there is a greater body of evidence.
Injury from solutions injected
Little evidence exists that local anaesthetics have adverse effects
on peripheral nerves in concentrations that are used clinically. It is
prudent, however, to use the lowest concentration of drug that will
produce the desired effect (Lambert et al. 1994).
Other factors
Many factors may lead to peripheral nerve injury such as direct surgical injury, haematoma formation, pressure from tourniquets, and
poor positioning of the patient. Patients with pre-existing neurological injury (e.g. from diabetes mellitus or chemotherapy) may be
at an increased risk for block-related nerve injury although there is
little evidence to substantiate this. Consideration may be given to
limiting the dose or concentration, or both, of local anaesthetic and
avoiding the use of vasoconstrictors (Neal et al. 2008).
Management
Complete absence of nerve function beyond the expected duration
of local anaesthetic should prompt immediate neurological consultation and evaluation. Magnetic resonance imaging may be useful
in evaluating nerve lesions and, rarely, surgical exploration may be
required.
Where nerve lesions are incomplete, prompt neurological evaluation should be sought and consideration given to early electrophysiological studies to establish baseline values and any pre-existing
lesions (Neal et al. 2008). It is important that both anaesthetist and
surgeon are fully involved with investigation and follow-up of suspected nerve injury. Factors not related to the specific anaesthetic
technique should be explored. Most symptoms of nerve injury
resolve in 4–6 weeks in 95% of patients and in 99% after 1 year
(Borgeat et al. 2001).
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Clinical pearls
Performing peripheral nerve blocks can be made safer by applying
the following principles.

Fractionation of doses
Injection of small amounts of local anaesthetics (2–3 ml) probably may not lead to permanent nerve injury (Bigeleisen 2006).
We therefore recommend injection of only a small amount of local
anaesthetic solution at any one place and then re-directing the needle to another area around the nerve rather than injecting a large
amount of local anaesthetic at one place. This also decreases the risk
of local anaesthetic toxicity as a result of inadvertent intravascular
injection of a large amount of local anaesthetic.

Local anaesthetic dose
The lowest possible dose should be used for any nerve block. This
will vary with the anaesthetist’s experience. Volumes as low as
4–5 ml have been shown to produce successful blocks with similar
duration of analgesia and fewer side-effects (O’Donnell and Iohom
2009; Gautier et al. 2011).

Regular aspiration
Regular intermittent aspiration is essential to determine intravascular injection.

Addition of adrenaline
Adrenaline should be used only if indicated as it may decrease neural
blood flow and contribute to neurapraxia. A concentration of 1:400
000 is recommended for use with peripheral nerve blocks if indicated.

Hydro-dissection
Injection of small amounts of saline or local anaesthetic helps to
confirm the position of the needle and spread of local anaesthetic
under ultrasound.

In-plane approach
Ultrasound is recommended for peripheral nerve blocks.
Wherever possible, an in-plane approach should be used for
peripheral nerve blocks as it allows full visualization of needle,
thereby reducing the chances of damage to nerve and surrounding structures.
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None declared.
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CHAPTER 53

Regional anaesthesia
of the trunk
Andrew Berrill, Will Jones, and David Pegg
Neuraxial anaesthesia
Neuraxial anaesthesia encompasses a range of techniques such as
spinal, epidural, combined spinal–epidural (CSE), and caudal, all
of which involve the injection of drugs into the spinal canal. These
techniques can provide highly effective pain relief, improve patient
satisfaction, and reduce postoperative morbidity. Approximately
700 000 such procedures are performed annually in the United
Kingdom, with very few major complications (Cook et al. 2009).

Spinal anaesthesia
Background
The first operation carried out under spinal anaesthesia was performed in 1898 by August Bier (Bier 1899). Using a subarachnoid
injection of cocaine, he successfully anaesthetized a series of six
1
2
3
4
5
6
7
1
2

Anatomy
In order to perform neuraxial anaesthesia, knowledge of the
anatomy of the vertebral column, spinal cord, and spinal nerves is
essential. The vertebral column consists of 33 vertebrae: 7 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 4 coccygeal. The upper
24 vertebrae are articulating, with vertebral bodies separated by
intervertebral discs, while the lower 9 vertebrae are fused, 5 as
the sacrum, and 4 as the coccyx. The vertebral column contains
three distinct curves; the cervical and lumbar regions are both
convex anteriorly, whereas the thoracic region is convex posteriorly (Fig. 53.1).
A typical vertebra consists of an anterior segment, called the
body, and a vertebral arch posteriorly. The arch consists of two
pedicles and two laminae, which support seven processes: four
articular, two transverse, and one spinous. This arch encloses the
vertebral foramen. Articulation of the vertebrae forms a strong
column, which supports the head and neck. The vertebral canal is
formed by the vertebral foraminae, and offers protection to the delicate spinal cord. Between each pair of vertebrae are two intervertebral foramina, one on each side, which allow transmission of the
paired spinal nerves and vessels (Fig. 53.2).
The vertebral column is held together by five ligaments
(Table 53.1 and Fig. 53.3).
In adults, the spinal cord extends from the foramen magnum to
the level of L1–2 where it tapers and terminates as the conus medullaris. It is 40–50 cm in length and 1–1.5 cm in diameter. Nerve
roots emerge from each side to form 31 pairs of spinal nerves:
8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal. These
spinal nerves convey motor and sensory information to and from
all parts of the body.
The spinal cord is surrounded by three membranes: the dura
mater outermost, the arachnoid mater, and the pia mater innermost (Table 53.2).

3
4
5
6
7
8
9

Cervical

Thoracic

10
11
12
1
2
3
Intervertebral
foramina

Lumbar

4
5

Sacrum

Coccyx

Sacral
hiatus

Figure 53.1 Lateral and posterior views of the vertebral column.
Reproduced with permission from Parkin, I., and Chambers, A. ‘Anatomy and physiology of
the vertebral canal’, in McLeod, G. et al., Principles and Practice of Regional Anaesthesia, Fourth
Edition, 2012, Figure 12.1, Page 113, with permission from Oxford University Press.
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and lower notches

Table 53.1 Ligaments of the vertebral column

Sup. art. process

Transverse process

Spine

Body

Inf. art. process

Ligament

Description

Supraspinous ligament

Situated most posteriorly. Connects
the tips of the spinous processes from
C7 to the sacrum

Interspinous ligament

Connects the lower edge of one
spinous process to the upper edge of
the next

Ligamentum flavum

Connects the lamina of the vertebrae,
from C2 to the sacrum. Thinnest in
the cervical region, becoming thicker
further down the vertebral column

Posterior longitudinal ligament

Extends along the posterior surfaces
of the vertebrae, from C2 to the
sacrum

Anterior longitudinal ligament

Extends along the anterior surface of
the spine for the whole length of the
vertebral column

and facet
Sup. art. process
and facet

Transverse process

Inf. art. process
Lamina

Inf. and
Sup. art. facets

Transverse process
Pedicle

Body

Vertebral foramen

Figure 53.2 Anatomy of a typical vertebra.
Reproduced with permission from Parkin, I., and Chambers, A, ‘Anatomy and physiology of
the vertebral canal’, in McLeod, G. et al., Principles and Practice of Regional Anaesthesia, Fourth
Edition, 2012, Figure 12.2, Page 114, with permission from Oxford University Press.

patients for lower limb surgery, after which Bier and his assistant
both performed subarachnoid injections upon each other. During
the first half of the twentieth century, spinal anaesthesia became an
increasingly popular technique, but its use declined during the 1950s
and 1960s following improvements in general anaesthetic techniques
and reports of major complications in patients undergoing relatively
minor procedures (Cope 1954). In recent decades, it has increased in
popularity again, as it is a reliable and relatively simple form of anaesthesia to perform that is suitable for numerous clinical situations.

Anatomy
Spinal anaesthesia involves the injection of a small amount of
local anaesthetic into cerebrospinal fluid (CSF) located within the

subarachnoid space. In the adult, the spinal cord most commonly
ends at the level of the lower margin of the first lumbar vertebra but
there is variability in this anatomical relationship, with the spinal
cord extending to the second lumbar vertebra in 12–18% of the normal population, and to between the second and third lumbar vertebrae in 1–2%. In order to minimize the risk of needle trauma to
the spinal cord, the most caudad possible of the intervertebral spaces
between the third and fourth lumbar vertebrae (L3/4), the fourth
and fifth lumbar vertebrae (L4/5), or the fifth lumbar vertebra and
the sacrum (L5/S1) should be used (Reynolds 2000, 2001). If more
cranial intervertebral spaces are used there is increasing risk of spinal cord damage. Some older textbooks suggest that L2/3 is a suitable level for spinal anaesthesia but evidence published in the early
years of the new millennium demonstrated that this carried too high
a risk of spinal cord damage. An imaginary line connecting the two
iliac crests, called Tuffier’s or the intercristal line, commonly crosses
the spine at the L4 level, allowing estimation of a suitable interspace.
However, it has been shown that it is difficult to accurately predict the
level of the interspace using this technique (Broadbent et al. 2000).
Spread of local anaesthetic within the CSF results in rapid and
dense block of the lower spinal nerve roots. This block is usually
complete below the level of injection, with a reducing level of block
spreading cranially. Sympathetic fibres are most sensitive, and will
be blocked two to four segments higher than the moderately sensitive sensory fibres, which in turn, will be blocked two to four segments higher than the least sensitive motor fibres.

Indications
Spinal anaesthesia is commonly used for surgical procedures below
the level of the umbilicus. High spinal block is now rarely used
for procedures above this level because of the detrimental effects
upon spontaneous ventilation and the difficulty in abolishing pain
associated with peritoneal traction and diaphragmatic stimulation.
A single-shot spinal injection will usually only last for 2–3 h so it is
not suitable for prolonged procedures unless a catheter technique is
used. It is of particular use in patients with co-morbidities that may
make a general anaesthetic less desirable.
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Figure 53.3 Ligaments of the vertebral column.
Reproduced with permission from Parkin, I., and Chambers, A. ‘Anatomy and physiology of the vertebral canal’, in McLeod, G. et al., Principles and Practice of Regional Anaesthesia, Fourth Edition,
2012, Figure 12.4, Page 116, with permission from Oxford University Press.

Contraindications
Table 53.2 Membranes and spaces surrounding the spinal cord

These can be divided into absolute and relative contraindications
(Table 53.3).

Equipment

Membranes and spaces

Description

Pia mater

Innermost layer. Highly vascular. Closely adheres
to the spinal cord and brain. Projects downwards
from the conus medullaris, tethering the spinal
cord to the coccyx

Subarachnoid space

Contains cerebrospinal fluid, spinal nerves, blood
vessels, and the dentate ligaments, which attach
the spinal cord to the dura mater laterally

Arachnoid mater

Middle layer. A delicate avascular membrane
closely related to the dura mater. Terminates at S1

Equipment should be prepared in a sterile field with full aseptic
precautions—a hat, mask, gown, and sterile gloves should be worn.
The patient’s back should be cleaned using a sterilizing solution,
with care taken to ensure that equipment does not become contaminated with the cleaning solution, and that the solution on the
skin has dried fully before commencement of the procedure. An
adhesive drape is then applied to the patient’s back—a fenestrated
drape is ideal as this leaves the target area uncovered and allows
the anaesthetist to palpate anatomical landmarks while maintaining sterility.

Subdural space

A potential space between the dura mater and
the arachnoid mater

Table 53.3 Contraindications to neuraxial block

Dura mater

Outermost layer. A thick fibroelastic membrane.
Forms a sac extending from the foramen magnum
as an extension of the cranial dura to S1

Epidural space

Surrounds the dura mater, extending from the
foramen magnum, for the entire length of the
vertebral canal, terminating at the sacral hiatus
Contains the paired spinal nerve roots, fat, blood
vessels, lymphatics, and areolar tissue

Absolute contraindications

Relative contraindications

Patient refusal
Local infection at insertion site
Coagulopathies
Systemic anticoagulation
Raised intracranial pressure

Hypovolaemia
Aortic stenosis/mitral stenosis
Septicaemia
Neurological disease
Unknown duration of surgery
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Technique
Pre-procedure preparation
After full preoperative assessment and the gaining of informed
consent, the patient is transferred to a suitable environment in
which monitoring, resuscitation equipment, and facilities for conversion to a general anaesthetic are available. Reliable intravenous
access must be obtained before the procedure is commenced, and
the patient should be fully monitored throughout.
Position
The patient is placed in either the sitting position, or in the lateral
position. In the sitting position, the patient sits on a trolley with
their legs supported by a stool. They are asked to place their chin
on their chest, with their arms folded over a pillow placed beneath
their armpits, flexing the lumbar region to open up the intervertebral spaces. An assistant should steady the patient at all times.
Spinal anaesthesia is often easier in this position, especially in obese
patients, as it is easier to locate the midline.
In the lateral position, the patient is laid on their side, with their
back close to the edge of the trolley. It is important to ensure that
the hips and shoulders both remain vertical. The patient’s knees are
brought up towards their chest, flexing the lumbar region, and opening
up the intervertebral spaces. An assistant should steady the patient at
all times. This position is more suitable in poorly cooperative patients
or those who have received anxiolytic/sedative medications.

Approaches
The midline approach is used most commonly. Once a suitable
interspace is selected, the midline is found by palpating the spinous
processes. Local anaesthetic is infiltrated into the skin, subcutaneous tissues, and deeper ligaments, in the middle of the space. After
this, an introducer needle is inserted into the centre of the space,
in the midline, at right angles to the back or with a slightly cephalad angulation. This introducer needle provides stability for the
smaller-gauge spinal needle, protects the spinal needle from coming into contact with potential contaminants from the patient’s
skin, and reduces transmission of skin tissue into deeper structures.
In slim patients, care must be taken not to advance the introducer
needle too far, as this can result in inadvertent dural puncture with
the larger-gauge introducer needle, increasing the risk of post-
dural puncture headache (PDPH). The smaller-gauge spinal needle
should then be advanced; its passage is detailed in Box 53.1.
Box 53.1 Structures passed through by the spinal needle
(midline approach)
1. Skin
2. Subcutaneous fat
3. Supraspinous ligament
4. Interspinous ligament
5. Ligamentum flavum
6. Epidural space
7. Dura mater
8. Arachnoid mater
9. Subarachnoid space.

With careful advancement of the needle, it is possible to detect
the higher resistance of the ligamentum flavum, followed by a
loss of resistance as the needle passes into the epidural space, and
finally a click or pop as the needle pierces the tough dura mater
and closely adherent arachnoid mater and enters the subarachnoid
space. Removal of the stylet at this point will allow the visualization
of the flow of CSF into the hub of the needle, confirming subarachnoid placement. If the needle encounters bone during insertion,
the introducer position should be altered and the needle reinserted
until dural puncture is successful.
Ultrasound assistance has been used to help identify the midline, predict the depth of the epidural space, and determine the
optimum site for needle insertion. It has been shown to reduce the
number of attempts to enter the epidural space. It may also help in
instances where spinal anatomy is abnormal (Karmaker 2009).
In elderly patients with calcified ligaments, the paramedian
approach may be of use. The needle is inserted 1 cm lateral and
2 cm caudal to the middle of the selected interspace. On insertion
it is angled slightly towards the midline and slightly cephalad, so
that its tip is in the midline at the point where it pierces the dura.
This approach is technically more difficult as precise angles must be
calculated in order to be successful, and may be more painful as the
needle passes through the paraspinal muscles.

Injection
Once the spinal needle is in the correct position, it must be held
firmly by the operator to ensure it does not migrate, while a syringe
containing the desired local anaesthetic solution is attached. If the
needle is correctly positioned, aspiration of CSF will result in a
cloudy turbulence in the syringe, which confirms free flow of CSF
along the needle. The local anaesthetic solution should then be
injected slowly.

Needle types
Needles of different sizes and shapes have been developed for spinal
anaesthesia. In order to reduce the risk of PDPH, it is important
to use a needle that will leave the smallest perforation in the dura.
The main needle types available are cutting needles, such as the
Quincke, and pencil-point needles, such as the Sprotte and Whitacre.
Compared with pencil-point needles, cutting needles have a significantly higher chance of causing PDPH (Halpern and Preston 1994).
Pencil-point needles are thought to separate the fibres of the dura,
which then seal once the needle is removed, whereas cutting needles
cut a hole in the dura, leaving a larger perforation.
Needle size is also an important factor to consider. Smaller-gauge
needles are technically more difficult to use, with an increased risk
of bending and decreased tactile feedback when compared with
larger-gauge needles. However, smaller-gauge needles, of 26 G or
smaller, have significantly less chance of causing PDPH than needles larger than 26 G (Halpern and Preston 1994).

Factors affecting the spread of local anaesthetic
An ideal spinal will spread far enough to provide sufficient anaesthesia for surgery without spreading so far so as to cause unwanted
side-effects. Knowledge of the factors that may influence drug
spread in the subarachnoid space is therefore essential. These factors can be divided into drug characteristics, patient characteristics,
and technique (Table 53.4). The most important factors to consider
are baricity, dose, and patient positioning—these are discussed in
detail in the following subsections (Hocking and Wildsmith 2004).
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Table 53.4 Factors affecting the spread of local anaesthetic in the
subarachnoid space
Drug factors

Patient factors

Technique

Baricity
Dose
Concentration
Volume

Patient positioning
Age
Weight
Height
Gender
Intra-abdominal pressure
Anatomical variations

Site of injection
Speed of injection
Barbotage
Force of injection
Direction of needle
bevel

Baricity
Baricity of local anaesthetic refers to its density compared with
CSF. The two anaesthetic solutions commonly available are plain
solutions, which have approximately the same or slightly lower
baricity as CSF, and hyperbaric solutions, which have an increased
baricity as a result of a glucose additive. Hyperbaric solutions have
been shown to produce a more predictable block, with greater
spread in the direction of gravity. Conversely, plain solutions have
been shown to be less predictable, with an increased risk of producing too high a block with unwanted side-effects, or too low
a block which provides insufficient anaesthesia (Hocking and
Wildsmith 2004).
Dose
The dose of drug injected has some effect. If no drug is injected,
there will be no effect. If a very large dose is injected, such as inadvertent subarachnoid injection of an epidural bolus dose, a total spinal may result. However, there is not a linear relationship between
these points. In the normal ranges of doses used, an increase in
dose of 50% will only result in spread that is a dermatome or so
higher. The resultant block will, however, have a longer duration
(Hocking and Wildsmith 2004).
Patient position
Plain bupivacaine is actually slightly hypobaric with relation to
CSF, and will therefore float upwards. If a patient is kept in the sitting position, after 2 min, this can lead to increase in block height
of two to three segments. If the patient is kept in the sitting position for longer, the increase in block height may be even greater.
However, as previously described, plain solutions produce a less
predictable block, with greater inter-patient variability, and prolonged sitting can result in venous pooling in the lower limbs,
worsening hypotension.
If kept in the sitting position with hyperbaric solutions, the block
will be more limited to the lower segments. If the patient remains in
the lateral position, the block will be more limited to the dependent
side. Once the patient is supine, the block will then spread more
cephalad, or to the other side respectively—this effect can be seen
up to 30 min after injection. If a true saddle or unilateral block is
to be achieved, the patient must remain in this position for a prolonged period of time (Hocking and Wildsmith 2004).

Testing the block
Before surgery can proceed it is necessary to ensure that the level
of the block is adequate. Tests that are used can be split into those
that assess afferent function, and those that assess efferent function.
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Table 53.5 Anatomical landmarks of dermatomes
Dermatome

Anatomical landmark

T4

Nipple

T6

Xiphisternum

T10

Umbilicus

The most commonly used stimuli to test afferent function are
cold, pinprick, and light touch. Usually, loss of sensation to cold
will occur first, followed by pinprick, followed by light touch. This
correlates with sequential blockade of C, Aδ, and Aβ nerve fibres
respectively. Loss of sensation to pinprick correlates most closely
with surgical anaesthesia and as a margin of safety should be demonstrated two to three dermatomes above the required level of
block (Table 53.5).
Motor function is indicative of efferent function, and is commonly graded using the modified Bromage scale. Complete inability to straight-leg raise is a crude indicator that the block has
reached the high lumbar segments. Higher levels of block will
result in impairment of intercostal muscles, with impairment
of pulmonary function. Such impairment is difficult to quantify clinically, but a patient who has the sensation of a heavy
chest and difficulty breathing will likely have a mid to high
thoracic block.
Other indicators of efferent function are the level of sympathetic
block, which leads to cardiovascular changes such as hypotension
and bradycardia. Such factors cannot, however, be used to accurately determine the extent of the block. Vasomotor changes such
as skin colour and temperature may be detectable.

Side-effects
Cardiovascular
Subarachnoid blocks produce a sympathectomy, causing arterial
and venous dilatation, with a resultant decrease in systemic vascular resistance of 15–18% (Rooke et al. 1997). If cardiac output is
maintained, it follows that there will be a similar reduction in mean
arterial pressure. The unblocked sympathetic fibres above the level
of the block will produce a compensatory vasoconstriction, but in
the presence of an extensive sympathetic block, the effect of this
will be insufficient. If cardiac output decreases, as a consequence
of a reduction in preload, as a result of hypovolaemia or patient
positioning, the effect may be even more pronounced. A high block
above the level of T4–5 may result in blockade of the cardioaccelerator fibres, with a resultant bradycardia.
Respiratory
A block below the level of the thoracic nerves will have little
clinical effect upon respiratory function. Progressive block in a
cephalad direction causes progressive paralysis of the intercostal
muscles, which will alter respiratory mechanics more significantly.
Expiration is mostly affected, and may be sensed by the patient
as shortness of breath, heaviness on the chest, or the inability to
cough effectively. Inspiration is largely unaffected as changes can
be compensated for by an increase in diaphragmatic movement.
Excessively high spread can cause paralysis of the phrenic nerve
(C3–5) or hypoperfusion of the respiratory centres of the brainstem, leading to apnoea.
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Gastrointestinal
Blockade of the thoracolumbar sympathetic nerves to the abdominal viscera by spinal anaesthesia results in unopposed parasympathetic stimulation, leading to an increase in secretions, relaxation
of sphincters, and constriction of bowel. After spinal anaesthesia,
approximately one in five patients will experience nausea and vomiting. Associated factors include blocks higher than T5, hypotension, and a history of motion sickness (Carpenter et al. 1992).

Epidural anaesthesia
Background
James Corning described the first documented central neuraxial
block in 1885 (Corning 1885). Although he thought he was injecting cocaine into the subarachnoid space, analysis of his technique
suggests that the drug was actually placed in the epidural space.
Using a single-shot technique, Fidel Pagés developed the modern technique of lumbar epidural anaesthesia in the 1920s (Pagés
1921), and Dogliotti described the loss of resistance technique just
over a decade later (Dogliotti 1933).

Indications
An epidural is commonly used to provide anaesthesia to the abdomen and lower limbs, often combined with a general anaesthetic.
Compared with spinal anaesthetics, epidurals have a slower onset,
require a larger volume of local anaesthetic to be administered, and
give a less dense block. Their main advantage is that a catheter is
usually left in the epidural space, allowing the duration of anaesthesia to be extended for longer procedures, and providing a means for
pain relief to be continued in the postoperative period.
For suitable procedures, epidurals provide better postoperative
analgesia than parenteral opioids (Block et al. 2003). In high-risk
patients undergoing abdominal surgery, epidurals combined with
general anaesthesia have not been shown to reduce the risk of
most major postoperative morbidity, apart from respiratory failure (Rigg et al. 2002). However, the provision of excellent postoperative analgesia, and the reduction in the risk of postoperative
respiratory morbidity mean that epidural analgesia clearly retains
a place in the management of pain after major abdominal and
thoracic surgery. Recently, interest has been shown in the role of
regional anaesthetic techniques and prevention of cancer recurrence. More studies are underway in this area and the results may
have implications for the type of analgesia used after major surgery
(Colvin et al. 2012).

Contraindications
The contraindications for epidural anaesthesia are similar to those
for spinal anaesthesia. As a result of the more gradual onset, epidurals are more suitable for patients with aortic or mitral stenosis, or
both. They are also more suitable for surgery of uncertain duration,
as their effects can be prolonged as required.

Equipment
Epidurals are commonly performed using a Tuohy needle. This
specialized needle is hollow, allowing a catheter to be threaded,
with a slight curve at the end, allowing the catheter to be directed.
A stylet prevents clogging with tissues on insertion, which is then
removed before the catheter is threaded. Tuohy needles are commonly 8 cm in length, and 18 or 16 G. Once a catheter is inserted
into the epidural space, a 0.2-micron bacterial filter should be
attached to reduce the risk of contamination.

Technique
Pre-procedure preparation and positioning are the same as for
spinal anaesthesia. Vertebral level can be estimated using Tuffier’s
line as previously described, or counting down from the prominent
spinous process of C7. To provide optimum analgesia, an interspace that corresponds with the middle of the surgical incision
should be selected. Preparation of equipment and the back should
be performed in the same aseptic manner as described for spinal
anaesthesia. The epidural catheter and filter should be flushed with
sterile saline before use.
For lumbar epidural block, the Tuohy needle is inserted in the
midline, at right angles to the back in both planes. It is advanced
until it is gripped firmly by the ligaments. At this point the stylet is
removed and a syringe containing sterile normal saline is attached.
The dorsum of one hand rests on the back, and grips the hub of
the needle firmly. The needle and syringe is then advanced slowly
while constant pressure is applied to the plunger of the syringe by
the other hand. While the tip of the needle is within the dense ligaments, no saline will be injected. Advancement of the needle into
the epidural space will result in a sudden loss of resistance, and the
saline will inject easily. Care should be taken not to advance the
needle too far, as this will result in inadvertent dural puncture.
Once the needle tip is in the epidural space, the catheter should be
threaded through the needle. The needle should then be removed,
while holding the catheter in place, leaving 3–6 cm of catheter in
the epidural space. The catheter should be securely fixed to the
patient’s back to prevent migration or dislodgement.

Test dose
As large volumes of local anaesthetic are administered, a test dose
is essential to rule out inadvertent intravascular or subarachnoid
placement. An initial 3–4 ml of lidocaine 2% with 1:200 000 adrenaline (epinephrine) is one recommended regimen. If this test dose
is injected intravascularly, a tachycardia will be observed. If this
test dose is injected into the subarachnoid space, development of a
rapid spinal block will be observed.

Injection of local anaesthetic
Once the test dose has been performed, and correct placement
confirmed, local anaesthetic is injected via the catheter into the
epidural space. This may require volumes up to 30 ml, and should
therefore be done slowly, in divided doses, to minimize the risk of
complications in case of catheter migration. After injection, the
patient should be fully monitored, checking heart rate, blood pressure, oxygen saturations, and ECG.

Epidural opioids
After local anaesthetics the commonest drugs used in epidural
anaesthesia are opioids. While they are in widespread clinical
use, none are licensed for neuraxial administration in the United
Kingdom. Most commonly, epidural opioids are used in combination with local anaesthetics. This results in an improved side-effect
profile, use of lower doses of drugs, and increased effectiveness of
block (Robinson et al. 2001).

Side-effects
Epidurals produce a sympathetic block in a similar manner to a spinal, with the result that the side-effects are similar. However, as the
block achieved with an epidural is usually segmental and less complete, the magnitude of these side-effects will usually also be less.
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Combined spinal–epidural anaesthesia
This technique combines a subarachnoid injection of local anaesthetic with placement of an epidural catheter. The aim of this is
to achieve a rapid central neuraxial block, which can then be prolonged or modified.
The needle-through-needle technique involves location of the
epidural space in the standard manner using a specialized Tuohy
needle, through which a subarachnoid injection can also be performed using an extra-long spinal needle. Once the subarachnoid
injection has been performed, the spinal needle is removed and the
epidural catheter is threaded into the epidural space. An alternative
method is to perform an epidural and a spinal in the standard manner but in separate interspaces.

Caudal anaesthesia
Caudal anaesthesia involves the injection of drugs into the epidural
space in the sacrum. It is more commonly used in children, but
can be used in adults to provide anaesthesia of the sacral and lower
lumbar nerve roots.

Anatomy
The sacrum is a large triangular-shaped bone at the base of the
spine, which is formed from the fusion of five sacral vertebrae. It
articulates with L5 superiorly, the coccyx inferiorly, and the ilia laterally, via the sacroiliac joints. The sacral canal contains the filum
terminale, fat, areolar tissue, blood vessels, sacral nerves, and the
dural sac, which terminates at S2. The sacral hiatus is an opening at
the bottom of the sacrum, which is covered by the sacro-coccygeal
membrane, and is the entrance point for caudal anaesthesia.

Technique
The patient is placed in the lateral position. The posterior superior
iliac spines and the sacral hiatus form an equilateral triangle, which
can be used to identify the correct insertion point. After sterilization of the skin a needle or cannula is inserted in a cranial direction, at an angle of approximately 60° to the skin. A pop should be
felt as it passes through the tough sacro-coccygeal membrane. At
this point the needle is angled slightly more cranially, and advanced
further. Aspiration should be carried out, looking for blood or CSF.
In adults, 20–30 ml of bupivacaine or levobupivacaine 0.25–0.5%
is then injected in divided doses—there should be little resistance
encountered. While injecting, the other hand should feel for inadvertent subcutaneous injection.

Complications of neuraxial anaesthesia
Post-dural puncture headaches
PDPHs commonly present within a few days of dural puncture as a
fronto-occipital headache with a strong postural element. They are
worse on sitting up, standing, coughing, or straining, and relieved
by lying down. The patient will often feel incapacitated with associated symptoms such as nausea, vomiting, photophobia, neck stiffness, and tinnitus. It should be noted that headache is a common
complaint in the postoperative period and should not always be
assumed to be a complication of a central neuraxial block. A full
history and examination should be performed, considering all
potential diagnoses.
The cause of PDPH is believed to be a leak of CSF through
the dural puncture site, leading to intracranial hypotension. This
is thought to cause a headache either as a result of traction on
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intracranial structures or a compensatory dilatation of intracranial
blood vessels.
PDPH is less common with smaller-gauge needles, and atraumatic needles such as Sprotte and Whitacre designs, rather than
cutting needles such as the Quincke. Use of atraumatic needles can
result in a post-spinal dural puncture headache risk as low as 1:500.
Patient factors associated with a reduced risk of developing PDPH
include male sex and extremes of age. After inadvertent dural puncture with a 16 G Tuohy needle when siting an epidural, as many as
70% of patients may experience PDPH.
Most PDPH headaches will resolve spontaneously within
6 weeks. Conservative management involves explaining PDPH
to the patient, bed rest with advice to avoid sitting up, and symptomatic relief with intravenous fluids, analgesia, and antiemetics.
For patients in whom conservative management is not acceptable, an epidural blood patch may be offered. This involves injection of a sterile sample of 20–30 ml of the patient’s blood into
the epidural space. It is thought to relieve symptoms initially as
a result of a pressure effect reducing intracranial hypotension,
and prevents recurrence of symptoms by sealing the perforation
in the dura, preventing further CSF leak. It is very effective, with
immediate relief in more than 70% of patients (Turnbull and
Shepherd 2003).

High or complete spinal block
The definition of a high spinal block is unclear, but some studies
report incidences of about 1%. A block that has spread higher than
the level required for surgery, with resultant unwanted side-effects
is one definition. Total spinal block is much rarer, and its true incidence is unknown. Cephalad spread of local anaesthetic interferes
with the function of thoracic nerves, cervical nerves, and the brainstem. This can be as a result of excessively high spread of a single-
shot spinal injection, or more commonly, inadvertent injection of
an epidural bolus dose into the subarachnoid space.
Drug factors associated with a high block include a higher dose
of local anaesthetic, use of plain (i.e. not hyperbaric) local anaesthetics, and recent epidural drug administration, which is thought
to reduce the volume of the spinal subarachnoid space. Patient
factors include raised abdominal pressures, such as in obese or
pregnant patients, or abnormal anatomy leading to a reduced
volume of subarachnoid space. Procedural factors include high
insertion site, and laying the patient supine rapidly after intrathecal injection, rather than staying sat upright for a period of time
(Table 53.6).

Spinal haematoma formation
After spinal anaesthesia, the risk of vertebral canal haematoma is
extremely low, with not a single case reported in more than 360
000 spinal anaesthetics (Cook et al. 2009). However, before spinal
anaesthesia is performed, care must be taken to ensure the patient
does not have any coagulation abnormalities to minimize the risk
of this devastating consequence.

Vertebral canal abscess
Vertebral canal abscess is an extremely serious but rare complication of central neuraxial block, with an incidence of 1:47 000 procedures, causing permanent harm in 1:88 000 patients. Risk factors
include compromised immunity, antithrombotic drug therapy, difficult or traumatic procedures, a source of infection, such as systemic sepsis, and a failure in aseptic technique.
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Table 53.6 Symptoms of high or complete spinal block and their
management

administration causing permanent harm. Rapid recognition and
treatment of systemic local anaesthetic toxicity with lipid emulsions may also reduce the risk of harm (Cook et al. 2009).

Symptom

Cause

Management

Permanent neurological injury

Hypotension

Sympathetic block

Vasopressors, e.g.
phenylephrine, metaraminol
Intravenous fluids
Leg elevation

Bradycardia

Sympathetic block

Anticholinergics, e.g.
atropine
Sympathomimetics, e.g.
ephedrine, adrenaline

Although certainly rare, the exact incidence of permanent neurological injury after central neuraxial block, because of reasons other
than haematoma and abscess formation, is unknown. Damage
can occur as a result of direct trauma to a nerve root, by a needle
or catheter, or secondary to drugs or chemicals. Other causes of
nerve dysfunction, such as surgical positioning, labour, and pre-
existing conditions such as diabetes, may also be implicated (Cook
et al. 2009).

Ventilatory
dysfunction

Intercostal paralysis
Oxygen
(T1–12)
Bag–mask ventilation
Accessory muscle paralysis Intubation
Diaphragmatic paralysis
(C3–5)

Loss of
consciousness

Brainstem

Intubation

The classic presentation is described as back pain, systemic features of infection, and progressive neurological symptoms in the
lower half of the body. Unfortunately, the clinical presentation
often differs from this and therefore the presence of any of these
symptoms should be treated with a high index of suspicion (Cook
et al. 2009). Prompt diagnosis and treatment is required in order to
minimize the risk of permanent neurological damage.

Bacterial meningitis
Bacterial meningitis is an extremely rare complication after central
neuraxial block, with a reported incidence of less than 1:200 000
(Cook et al. 2009). Risk factors include reduced immunity, systemic
sepsis, and prolonged central neuraxial catheterization. Prompt
diagnosis can reduce morbidity and mortality, but can be difficult
as the symptoms are similar to those of PDPH.
After spinal anaesthesia, the causative organisms are most commonly nasopharyngeal commensals, highlighting the need for a
facemask to be worn when undertaking such procedures. After epidural anaesthesia, the most common causative organisms are skin
commensals, suggesting spread along the epidural catheter tract. In
patients with bacteraemia, contact of the needle with blood vessels
during insertion may lead to contamination and transmission of
infection into the CSF.

Wrong route administration
Wrong route administration refers to the infusion of a drug into
an incorrect body compartment. This can be due either to inadvertent misconnection of an epidural infusion to an intravascular
device, such as a cannula, or migration of an epidural catheter into
the wrong compartment, such as a blood vessel or the subarachnoid space. Such problems can result in a total spinal, as previously
discussed, or systemic effects of local anaesthetic toxicity. There
have been attempts to minimize the likelihood of this happening
by developing incompatible intravenous and epidural connectors, to prevent inadvertent misconnection. The more widespread
use of less cardiotoxic local anaesthetics such as levobupivacaine
and ropivacaine theoretically reduces the risk of wrong route

Paravertebral block
History
Sellheim of Lepzig performed the first recorded paravertebral block
in 1905 for abdominal analgesia. Lawen refined this technique and
it subsequently became popular for surgical analgesia. In 1919,
Kappis used a similar technique to current practice to provide
surgical anaesthesia for abdominal surgery. In the following years,
thoracic paravertebral use decreased until a resurgence began after
a publication by Eason and Wyatt (1979) who described a catheter
technique. Numerous studies have now been published demonstrating its efficacy and safety as a regional anaesthetic technique in
both adults and children (Karmakar 2001).

Anatomy
The thoracic paravertebral space is a potential wedge-shaped space.
This three-sided wedge has posterior, medial, and anterolateral
boundaries and it extends cranially and caudally in the thoracic
region, allowing communication between each level. This is in contrast to the cervical and lumbar regions in which there is no direct
communication between adjacent levels.
The medial border of the thoracic paravertebral space is formed
by the structures that form the posterolateral border of the vertebral column. This comprises the vertebral body, intervertebral disc,
and the intervertebral foramina. The anterolateral border is formed
by the parietal pleura and internal intercostal membrane. The
superior costotransverse ligament forms the posterior border of the
thoracic paravertebral space. This ligament extends from the neck
of a rib to the transverse process of the vertebra above (Ibrahim
and Darwish 2005). The transverse processes and the head of the
ribs also form the posterior border. The lateral edge of the superior
costotransverse ligament is continuous with the internal intercostal
membrane.
The thoracic paravertebral space communicates medially with
the epidural space via the intervertebral foramen and laterally
with the intercostal spaces. It is split into two compartments by the
endothoracic fascia, an anterior extrapleural compartment, and a
posterior subendothoracic compartment. The endothoracic fascia
is continuous with the prevertebral fascia medially and the internal intercostal membrane laterally. It is currently unclear as to the
relevance of this fascial plane in clinical practice although it has
been proposed to be a reason why some paravertebral blocks have
contralateral spread (Karmaker et al. 2000).
The paravertebral space contains fat, intercostal vessels, and nerves.
At each level a spinal nerve emerges from the intervertebral foramen,
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Figure 53.4 Paravertebral anatomy.
Reproduced from Hebl J, Lennon R (eds), Mayo Clinic Atlas of Regional Anesthesia and Ultrasound-Guided Nerve Blockade, Copyright © 2010 Mayo Foundation for Medical Education and Research/
Oxford University Press. By permission of Oxford University Press, USA, www.oup.com

posterior to the endothoracic fascia. At this point the nerve is not
contained within a fascial sheath and it exists as small bundles, which
increases its susceptibility to local anaesthetic block (Nunn and Slavin
1983). Shortly after the spinal nerve exits the intervertebral foramen,
it branches into the dorsal ramus, ventral ramus, and rami communicantes. The ventral ramus then exits the paravertebral space as the
intercostal nerve in the intercostal space. The sympathetic chain is
also contained within the paravertebral space and this is located anterior to the endothoracic fascia. The rami communicantes connect the
sympathetic chain with the spinal nerve (Fig. 53.4).

Indications
The main indication for the use of thoracic paravertebral block is for
postoperative analgesia in unilateral surgical procedures in the thoracic and abdominal regions. More superficial procedures in these
areas such as breast surgery can be performed using paravertebral
block as the sole anaesthetic technique. It is also used in acute and
chronic pain management (Tighe et al. 2010). Bilateral paravertebral blocks can also be used for midline surgical procedures but
their role compared with epidural block has yet to be defined. They
do provide a suitable alternative in those patients where an epidural
is contraindicated, such as in anticoagulated patients (Richardson
et al. 2011). Box 53.2 summarizes the various indications for the
use of thoracic paravertebral block.

Contraindications
As with any regional anaesthetic technique there are absolute and
relative contraindications to performing a paravertebral block.
There are few absolute contraindications to paravertebral block
and these are patient refusal, local anaesthetic allergy, local sepsis, empyema, and localized tumour occupying the paravertebral
space. Relative contraindications include severe coagulopathy and

Box 53.2 Indications for the use of thoracic paravertebral block

Postoperative surgical analgesia
◆

Thoracic surgery

◆

Breast surgery

◆

Cholecystectomy

◆

Renal surgery

◆

Appendicectomy

◆

Inguinal hernia repair.

Surgical anaesthesia
◆

Plastic surgery

◆

Breast surgery

◆

Inguinal hernia repair.

Acute pain management
◆

Trauma—fractured ribs

◆

Trauma—liver capsule

◆

Infection—acute post-herpetic neuralgia.

Chronic pain
◆

Post-surgical neuropathic pain

◆

Chronic post-herpetic neuralgia

◆

Angina pectoris

◆

Cancer pain.

Other
◆

Hyperhydrosis—therapeutic control.
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abnormal spinal anatomy (Richardson et al. 2011). Another relative
contraindication is in patients with significant respiratory disease,
where motor block of the intercostal muscles caused by a paravertebral block may cause further respiratory compromise.

Technique
Before performing a paravertebral block informed consent should
be obtained from the patient. The patient must be monitored in an
area where full resuscitation and skilled assistance are readily available. Intravenous access should be established and the procedure
should be carried out in aseptic conditions.
The block can be performed with the patient awake, sedated, or
in combination with general anaesthesia. If the patient is awake, the
patient can be sitting with head and shoulders flexed forwards. In
patients undergoing general anaesthesia or sedation, a lateral position with the side to be blocked uppermost is convenient. In the
lateral position, the space between each transverse process can be
increased by the use of a sandbag under the patient at the level to be
blocked or adjusting the operating table to increase the curvature
of the spine. There is no definitive evidence in terms of morbidity
to advocate performing the block with either the patient awake or
under general anaesthesia.
Irrespective of the technique used to perform a paravertebral
block, it is necessary to first identify the correct anatomical level.
The spinous process of each thoracic vertebrae is angled inferiorly
to such a degree that its tip lies in the same horizontal spine as the
transverse process of the vertebra located immediately below, such
that the tip of the T2 spinous process lies adjacent to the transverse
process of T1 and the paravertebral space anterior to this will contain
the T1 nerve root. Therefore, correct identification of the level of the
transverse process will determine which nerve roots will be subsequently blocked. This can be done via several different approaches:
1. Identify the spinous process of C7. It is the most superior process that is visible—vertebra prominens. From this point it is
possible to count down each adjacent spinous process.
2. Identify the inferior tip of the scapula—this lies adjacent to
the T7 spinous process. This method is less accurate than the
identification of the vertebra prominens as described previously
(Teogh et al. 2009).
3. Identify the 12th rib—this can be done either by a landmark
technique or by ultrasound scanning. It is then possible to count
each rib.
There are a variety of techniques that can be used to locate the paravertebral space. They either use a landmark technique or involve
the use of ultrasound. Ultrasound can be used to either assist
in identification of the landmarks or it can be used to provide a
real-time ultrasound-guided paravertebral block. In the awake or
sedated patient, it is necessary to infiltrate the skin with local anaesthetic before performing the block.

Landmark technique
The classical technique involves identification of the transverse
process with a needle and then ‘walking off ’ this to either a set predetermined distance, a loss of resistance technique, nerve stimulation, or a combination of these needle end-points.
At the appropriate level, the tip of the spinous process is palpated
and the needle insertion point is marked at 25 mm lateral to this.
Either an 18 G Tuohy needle or a 100 mm insulated nerve stimulator

needle can be used. The needle is then inserted, perpendicular to the
skin in all planes, and advanced to make contact with the transverse
process. The transverse process should be encountered at a depth of
2–4 cm depending on patient habitus. It is important not to advance
the needle too far initially as it is possible for the needle to be advanced
beyond the transverse process and pleural puncture could occur. If
the transverse process is not contacted within 3 cm then the needle
should be reinserted and directed caudal and cranial to the same
depth. If the transverse process is still not encountered then the depth
of insertion can be increased by 1 cm and the process is repeated. This
can be repeated until contact with the transverse process is made.
It is now possible to ‘walk off ’ the transverse process and enter
the paravertebral space. It is recommended to walk off caudally as
there is a lower risk of pneumothorax with this approach (Hill and
Greengrass 2000). The needle is then slowly advanced no further
than 1 cm. A change in resistance or a subtle ‘click’ can sometimes
be felt or heard as the needle passes through the superior costotransverse ligament (Greengrass et al. 1996). Compared with the
loss of resistance encountered with epidural space location, the
change in resistance is less evident because of the thinner costotransverse ligament. A complete loss of resistance may indicate
pleural puncture. After a negative aspiration, local anaesthetic is
injected which should occur with minimal resistance. The needle
should only be advanced further than 1 cm if there is significant
resistance to injection and then it should only be advanced in small
increments until a change in resistance is felt (Tighe et al. 2010).
A nerve stimulator needle can also be used to detect an end-point
for needle insertion (Naja et al. 2003). A current set at 1.5–2 mA
with a frequency of 2 Hz and a pulse width of 0.1–0.3 ms will cause
contraction of the intercostal muscles when the needle tip is in the
correct position.

Ultrasound-assisted technique
This technique uses ultrasound to identify the location and depth of
the transverse process and pleura. A 5–12 Hz linear probe is positioned in a parasagittal plane. A scan is performed and the transition
between rib and transverse process is visualized. It is easier to identify
this point if the scan is performed from lateral to medial, as the rib is
easier to identify initially. The transverse process is always superficial
to the rib and a characteristic ‘double hump’ can be seen. Now that
the transverse process has been located the probe is turned obliquely
away from the midline to obtain an optimum view of the pleura. It is
now possible to measure the depths between the skin, transverse process, and pleura and to mark the midpoint of the transverse process.
The probe is then removed and the paravertebral block is performed
by the landmark technique described previously, using the depth and
location measurements to assist needle placement.

Ultrasound-guided technique
This technique uses ultrasound to guide real-time needle placement and subsequent injection of local anaesthetic into the paravertebral space. There are a variety of different approaches; a brief
description of some of the more common techniques are described
in the following subsections.
Classic
The ultrasound probe is used in the same orientation as in the
ultrasound-assisted technique. The transverse process and pleura are
identified. It is then possible to view the costotransverse ligament.
This can be seen as a less echogenic line connecting the hyperechoic
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transverse processes (Fig. 53.5). Both in-plane and out-of-plane needling techniques can be used. On injecting local anaesthetic within
the paravertebral space, the pleura is pushed anteriorly. Scanning the
levels above and below can also help in assessing the spread of local
anaesthetic and therefore the need for subsequent injections.
Transverse
The ultrasound probe is placed in the transverse plane with the
medial edge of the probe just over the spinous process. The intercostal space, transverse process, and the pleura are identified. It is
possible then to view the internal intercostal membrane, which as
previously described is continuous medially with the superior costotransverse ligament. An in-plane approach from lateral to medial
can then be used to inject local anaesthetic into the paravertebral
space. A disadvantage of this approach is an increased frequency of
epidural spread of local anaesthetic (Luyet et al. 2009).
Intercostal
This approach is slightly different to the previous ultrasound techniques described, in that it does not image the paravertebral space.
The ultrasound probe is positioned between the ribs at the appropriate level about 8 cm from the midline. The internal and innermost intercostal muscles are identified and the needle is placed
in-plane from lateral to medial between these muscles (Ben-Ari
et al. 2009). Local anaesthetic will enter into the paravertebral space
because of the communication between the paravertebral space
and this intercostal space.

Catheter technique
Continuous paravertebral block can be achieved by placing a catheter into the paravertebral space. Indications for its use include
thoracotomy and multiple rib fractures (Karmakar et al. 2001).
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Whichever technique is used to identify the paravertebral space
it is necessary to expand the paravertebral space with either local
anaesthetic or saline to aid catheter placement. Paravertebral catheter placement requires greater force to thread when compared
with epidural catheter placement. It is recommended that less
than 4 cm of catheter is inserted in adults to decrease the possibility of the catheter entering the intercostal space (Richardson and
Lonnqvist 1998).
Paravertebral catheters can also be accurately placed under direct
vision by the surgeon during thoracotomy and video-assisted
thoracoscopic surgery.

Local anaesthetic volume and spread
Local anaesthetic injected into the paravertebral space will either
remain at the level of injection or spread to the adjacent levels above
and below. However, spread of local anaesthetic can also occur into
the epidural space, intercostal space, and to the contralateral paravertebral space via prevertebral spread. Spread is less in females
compared with males (Karmakar 2001).
The volume of local anaesthetic used will depend on how
many dermatomes need to be blocked. Injections can either be
made at a single or multiple levels. A single-level injection of
15 ml of local anaesthetic will produce a somatic block of at least
three dermatomes and a mean distribution of sympathetic block
over eight dermatomes (Cheema et al. 1995). Increasing the
volume of injection to more than 25 ml at a single site is more
likely to lead to a bilateral block (Gilbert et al. 1989). If a block is
required over more than four dermatomes, then a single injection
of 3–5 ml at each thoracic level (Greengrass et al. 1996) should
be performed to ensure a sufficient block is achieved. Other
options for larger areas include blocking alternate levels or
blocking the upper and lower dermatomes required (Eason and
Wyatt 1979).
Table 53.7 illustrates the commonly used drugs and their doses
for single, multiple, and infusion regimens.

Complications
TP

M1
0.9
CTL

PVS

PLEURA

3.8

Figure 53.5 Ultrasound scan of the posterior chest wall to show the
paravertebral space and related sonoanatomy. CTL, costotransverse ligament; PVS,
paravertebral space; TP, transverse process.
Reproduced with permission from Tighe, SQM., et al. Paravertebral block. Continuing Education
in Anaesthesia, Critical Care, and Pain, 2010, Volume 10, Issue 5, pp. 133–137, by permission of
the British Journal of Anaesthesia.

Thoracic paravertebral block has a very low risk of long-term morbidity and there have been no reported deaths as a direct result of
paravertebral block.
The overall reported complication rate is low, between 2.6% and
5% of cases (Karmakar 2001). The frequency of specific complications has been reported as hypotension 4.6%, vascular puncture
3.8%, pleural puncture 1.1%, and pneumothorax 0.5% (Lonnqvist
et al. 1995). A pneumothorax does not always occur after a pleural

Table 53.7 Commonly used local anaesthetic drugs and their doses
for single, multiple, and infusion regimens
Patient group Local anaesthetic

Single bolus

Multiple Infusion
levels
ml kg−1 h−1

Adult

Bupivacaine
0.25–0.5%

15 ml
0.3 ml kg−1

3–5 ml

Adult

Ropivacaine
0.5–0.75%

15–20 ml

3–5 ml

Paediatric

Bupivacaine 0.25%

0.5 ml kg−1

0.1

0.2
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puncture. If a pneumothorax does occur, it is usually small and can
be managed conservatively (Coveney et al. 1998).
Epidural or paravertebral spread occurs in up to 10% of cases.
This is caused by either epidural or prevertebral spread of local
anaesthetic. High thoracic blocks causing ipsilateral Horner’s syndrome is a recognized complication. Dural puncture resulting in
spinal anaesthesia is very rare (Tighe et al. 2010).
The failure rate of thoracic paravertebral block is up to 10%,
which is similar to other neuraxial regional anaesthetic techniques.
The use of ultrasound to aid identification and placement of local
anaesthetic within the paravertebral space may improve the success
rate, but currently there is insufficient evidence to support this.

Summary
Thoracic paravertebral block has a high success rate coupled with a
low rate of complications and morbidity.
It has proven benefits in a range of clinical scenarios. It is effective
in providing analgesia for unilateral surgical cases including breast
and thoracic surgery and in the acute management of rib fractures.
It can be used as a sole anaesthetic technique for breast surgery.
It may also reduce the incidence of tumour recurrence in breast
cancer surgery (Exadaktylos et al. 2006). The prevalence of chronic
pain after breast and thoracic surgery may also be reduced when
paravertebral blocks are used at the time of surgery (Richardson et
al. 1994; Kairaluoma et al. 2006).

Intercostal and intrapleural block
The intercostal nerves run in a small neurovascular bundle inferior
to each rib. As a single block the duration of action is limited, therefore consideration should be given to continuous infusion depending on the duration of analgesia required. Intercostal blocks can be
used for indications such as rib fractures, thoracotomy, and upper
abdominal incisions (Hashimi et al. 1991; Barron et al. 1999). No
fascial sheath surrounds the neurovascular bundle, therefore it is
sufficient to deposit local anaesthetic close to the nerve. Multiple-
level injections are often required.
Intrapleural block was introduced in the 1980s but its popularity has waned. Local anaesthetic is deposited between the parietal
and visceral layers of the pleura. It has been shown to decrease
analgesic requirements after a variety of unilateral surgical procedures including open cholecystectomy (Dravid and Paul 2007).
Pneumothorax occurs in approximately 2% of patients.

Serratus anterior and ‘pecs’ block
Recently, there has been interest in novel ultrasound-guided techniques that provide analgesia to the chest wall for indications such
as breast surgery or rib fractures as an alternative to paravertebral
analgesia without an adverse side-effect profile. While promising,
the so-called pecs I, pecs II, and serratus anterior plane blocks
(Blanco et al. 2013) have limited evidence for their efficacy and further comparative randomized controlled studies are awaited.

Blocks of the anterior abdominal wall
A significant component of pain experienced after abdominal surgery is related to incision of the abdominal wall and adequate analgesia can be a challenge. Regional blocks of the anterior abdominal
wall can significantly help with intraoperative and postoperative

analgesia especially when used as part of a multimodal technique.
It is important to note that blocks of the anterior abdominal wall do
not provide analgesia to the abdominal viscera. However, abdominal wall blocks can be used even in major abdominal surgery when
epidural analgesia is contraindicated. Haemodynamic effects are
minimal as spread of local anaesthetic is confined to the abdominal
wall. These blocks also provide a useful addition in ambulatory surgery, improving the quality of analgesia and reducing postoperative
opioid requirements.
Traditionally these blocks relied on landmark techniques with
detection of ‘pops’ to identify fascial planes and determine the correct location for local anaesthetic deposition. More recently, ultrasound techniques have been used to facilitate their performance.
Relevant anatomical structures can be identified and complications from incorrect placement of local anaesthetic can be kept to
a minimum.

Anatomical considerations
Within the abdominal wall there are three muscle layers, each with
an associated fascial sheath. From superficial to deep these compromise the external oblique, internal oblique, and transversus
abdominis muscles. Either side of the midline a fourth muscle layer
is formed by the paired rectus abdominis muscles (Fig. 53.1). The
anterior abdominal wall is bounded by the cartilages of the 7th to
10th ribs and xiphoid process of the sternum superiorly, the inguinal ligament and the pelvic bone inferiorly, and the mid axillary
line laterally (Moore and Dalley 1999). The four muscles of the
abdominal wall support the abdominal contents and the trunk. The
main nerve supply to the anterior abdominal wall lies in a plane
between the internal oblique and transversus abdominis. Below the
muscles lie extraperitoneal fat and then the parietal peritoneum.
Each muscle layer is surrounded by a fascial plane. The external
oblique muscle is the most superficial, arising from the middle and
lower ribs; its fibres slope down and forward to the iliac crest, forming an aponeurosis below that level. The internal oblique attaches
to the lateral two-thirds of the inguinal ligament and anterior
iliac crest; its fibres slope forwards and upwards. The transversus
abdominis muscle is the innermost layer with fibres running transverse towards the midline.
Medial to these is the principal vertical abdominal muscle, the
rectus abdominis. This paired muscle is separated in the midline by
the linea alba. The rectus abdominis muscle is wide and thin superiorly, and narrow and thick inferiorly. The majority of the rectus
abdominis muscle is enclosed by the rectus sheath. The posterior
layer of the rectus sheath is deficient over the lower quarter of the
rectus abdominal muscle, marked by the arcuate line, which defines
the point where the posterior aponeurosis layer of the internal
oblique and the aponeurosis of the transversus abdominis become
part of the anterior rectus sheath, leaving only the relatively thin
transversalis fascia to cover the rectus abdominis muscle posteriorly. The arcuate line is found at one-third of the distance from the
umbilicus to the pubic crest.
Between the internal oblique and transversus abdominis muscles
lies a plane that corresponds with a similar plane in the intercostal spaces. This plane contains the anterior rami of the lower six
thoracic nerves (T7–12) and first lumbar nerve (L1). These nerves
supply the skin, muscles, and parietal peritoneum (McDonnell
et al. 2007). At the costal margins, thoracic nerves T7–11 enter this
neurovascular plane of the abdominal wall, travelling along it to
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pierce the posterior wall of the rectus sheath as anterior cutaneous
branches supplying the overlying skin. The T7–9 nerves emerge to
supply the skin superior to the umbilicus. The T10 nerve supplies
the umbilicus while T11, the cutaneous branch of the subcostal
T12, iliohypogastric nerve, and ilioinguinal nerve supply the skin
inferior to the umbilicus.
The iliohypogastric nerve originates from the L1 nerve root
and supplies the sensory innervation to the skin over the inguinal
region. The nerve runs in the plane between the internal oblique
and transversus abdominis muscle and later pierces the internal
oblique to lie between this muscle and the external oblique before
giving off cutaneous branches.
The ilioinguinal nerve also originates from the L1 nerve root
and is found inferior to the iliohypogastric nerve perforating the
transversus abdominis muscle at the level of the iliac crest running
medially in a deeper plane than the iliohypogastric nerve. The ilioinguinal nerve innervates the inguinal hernia sac and medial aspect
of thigh and anterior scrotum and labia (Van Schoor et al. 2005).

Rectus sheath block
The rectus sheath block was first described in 1899 and was initially used for the purpose of abdominal wall muscle relaxation
during laparotomy before the advent of neuromuscular block. Now
it is used for analgesia after umbilical or incisional hernia repairs
and other midline surgical incisions. The aim of the block is to
block the terminal branches of the 9th, 10th, and 11th intercostal
nerves which run in-between the internal oblique and transversus
abdominis muscles to penetrate the posterior wall of the rectus
abdominis muscle and end in an anterior cutaneous branch supplying the skin of the umbilical area (Fig. 53.6).
The most widely described approach is a blind technique, passing the needle through the anterior rectus sheath and through the
rectus abdominis muscle and injecting local anaesthetic onto the
posterior wall of the rectus sheath.
With the patient lying supine, a point is identified 2–3 cm from
the midline, slightly cephalad to the umbilicus at the apex of a
bulge of the rectus abdominis muscle. A short-bevelled 5 cm needle inserted at right angles to the skin is passed through the skin
until the resistance of the anterior sheath can be felt. A definitive
‘pop’ should be felt as it is passed through. The needle is advanced
further until the firm resistance of the posterior wall is felt and
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injection of 15–20 ml of local anaesthetic is made. The procedure is
repeated on the opposite side of the midline.
There is a poor correlation between the depth of the posterior
sheath and the age, weight, or height of patients, meaning it can
be difficult to predict the depth of the rectus sheath (Willschke
et al. 2006). The use of ultrasound allows non-invasive, real-time
imaging of the rectus sheath while the needle is placed under direct
vision.
An in-plane approach can be taken to identify the posterior wall
of the rectus sheath and direct visualization of local anaesthetic
spread can be made. A higher success rate and lower doses of local
anaesthetic have been described with ultrasound guidance. There
are three tendinous intersections of the rectus abdominis muscle
in the rectus sheath which can be identified on ultrasound. With
real-time imaging, the free spread of local anaesthetic can confirm
that these do not extend through the whole cross-section of the rectus abdominis muscle down to the posterior sheath, allowing for
spread of anaesthetic with only one injection site on either side of
the midline (Willschke et al. 2006).
Continuous rectus sheath blocks have been used as an alternative
to epidural analgesia after major surgery with a midline abdominal
incision, avoiding hypotension associated with central neuraxial
block while providing equivalent analgesia (Godden et al. 2013).
With the posterior wall of the rectus sheath lying superficial to
the peritoneal cavity, needle misplacement may lead to complications. Injection into the peritoneal cavity will lead to block failure
and may risk bowel perforation or damage to blood vessels, usually
the inferior epigastric vessels. In addition, block failure may result
from anatomical variance as in up to 30% of the population the
anterior cutaneous branches of the nerves are formed before the
rectus sheath and so do not penetrate the posterior wall of the rectus sheath (Skinner and Lauder 2007).

Ilioinguinal and iliohypogastric nerve blocks
Inguinal herniorrhaphy pain can be severe and difficult to treat
without opioid analgesia, but blocking the iliohypogastric and
ilioinguinal nerves can provide good analgesia for many operations
in the inguinal region. These blocks may be very effective, removing the need for opioids and in paediatric patients have been found
to be as effective as caudal blocks, but with a higher failure rate
(Van Schoor et al. 2005).

Rectus sheath
External oblique muscle

Rectus abdominis muscle
Linea alba

Internal oblique muscle
Transversus abdominis muscle

Peritoneum

Figure 53.6 Anatomy of the rectus sheath.
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The classical approach uses a landmark technique which blocks
the nerves once they have separated into the different fascial layers. An injection is made at a point 2 cm medial and 2 cm superior to the anterior superior iliac spine. A short-bevelled needle is
advanced perpendicular to the skin. After an initial pop sensation
as the needle penetrates the external oblique aponeurosis, around
5 ml of local anaesthetic is injected. The needle is then inserted
deeper until a second pop is felt penetrating the internal oblique,
to lie between it and the transversus abdominis muscle. A further 5 ml of local anaesthetic is injected to block the ilioinguinal
nerve. A fan-wise subcutaneous injection can be made to block
any remaining sensory supply from the intercostals and subcostal
nerve. This approach has a success rate of up to 70% with failure
often as a result of the local anaesthetic being placed more than
one anatomical layer away from the nerves (Weintraud et al. 2008).
Ultrasound guidance has been used with an increased success
rate to block the nerves proximal to the anterior superior iliac spine
when both nerves can be identified in the fascial layer between
the internal oblique and transversus abdominis muscles, before
the iliohypogastric nerve has penetrated the internal oblique to lie
below the external oblique muscle. The ultrasound probe is placed
obliquely on a line joining the anterior superior iliac spine and
the umbilicus, immediately superior and posterior to the anterior
superior iliac spine (Eichenberger et al. 2006) (Fig. 53.7). It may not
be possible to identify each nerve exactly on ultrasound so the most
important aspect is to ensure local anaesthetic is deposited in the
correct fascial plane. When the correct plane between the internal
oblique and transversus abdominis muscle is identified, 10 ml of
local anaesthetic is injected.
It is worth noting, if used as the sole technique for inguinal
herniorrhaphy, that the sac containing the peritoneum should be
infiltrated with local anaesthetic by the surgeon as it is supplied by
the abdominal visceral nerves. Placement of the needle and local
anaesthetic too deep may result in block failure and an inadvertent femoral nerve block. Injection into the peritoneum and colonic
puncture has been reported. Use of ultrasound guidance may
reduce the incidence of these complications.

Transversus abdominis plane block
The aim of the transversus abdominis plane (TAP) block is to block
the sensory nerves of the anterior abdominal wall before they
pierce the musculature to innervate the abdomen. The block can
be performed either by using a landmark technique or with the aid
of ultrasound. The aim is to place a large volume of local anaesthetic in the fascial plane between internal oblique and transversus
abdominis which contains the nerves from T7 to L1. Onset of sensory block appears to be relatively slow so ideally the block is placed
at the start of surgery to give adequate time for onset of sensory
analgesia (McDonnell et al. 2007).
The block was originally described using a landmark technique.
The TAP is accessed from the lumbar ‘triangle of Petit’, bounded
anteriorly by the external oblique, posteriorly by the latissimus
dorsi, and inferiorly by the iliac crest (Fig. 53.8).
This landmark is normally easily palpable (McDonnell et al.
2007), although a cadaveric anatomical study noted a large variability in the position of the triangle of Petit (Jankovic et al. 2009) and
its identification may be difficult in the obese patient. The triangle is identified just anterior to the latissimus dorsi muscle and a
blunt tipped, short-bevelled needle is placed perpendicular to the
skin immediately cephalad to the iliac crest. The needle is advanced
through the external oblique and a first ‘pop’ sensation is felt when
the needle enters the plane between external oblique and internal
oblique. Further advancement of the needle results in a second
‘pop’ after passing through the internal oblique fascia into the TAP
(Fig. 53.9). At this point, after careful aspiration, 20 ml of long-
acting local anaesthetic is injected.
Ultrasound can also be used to identify the muscle layers and
ensure accurate placement of local anaesthetic. The ultrasound
probe is placed in-between the 12th rib and the iliac crest in the
mid-axillary line. The TAP between internal oblique and transversus abdominis muscles can easily be observed on ultrasound
(Fig. 53.10) and by using a 10 cm short-bevelled needle with an
in-plane approach, the local anaesthetic spread distending the
plane can be seen in real time.

External oblique

Internal oblique
Anterior superior iliac spine
Ilioinguinal iliohypogastric
nerves
Transversus abdominis

Figure 53.7 Ultrasound view of the Ilioinguinal iliohypogastric nerves.
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Figure 53.8 Triangle of Petit.

Figure 53.10 Ultrasound view of abdominal muscles in the mid-axillary line.
Reproduced with permission from McDonnell, J. and Harmon, D, ‘Regional anaesthesia of the
trunk’, in McLeod, G. et al., Principles and Practice of Regional Anaesthesia, 2012, Figure 16.14,
Page 165, with permission from Oxford University Press.
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Figure 53.9 Injection into the transversus abdominis plane.

In order to facilitate higher dermatomal spread of analgesia, a second injection in the TAP in the subcostal area has been described
(Barrington et al. 2009). The TAP block provides analgesia for the
abdominal wall but not for the visceral contents and is ideally used
as part of a multimodal approach to analgesia. Good postoperative
analgesia and a decrease in morphine requirements for up to 48 h
after operation has been demonstrated after a variety of surgical
procedures including open colorectal surgery, retropubic prostatectomy, abdominal hysterectomy, and Caesarean section. It may
be used as a simple alternative in patients for whom an epidural is
not possible although there is little comparative data as to the relative effectiveness of the two techniques (Bonnet et al. 2009).
Complications include block failure, intravascular injection, or
injection into the peritoneal cavity, with associated risks of damage

to bowel and other abdominal viscera. There have been isolated
case reports of complications both with the landmark (Farooq
and Carey 2008) and ultrasound-guided techniques (Lancaster
and Chadwick 2010). Large volumes of local anaesthetic are commonly injected with the potential for toxic blood levels (Griffiths
et al. 2013) and there are case reports of convulsions associated
with TAP block (Weiss et al. 2014). Absorption of local anaesthetic
from the TAP may be significant. The use of an ultrasound-guided
approach may reduce the risk of local anaesthetic systemic toxicity
(Barrington and Kluger 2013). Attention should be paid to the total
dose of local anaesthetic used and consideration given to the use of
lower local anaesthetic concentrations in order to reduce the risk of
toxic side-effects.
Numerous trials of TAP block have been published with variable results but with a trend towards superior early pain control (Abdallah et al. 2012). The exact role of the TAP block for
procedure-specific indications remains to be defined. Different
approaches to the TAP appear to result in contrasting patterns
of local anaesthetic spread. Anterior subcostal and mid-axillary
approaches result in predominantly anterior spread of local anaesthetic within the plane. Conversely the posterior landmark or ultrasound approaches result in predominantly posterior spread of local
anaesthetic with extension into the paravertebral space (Carney
et al. 2011). This may explain the apparently prolonged analgesic
effects associated with the posterior approaches.

Local anaesthetic wound infiltration
Surgical wound infiltration catheters have been used after a variety of trunk procedures including mastectomy, laparotomy, and
nephrectomy. Significant analgesic benefits have been demonstrated compared with placebo (Beaussier et al. 2007). Compared
with epidural analgesia, continuous local anaesthetic wound
infiltration can provide similar analgesia although epidural analgesia tends to reduce opioid requirements and is associated with
lower pain scores. Further procedure-specific evidence is required
regarding the efficacy of this technique (Ventham et al. 2013).
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Penile block
Penile block is a useful technique for a variety of penile procedures (e.g. circumcision and meatotomy). It avoids the effects of
other more central techniques such as caudal blocks and provides
excellent analgesia usually in conjunction with general anaesthesia. The nerve supply to the penis arises from the second to fourth
sacral nerve roots through the dorsal nerve of the penis. The dorsal nerves of the penis enter the subpubic space at the symphysis
pubis. A needle is inserted in the midline into the sub-pubic space.
Careful aspiration is required before injection as the area is highly
vascular. Up to 5 ml of a non-adrenaline-containing local anaesthetic is injected either side of the midline. An alternative is to
perform a subcutaneous ring block around the base of the penile
shaft but there is a higher incidence of inadequate pain relief with
this approach (Holder et al. 1997). Complications include haematoma formation.
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CHAPTER 54

Regional anaesthesia
of the upper limb
Colin J. L. McCartney and Alan J. R. Macfarlane
Upper limb blocks
Peripheral nerve blocks of the upper limb provide excellent anaesthesia and postoperative analgesia when performed by trained
anaesthetists. The introduction of ultrasound guidance has generated significant excitement in the last 10 years by allowing the sonographic anatomy to be explored (Sites et al. 2010a, 2010b). Many
studies performed have since demonstrated an improved efficacy
using ultrasound compared with traditional techniques (Abrahams
et al. 2009; Liu et al. 2010).
In order to understand the indications and techniques for each
type of brachial plexus block it is important to appreciate the
anatomy of the nerve supply to the upper limb. The upper limb is
primarily supplied by the brachial plexus, which is formed by the
ventral rami of C5–8 and T1, with a variable supply from C4 and T2
(Fig. 54.1). These roots (interscalene block) combine to form three
trunks (superior, middle, and inferior) in the lower part of the neck
(supraclavicular block), each of which then divides into anterior
and posterior divisions as the nerves pass through the supraclavicular fossa, over the first rib, and under the clavicle. The three
posterior divisions combine to form the posterior cord, the
upper two anterior divisions form the lateral cord, and the lower
anterior division forms the medial cord. The cords (infraclavicular
block) lie, as their name describes, around the axillary artery before
the plexus ends at the lower border of pectoralis minor by forming a number of terminal nerves. The four main terminal nerves
are the radial, ulnar, musculocutaneous, and median nerves (axillary block). A variety of other nerves also branch from the plexus
proximal to this point (Fig. 54.1), and where appropriate these are
described in more detail in the following individual block sections,
as are the anatomical relationships of the nerves and surrounding
structures. The upper outer arm is supplied by the lateral cutaneous
branch of the axillary nerve (C5, C6). The lateral cutaneous nerve
of the forearm, a terminal branch of the musculocutaneous nerve
(C5–7), supplies the lateral forearm. The medial cutaneous nerve of
the forearm and the medial cutaneous nerve of the arm arise from
the medial cord and supply the ulnar side of the forearm and arm
respectively. The intercostobrachial nerve (T2), which does not arise
from the brachial plexus, supplies the upper inner arm. This nerve
is therefore not anaesthetized during a brachial plexus block and
must be targeted separately for any skin incisions involving this area.
Branches of the radial nerve (C5–T1) supply the extensor surfaces
of the arm and forearm (the posterior cutaneous nerves of the arm
and forearm), the thumb and radial three and a half digits, and the

corresponding area on the dorsum of the hand (superficial branch).
The median (C8, T1) and ulnar (C7, C8, and T1) nerves provide
sensory innervation to the hand only. The median nerve supplies the
flexor surface of the thumb and the lateral three and a half digits and
nails, and the corresponding palmar area. The ulnar nerve supplies
the remaining flexor and extensor surfaces of the medial one and a
half digits and palm. See Figure 54.2.

Interscalene block
Indications
The interscalene block is generally performed at the level of the
fifth or sixth cervical nerve roots (which subsequently form the
superior trunk). The resulting anaesthesia and postoperative analgesia usually affects the C5–7 dermatomes (Fig. 54.1) and therefore
this technique is most commonly utilized for shoulder or proximal upper limb and elbow procedures (Borgeat and Ekatodramis
2002). Many shoulder procedures are now commonly performed
arthroscopically, with the ports being inserted posteriorly, laterally,
and anteriorly. Despite this, shoulder surgery still produces significant postoperative pain (Ilfeld et al. 2003; Wilson et al. 2004). The
interscalene block effectively reduces this pain (Wu et al. 2002),
which in turn can decrease the length of in-patient stay and also
allow certain procedures to be performed as a day case (Chelly et al.
2001). In addition, early mobilization after certain shoulder procedures is encouraged and therefore adequate dynamic pain control
is important.
The lower trunk of the brachial plexus, and therefore the ulnar
nerve, is often spared by interscalene block and so it is not an
appropriate choice of block for medial forearm or hand surgery.
More recently described alternatives to the interscalene block such
as cervical paravertebral block, or combined suprascapular and
axillary nerve blocks for shoulder surgery are not considered in this
chapter (Verelst and van Zundert 2013).
An interscalene block may be undertaken as either a single injection or a continuous infusion technique. The use of a continuous
catheter technique is useful in major arthroplasty procedures but
these have also been shown to reduce pain more effectively compared with single-injection techniques even in ambulatory arthroscopic procedures (Fredrickson et al. 2010). Other authors, however,
have reported satisfactory pain control with single-injection techniques and oral analgesia for these procedures. Catheters are more
expensive, time-consuming, technically more challenging, and create management and follow-up issues so these factors must also
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be accounted for before catheter insertion, especially if outpatient
management is being considered.
An interscalene block can be used as the sole anaesthetic for
shoulder surgery but it is often combined with general anaesthesia.
As described later, the shoulder area receives innervation from a
variety of sources. Achieving complete shoulder anaesthesia with
a regional technique alone can therefore be more complex than for
other upper limb procedures. Furthermore, the beach chair or lateral position is used in many shoulder procedures and so general
anaesthesia may be chosen to ensure patient comfort, particularly
for prolonged cases. Larger incisions such as those extending up
into the C4 distribution (cape distribution) may require a larger
volume technique or a superficial cervical plexus block (or individual block of the supraclavicular nerve branches of the cervical
plexus) in combination with interscalene block.

Anatomy
The articular, ligamentous, capsular, and synovial membrane components of the shoulder are innervated by nerves arising predominantly from the brachial plexus (Romanes 1992). Specifically, the
suprascapular nerve (C5, C6) arising from the superior trunk and
the axillary nerve (C5, C6) arising from the posterior cord supply
the majority, with variable contributions from the musculocutaneous (C5–7) and subscapular (C5, C6) nerves (Fig. 54.1). The cutaneous supply of the shoulder region arises from both the brachial
plexus and branches of the superficial cervical plexus (Fig. 54.2).
The transverse cervical nerve (C2, C3) innervates the skin of the
front and side of the neck while the supraclavicular nerves (C3, C4)
supply the ‘cape distribution’ of the clavicular area and the upper
intercostal area anteriorly and the posterior cervical triangle. The
skin over the deltoid muscle is innervated by the lateral cutaneous
branch of the axillary nerve (C5, C6) while the medial upper arm
is supplied by the intercostobrachial nerve (T2), and the medial
cutaneous nerve of the arm which arises from the medial cord of
the brachial plexus (C8, T1) (Fig. 54.1). If a regional anaesthetic
technique is planned, the incision site for open procedures in particular must therefore be known. In addition, during arthroscopic
procedures the posterior port may require additional local infiltration (or blockade of the supraclavicular nerves) if the procedure is
to be performed solely using an interscalene block.
The fifth and sixth cervical nerves emerge from the intervertebral foramina above each of their corresponding cervical transverse
processes. The anterior and middle scalene muscles arise from the
anterior and posterior tubercles of the transverse processes and the
nerves pass inferolaterally in the neck between these two muscles
towards the first rib. The fifth and sixth roots unite to form the
superior trunk of the brachial plexus but it is known that the anatomy can frequently vary from this classical description, and this
can often be visualized when using ultrasound (Sites et al. 2010a).
Many of the potential complications of the interscalene block are
as a result of the close proximity of a variety of important structures. The phrenic nerve arises from the third, fourth, and fifth
cervical nerve roots and runs obliquely across the anterior scalene
muscle. The vertebral artery enters the foramen transversarium at
the sixth cervical vertebra and inferior to this lies exposed, anterior to the ventral rami of the seventh and eighth cervical nerves,
medial to scalenus anterior. The dome of the pleura rises above the
sternal end of the first rib, medial to scalenus anterior and covered
by the suprapleural membrane, which itself arises from the seventh
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cervical transverse process. The thoracic duct also lies in the root
of the neck on the left-hand side, while on both sides the recurrent
laryngeal nerve is situated between the trachea and oesophagus.
Finally, the cervical sympathetic chain runs anterior to the longus
colli on the transverse processes, medial to the vertebral artery
inferiorly.

Technique
Current guidelines (based on consensus evidence statements only)
recommend undertaking all blocks in adults before the induction
of general anaesthesia in order to reduce the risk of nerve injury
and local anaesthetic toxicity (Neal et al. 2008a). Arguably this is
particularly true for the interscalene block which appears to be at
a higher risk of nerve injury than other nerve blocks (Brull et al.
2007). The anatomical structures to be blocked are superficial and
a small dose of midazolam provides sufficient conditions to undertake the block in most patients. Either a landmark nerve stimulation or ultrasound technique may be used, or a combination of
both. Nerve stimulation alone is still commonly used but ultrasound guidance has been shown to increase block success, reduce
the number of needle passes, and decrease both postoperative pain
and local anaesthetic volume requirements (Kapral et al. 2008;
McNaught et al. 2011). Reducing the volume of local anaesthetic
in ultrasound-guided interscalene block has been shown to reduce
but not prevent the incidence of phrenic nerve palsy and respiratory complications, without compromising analgesia (Riazi et al.
2008; Renes et al. 2009).

Nerve stimulator
A variety of approaches exist. The classic approach described by
Winnie involves directing the needle towards the cervical spine but
is still commonly performed. The Pippa technique uses a posterior
needle approach necessitating a longer, potentially more uncomfortable, distance to the target. The modified lateral technique aims
to reduce the risk of complications by directing the needle away
from the spine and is also best suited for catheter techniques as
it follows more closely the path of the descending nerves and it is
therefore described here. A 50 mm insulated block needle is chosen and an appropriate mixture of local anaesthetic prepared. The
patient is positioned supine with the head turned slightly away
from the side to be blocked, and on the edge of a pillow so as not to
obstruct access to the neck. Standing at the head end of the patient,
the groove between the scalene muscles should be palpated, posterior to the clavicular head of sternocleidomastoid muscle. Asking
the patient to elevate the head helps identify the posterior border of
the sternocleidomastoid while sniffing contracts the scalene muscles. Irrespective of body habitus the nerves are relatively superficial in the majority of patients. At 2 cm cranial to the level of the
cricoid cartilage (Fig. 54.3) the skin above the interscalene groove
is infiltrated with local anaesthetic. The nerve stimulator is set to 1.0
mA and the block needle advanced at a 30° angle from this position
along the interscalene groove in a cephalad to caudad and slight
lateral direction, aiming for the junction of the middle and lateral
third of the ipsilateral clavicle. Deltoid or biceps muscle twitches
indicate a successful end-point, and the current should be reduced
to ensure a minimum stimulating current (MSC) of no less than
0.4 mA. Animal data has in general demonstrated a poor correlation between needle to nerve proximity and MSC (Macfarlane et al.
2011) and correspondingly one study has demonstrated equivalent
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Figure 54.3 Surface landmarks and needle insertion for nerve stimulator-guided
interscalene block. Clav, clavicle; Cr, cricoid cartilage; CScm, clavicular head of
sternomastoid muscle; SScm, sternal head of sternomastoid muscle.

interscalene block duration and success irrespective of whether the
current was above or below 0.5 mA when using ultrasound and
nerve stimulation together (Sinha et al. 2007). Diaphragmatic stimulation indicates needle tip proximity to the phrenic nerve which
lies anteriorly. The needle should therefore be directed posteriorly.
Trapezius muscle stimulation indicates accessory nerve stimulation
and suggests the needle is too posterior and should be redirected
anteriorly.

Ultrasound
This is a basic level ultrasound-guided nerve block. Ultrasound
allows direct visualization of the nerve roots between the anterior and middle scalene muscles and surrounding structures.
A high-frequency linear probe should be chosen with depth settings around 2–3 cm. In the same supine or slightly head-up position as described previously, with the head turned slightly to the
contralateral side, the neck is scanned in the transverse plane.
The nerve roots at the level of the cricoid cartilage are generally
visualized lying slightly obliquely as round, hypoechoic structures
(Fig. 54.4). There are no large vascular landmarks at this level and
P
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Figure 54.4 Ultrasound image of the interscalene brachial plexus.

tracing the nerves proximally from the supraclavicular region can
facilitate nerve localization. Scanning from the midline may also
be used to locate the nerves. Using this latter method, the trachea
and overlying thyroid gland are identified, followed more laterally
by the carotid and jugular vessels superficial to which lies the sternocleidomastoid muscle. The anterior scalene muscle subsequently
lies lateral to the great vessels, underneath the tapering border of
sternocleidomastoid. The vertebral artery may be visible medially
below the level of C6. Doppler can be used to check for this and any
other vessels. Once identified, the nerves may also be traced back to
where they emerge from the intervertebral foraminae. The seventh
cervical vertebra, which has no anterior tubercule, the prominent
Chassaignac’s (anterior) tubercle of C6, and the level of the vertebral artery can all aid in identification of the specific nerve roots.
A nerve stimulator can also be used to confirm the identity of the
nerves.
The needle may be introduced in plane or out of plane. An
in-plane approach involves a lateral-to-medial direction with the
needle passing through the middle scalene muscle towards the
interscalene groove. As this direction is also towards the cervical
spine and the vessels, care must be taken to ensure the needle
tip is viewed at all times. It also technically risks damage to both
the long thoracic and dorsal scapular nerves passing through this
muscle. This method is still considered safer by some practitioners, however. As the block is superficial, the needle approach is
relatively shallow and so good needle visualization should be
possible. With the out-of-plane approach the needle tip is more
difficult to visualize but it is inserted similarly to the nerve stimulator technique described earlier. This method, which follows the
direction of nerve travel, may be particularly suited for catheter
techniques. Unlike other blocks where circumferential spread
is sought, this end-point for interscalene blocks has been called
into question, particularly with the risk of nerve damage being
higher in this block. A ‘periplexus’ injection (between the middle scalene muscle and plexus sheath) was just as effective as an
intrasheath injection in one study, albeit slightly shorter in duration (Spence et al. 2011).

Authors’ preferred technique
This is a combined ultrasound and nerve stimulation in-plane
approach, maintaining good needle visualization at all times.
A combined approach is used, the logic being that the nerve
stimulator may provide additional information about intraneural needle placement (Neal and Wedel 2010). This is particularly
important with the interscalene block as the risk of nerve damage may be greater with this block (see below). Using an in-plane
needle approach the superior border of C6 nerve root or the
upper trunk is the target, entering the fascial sheath. When the
needle tip is next to the nerve the nerve stimulator is turned on,
starting at 0 mA. The current is increased until an appropriate
muscle twitch end-point is achieved, seeking only to ensure the
MSC is greater than 0.4 mA. Animal studies, and some human
data suggest a MSC of 0.2 mA is a relatively specific but non-
sensitive indicator of intraneural needle placement (Macfarlane
et al. 2011). Our practice in all US guided blocks is therefore to
use nerve stimulation in conjunction with US, purely as an additional tool to try and prevent intraneural injection, and not for
identification of nerves. In the absence of any evidence-based
guidelines a MSC of 0.4 mA is chosen rather than 0.2 mA as
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an additional safety measure. The needle is only repositioned
(usually withdrawn slightly) if the current is less than 0.4 mA.
Local anaesthetic is then injected on the lateral side of the nerve
roots aiming for spread cranially and caudally in the interscalene
groove, but minimizing needle redirection to reduce iatrogenic
nerve injury. Circumferential spread, as discussed above, is not
sought. Levobupivacaine 0.375% 10 ml mixed with 1 mcg kg−1
clonidine (unless elderly when 0.5 mcg kg−1 is used) is injected
for an analgesic block. Levobupivacaine 0.5% 15 ml is used for
anaesthetic blocks and the supraclavicular nerves are blocked
also if visible lying on the middle scalene muscle (Maybin et al.
2011). If spread to the anterior border of the anterior scalene
muscle is observed the injection is halted, but even if this is not
seen phrenic nerve palsy commonly still occurs albeit this rarely
has a clinical effect in healthy patients.

Local anaesthetic choice and dosing
The choice of local anaesthetic is dependent on whether the block is
for analgesia or anaesthesia and surgical factors such as operation,
duration and magnitude. For shoulder surgery, a longer-acting
agent such as ropivacaine or levobupivacaine is generally merited
because of the significant postoperative discomfort and a single
shot block may last up to 24 h if additives are used as described in
‘Complications’ (Cummings et al. 2011). Interestingly, addition of
more rapid-onset local anaesthetic drugs has not been shown to
hasten interscalene block onset and in fact reduced the block duration compared with longer-acting local anaesthetic alone (Gadsden
et al. 2011). Levobupivacaine or ropivacaine 0.5–0.75% may be
used for anaesthesia while lower concentrations are adequate for
analgesia. Additives such as clonidine may be used but there is
conflicting evidence as to whether this significantly prolongs block
duration (Pöpping et al. 2009). Furthermore, larger doses of clonidine may contribute to hypotension in the deckchair position,
particularly in elderly patients. Dexamethasone has, however, been
reported to increase block duration by up to 12 h (Vieira et al. 2010;
Cummings et al. 2011), possibly even if given intravenously rather
than perineurally (Desmet et al. 2013).
The volume of local anaesthetic can influence the incidence of
side-effects, although it is contentious as to whether this reduces
efficacy. In one study, 5 ml reduced (but did not eliminate) the incidence of diaphragmatic palsy without affecting block success but
other researchers found that reducing the volume to 5 ml increased
the number of block failures (Riazi et al. 2008; Fredrickson et al.
2012). Reducing the volume to this level may also decrease proximal spread to branches of the superficial cervical plexus, which is
important if the block is used as sole anaesthetic unless the surgeon
infiltrates the port sites. A maximum of 15 ml should be sufficient
with an accurate ultrasound-guided block. Volumes of 20–30 ml
were previously recommended with nerve stimulation, although
the minimum effective analgesic volume has been calculated to be
5.4 ml with nerve stimulation (albeit compared with 0.9 ml with
ultrasound) (McNaught et al. 2011) with 10 ml also being shown
to provide effective analgesia in other studies (Krone et al. 2001).
If a catheter technique is used, a patient controlled bolus technique
with either no or a very low continuous background rate (e.g. 5 ml
bolus, 2 ml background rate) may be most appropriate, particularly in reducing unwanted motor block (Fredrickson et al. 2010).
Levobupivacaine 0.125% or ropivacaine 0.2% are appropriate for
continuous infusions.

regional anaesthesia of the upper limb

Complications
Nerve damage is a potential complication of all nerve blocks but its
incidence is reportedly higher for the interscalene block (Brull et al.
2007). This may be because of the relative lack of protective connective tissue surrounding the nerves at this level or as a result of the
greater ratio of neural to connective tissue in proximal as opposed to
distal nerves. Measures to reduce this risk, albeit not based on high-
quality evidence, include not undertaking the block in an anaesthetized patient, ensuring no paraesthesia or pain on injection, careful
needle tip visualization, avoidance of high injection pressures, and
only injecting at a MSC above 0.2 mA (Gadsden et al. 2010). Local
anaesthetic toxicity is another generic complication, the incidence
of which should in theory be reduced by using ultrasound and
lower doses of local anaesthetic as previously described. More specific complications include phrenic nerve palsy. Traditionally this
was reported to occur in 100% of cases but using both ultrasound
compared with nerve stimulation and reducing the volume of local
anaesthetic independently reduce this figure (Riazi et al. 2008; Renes
et al. 2009). However, in this latter study, even when using volumes
of only 5 ml with ultrasound guidance, 45% of patients experienced
diaphragmatic paralysis (although of a lesser severity than those
who experienced paralysis at larger volumes of local anaesthetic).
Bilateral interscalene blocks are therefore not recommended.
Patients most sensitive to the reduction in lung function caused by
phrenic nerve palsy include those with moderate to severe chronic
obstructive pulmonary disease and obese patients. These conditions
are not an absolute contraindication to an interscalene block but
patients may require supplemental oxygen and overnight admission
if desaturation occurs without supplemental oxygen. Contralateral
lung pathologies such as a pneumothorax, pneumonectomy, or
phrenic nerve palsy are also relative contraindications. Horner’s
syndrome results from proximal spread of local anaesthetic to the
cervical sympathetic chain while recurrent laryngeal nerve palsy
can cause hoarseness. Rare complications include spinal, epidural,
or actual intervertebral injection. Avoidance of medial angulation
or injecting close to where the roots emerge from the transverse
processes should in theory reduce these complications. Vertebral
artery or carotid injection can also occur with devastating effects.
Finally, pneumothorax is also possible. In theory, ultrasound should
reduce complications as many of the above-mentioned structures
can be visualized. This has not been proved, however, and it must be
remembered that ultrasound still relies upon good needle visualization and pattern recognition by the operator and therefore complications can still occur.

Supraclavicular block
Indications
The supraclavicular block targets the three trunks of the brachial
plexus where they lie in close proximity to one another, before passing over the first rib. Kulenkampff introduced the block in 1911
and the predictable, rapid onset and dense anaesthesia resulted in it
becoming referred to as the ‘spinal of the arm’. However, because of
the risk of pneumothorax (reported at rates of 6% in early studies)
and the development of other approaches to the brachial plexus the
popularity of the block declined (Brand and Papper 1961). Recently,
with the advent of ultrasound and the ability to visualize the plexus
and surrounding structures there has been a resurgence of interest
in the supraclavicular block.
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The only area of the upper limb not anaesthetized by a successful
supraclavicular block is the inner aspect of the upper arm, which
is supplied by the intercostobrachial nerve (a branch of the second
intercostal nerve) (Figs 54.1, 54.2b). Nevertheless this does not generally affect tourniquet anaesthesia and the supraclavicular block
alone provides excellent anaesthesia (and analgesia) for all surgical procedures on the upper outer arm, elbow, forearm and hand.
Because the medial and lateral supraclavicular nerves (from the
superficial cervical plexus) and the suprascapular nerve (see interscalene section) have already branched off proximally, the supraclavicular block has traditionally not been utilized for shoulder surgery.
Recently, however, data from a large prospective registry revealed
an ultrasound-guided supraclavicular approach was as effective for
shoulder surgery anaesthesia as an interscalene block when used
with fentanyl, propofol and midazolam sedation (Liu et al. 2010).
The block appeared to function as a caudal approach to the interscalene block, but although hoarseness was less with the supraclavicular block there was no difference in respiratory complications.
Hand procedures that require only a brief period of tourniquet time
(< 30 min approximately) may be anaesthetized with more distal
peripheral nerve blocks alone or intravenous regional anaesthesia to
reduce the risk of complications discussed later. Catheter techniques
are also possible, but the supraclavicular block is more commonly
used as a single-injection technique. The infraclavicular region is a
better location for securing a catheter and there is some evidence
that an infraclavicular catheter provides superior analgesia when
compared with the supraclavicular technique (Mariano et al. 2011).
One limitation with the ultrasound-guided supraclavicular block
is that in a proportion of patients the ulnar nerve is not adequately
blocked. This has been reported to be as high as 30% in some studies and 15% in other large series, despite targeting the ‘corner pocket’
described in the ‘Ultrasound’ subsection (Fredrickson et al. 2009;
Brull and Chan 2011). While this can be easily rectified with supplementation in the forearm, elbow, or the axilla, this should be remembered when surgery involving the ulnar nerve distribution is planned.

Anatomy
The five main roots forming the brachial plexus (C5–8 and T1) pass
inferolaterally in the neck between the anterior and middle scalene
muscles, merging to form the superior, middle, and inferior trunks
(Fig. 54.1) in the supraclavicular fossa. This fossa is bounded by
the clavicle inferiorly, the trapezius muscle posterolaterally, and the
sternocleidomastoid muscle medially. The scalene muscles insert
onto the first rib, with the nerves between passing across the rib
posterolateral to the supraclavicular artery, and then underneath
approximately the mid-point of the clavicle where they split into
the anterior and posterior divisions.
Most of the potential complications of the supraclavicular
block, as discussed later, arise from the proximity of surrounding
structures. Many of these are the same structures described previously for the interscalene block such as the phrenic nerve running
obliquely across the anterior scalene muscle, the vertebral artery
entering the foramen transversarium at the sixth cervical vertebra,
medial to scalenus anterior, the dome of the pleura rising up above
the sternal end of the first rib, again medial to scalenus anterior,
and the thoracic duct lying in the root of the neck on the left-hand
side. Again on both sides the recurrent laryngeal nerve lies between
the trachea and oesophagus and the cervical sympathetic chain is
located medial to the anterior scalene muscle.

Technique
As with all blocks, and as noted previously (Neal et al. 2008a), the
supraclavicular block should be undertaken in awake or lightly
sedated patients where possible. A small dose of sedative such as
midazolam generally provides sufficient conditions. Only rarely
should a small dose of fast-acting opioid also be required. Either
nerve stimulator or ultrasound may be used, or a combination of
both. The techniques are described in the following subsections.
Ultrasound has been shown to improve the success rates of this block
compared with using nerve stimulation alone (Williams et al. 2003).

Nerve stimulator
The most commonly used techniques are the plumb-bob approach,
with or without minor modifications and the Winnie subclavian
perivascular approach (Winnie and Collins 1964; Brown et al.
1993). The modified plumb-bob approach described in the following paragraph was designed to reduce the risk of pneumothorax,
the prevalence of which has previously been reported to lie between
0.5% and 6% (Brand and Papper 1961). In theory this risk should
be reduced using ultrasound but as yet there has been no large comparative trial, and indeed one case of pneumothorax has already
been reported despite using ultrasound (Bhatia et al. 2010).
A 50 mm insulated block needle is chosen and an appropriate
mixture of local anaesthetic prepared. The patient is positioned
supine with the head turned slightly away from the side to be
blocked, and the arm to be blocked adducted by the patient’s side.
The insertion of the clavicular head of sternomastoid on the clavicle is an important landmark as the dome of the pleura lies medially. The needle should therefore not pass medial to this point in
the parasagittal plane. If possible, the groove between the scalene
muscles should be palpated in the neck, and followed down to the
supraclavicular fossa where, within a space 2.5 cm lateral to the
insertion of the clavicular head of the sternomastoid, the brachial
plexus may be palpable in thin individuals. The pulsation of the
subclavian artery crossing above the first rib may also be palpable.
In this case, the plexus is known to lie lateral and slightly posterior
to the pulsation. A 50 mm needle connected to a nerve stimulator is
then inserted about 1 cm behind the clavicle in an anteroposterior
direction, with no medial but a slight caudal orientation (Fig. 54.5).
It should be remembered that the depth of the plexus is sometimes

CScm

Clav

Figure 54.5 Surface landmarks and needle insertion for nerve stimulator-guided
supraclavicular block. Clav, clavicle; CScm, clavicular head of sternomastoid muscle.
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less than 2 cm and the lung lies medially. Shoulder twitches represent upper trunk stimulation. Ideally finger twitches should be
obtained, as this represents stimulation of the lower trunk and
may improve success rates (Franco et al. 2004). Injection can
then be carried out after aspiration to exclude intravascular needle placement. Pectoralis muscle twitches suggest anterior needle
placement, scapular twitches suggest posterior placement, while
aspiration of blood may indicate the needle is too medial or too
anterior. Magnetic resonance imaging studies suggest that initially
the needle should be angulated slightly cephalad, particularly if no
twitches are obtained (Klaastad et al. 2003).

Ultrasound
This is an intermediate level ultrasound-guided nerve block.
A high-frequency linear probe should be chosen with depth settings
around 2–4 cm. The patient should be positioned supine or slightly
head-up with the head turned slightly to the contralateral side. The
probe is then orientated in the supraclavicular fossa in the coronal
oblique plane. The hypoechoic pulsatile subclavian artery should
first be identified, lying on the hyperechoic first rib. The hyperechoic pleura, which ‘slides’ during respiration and lies underneath
the first rib, should then be visualized at either edge of the first
rib. The pleura are not visible underneath the rib with ultrasound.
The brachial plexus trunks and divisions lie posterolaterally to the
artery and are hypoechoic at this level. The probe should be tilted to
ensure the plexus is visualized on top of the rib and not the pleura
(Fig. 54.6). In this manner, the rib acts as a backstop, if the needle
is in line with the ultrasound beam, and therefore is a safety feature
in preventing a pneumothorax. Colour Doppler should be used to
identify any vessels that may lie in the path or vicinity of the needle.
Both the hypoechoic transverse cervical and suprascapular arteries
may be seen in either longitudinal or transverse section among or
above the plexus and may be confused with nerves unless Doppler
is used. The plexus may be approached in plane in a medial-to-
lateral, or lateral-to-medial direction. Large vessels, as previously
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described, may make a lateral to medial approach either technically
more dangerous or indeed occasionally impossible. Both of these
ultrasound techniques are a completely different approach to the
classical nerve stimulator technique. With either approach, however, the aim is to initially target the ‘corner pocket’, ensuring local
anaesthetic is deposited around the inferior trunk (Soares et al.
2007). The lateral-to-medial approach allows a more direct path to
the corner pocket whereas the medial-to-lateral approach may be
safer as the needle is moving parallel (as opposed to towards) the
pleura. However, in this approach navigating around the subclavian
artery makes reaching the ‘corner pocket’ technically more difficult.
Neither technique has been shown to be superior (Subramanyam
et al. 2011). With either approach, local anaesthetic is infiltrated
in the skin and the needle carefully inserted towards the corner
pocket. At all times, the needle tip must always be maintained in
view or its position inferred by hydrolocation in order to minimize the risk of pneumothorax. A nerve stimulator may be used
to confirm the identity of nerves, aiming to achieve hand twitches.
After injecting at the corner pocket, the nerves are often seen to rise
and ‘float’ towards the surface. The needle is then withdrawn and
redirected towards the remaining trunks and divisions, ensuring
all are surrounded by local anaesthetic. While some work has suggested that a double-injection technique rather than a single ‘corner
pocket’ injection improves block onset, the extra time performing
the block actually negated this benefit.

Authors’ preferred technique
The authors’ preferred technique is an ultrasound-guided approach,
in plane and lateral to medial. After injecting in the corner pocket
as previously described, each of the trunks and divisions in turn is
targeted and circumferential spread sought as an end-point. Nerve
stimulation is used to confirm absence of intraneural placement,
as discussed previously, by keeping the output current at 0.4 mA
and withdrawing the needle slightly if stimulation occurs at that
current. A 50:50 mixture of lidocaine and adrenaline (epinephrine)
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Figure 54.6 Ultrasound image of the supraclavicular brachial plexus.
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1.5% and levobupivacaine 0.5% is used in a volume of around 25–
30 ml for anaesthetic blocks, ensuring spread as already described.
Levobupivacaine 0.25% is used for analgesic blocks.

Local anaesthetic choice and dosing
The choice of local anaesthetic is dependent on the duration and
magnitude of surgery and whether analgesia or anaesthesia is the
purpose of the block. For nerve stimulator blocks, 30–40 ml is
required. When using ultrasound compared with a nerve stimulator, the volume of local anaesthetic required does not appear to
be reduced, unlike other ultrasound-guided blocks. The ED50 with
ultrasound was found to be 23 ml, with the more clinically relevant
ED95 42 ml (Duggan et al. 2009). Levobupivacaine 0.5% provides
3–4 h of anaesthesia. In longer cases, both tourniquet and general
positioning discomfort can become limiting factors without additional analgesia and sedation. Adding dexamethasone to mepivacaine supraclavicular blocks has been shown to prolong block
duration by approximately 100 min (Parrington et al. 2010).

Complications
Nerve damage is a rare but feared complication of all nerve blocks
(Brull et al. 2007). More specifically, phrenic nerve palsy is reported
to be as high as 67% (Knoblanche 1979) although it is generally
asymptomatic in patients without underlying lung disease. Care
must be taken, however, in those with severe pre-existing lung
disease because a phrenic nerve palsy may further exacerbate respiratory function. A distal infraclavicular or axillary block is an
alternative option in such patients. One comparative study demonstrated that when using the same volume (20 ml) of ropivacaine
0.75%, ultrasound reduced the risk of diaphragmatic palsy to 0%
compared with 53% when using a nerve stimulator (Renes et al.
2009). This benefit of ultrasound has not been examined in other
large studies as yet. The risk of pneumothorax was discussed previously and it must be remembered that this does not always present
clinically at the time. For this reason, some practitioners prefer not
to use supraclavicular blocks in day surgery although this is not
the authors’ practice. Ultrasound has been used routinely by some
practitioners to exclude pneumothorax before discharge. Because
of the risk of pneumothorax or phrenic nerve palsy, bilateral
supraclavicular blocks should not be undertaken. Vascular puncture, involving either the subclavian artery or the other vessels in
the vicinity of the plexus, is also a possible complication, leading
to either local anaesthetic toxicity or haematoma. Ultrasound has
been shown to reduce the incidence of vascular puncture during
peripheral nerve blocks (Abrahams et al. 2009). Horner’s syndrome
and hoarseness are other possible side-effects. Suprascapular nerve
palsy has also been reported after supraclavicular block.

Infraclavicular block
Indications
The infraclavicular block aims to place injectate at the level of the
three brachial plexus cords lying around the second part of the axillary artery in the apex of the axilla. This block is suitable for all types
of upper limb surgery except shoulder surgery and is also particularly suited to the placement of a continuous catheter as the catheter tip is deeply situated and not easily dislodged. In addition, a
catheter is easily secured to the anterior chest wall at this location.
Several different techniques and modifications have been developed
since Bazy and Labat’s original description of the block, but overall

the infraclavicular block has a good success rate with a similar rate
of complications to other brachial plexus blocks except for phrenic
nerve palsy which is lower with the more distal infraclavicular
approaches (see later) compared with supraclavicular block (Chin et
al. 2013). Distal infraclavicular blocks therefore are a superior choice
(as is the axillary block) in patients with respiratory disease. Recent
studies comparing the infraclavicular and supraclavicular blocks
have found the infraclavicular block to be superior (Fredrickson
and Wolstencroft 2011). If the patient is unable to abduct their arm
to allow access to the axilla then again the infraclavicular block may
be indicated.
More recently, ultrasound-
guided approaches have been
described. While some studies have demonstrated shorter performance times these have not, unlike most other ultrasound-guided
blocks, demonstrated any increased success with ultrasound (Sauter
et al. 2008; Taboada et al. 2009; Gelfand et al. 2011). Insertion of a
catheter using ultrasound guidance has been shown, however, to be
more successful than with nerve stimulation (Mariano et al. 2009).
Some ultrasound techniques also utilize a perivascular injection
technique around the second part of the axillary artery, rather than
targeting the cords themselves, necessitating fewer injection end-
points (Fredrickson et al. 2010). Success rates have been high and
complication rates very low using this more simple method.

Anatomy
The boundaries of the infraclavicular fossa are the pectoralis minor
and major muscles anteriorly, ribs and intercostal muscles medially,
the clavicle and coracoid process superiorly, and the humerus laterally. The cords of the brachial plexus (Fig. 54.1) are formed as they
cross the first rib, pass under the clavicle, and wrap around the second
part of the axillary artery. Here, the lateral cord lies most superficial
and is lateral to the artery. The posterior cord lies deeper to the lateral
cord, posterior to the artery while the medial cord lies in a variable
position from posterior to inferomedial to the artery. The pleura lies
deep and medial to the plexus and therefore medial needle manipulation during infraclavicular block (especially with non-ultrasound
techniques) is not advised. More laterally the subscapularis muscle
lies deep to the plexus. The musculocutaneous nerve leaves the lateral cord in a variable manner, and sometimes quite proximal in the
axilla (Pianezza et al. 2012). This may explain why failure to block
this nerve can occur with the infraclavicular block, particularly when
using techniques that aim more laterally (Minville et al. 2005).

Technique
A variety of techniques have been described including, from proximal to distal along the axillary artery, the vertical infraclavicular,
the Raj, the coracoid, and the parasagittal approaches (Neal et al.
2008b). While complications, as discussed later, appear to reduce
the more distal the plexus is approached, no technique has been
shown to be superior in efficacy compared with another. As with all
blocks, the infraclavicular block should preferably be undertaken
in awake patients (Neal et al. 2008a). A small amount of sedative
such as midazolam generally provides sufficient conditions but
as the nerves in the infraclavicular approach are deeper and are
approached by passage through the pectoralis muscles (particularly
in the more distal techniques), a small amount of fast-acting opioid
may also be required. Either nerve stimulator or ultrasound may be
used, or a combination of both and these are described in the following subsections. Ultrasound, as noted previously, has not been
found as yet to increase success rates of this block.
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Nerve stimulator
The modified coracoid method, targeting the posterior cord to
achieve high success rates, is described here (Wilson et al. 1998). This
technique has the advantage of a consistent, palpable bony landmark
(even in obese patients) and the arm does not need to be abducted.
With the patient supine and the arm adducted, an 80 mm needle
is inserted 2 cm medial and 2 cm inferior to the coracoid process,
perpendicular to the skin until lateral cord stimulation is observed
(Fig. 54.7). The needle should then be manipulated inferiorly and
posteriorly until posterior cord stimulation is obtained. The cords are
reached at a mean distance of 4.24 cm in men and 4.01 cm in women.
A total of 30–40 ml of local anaesthetic is then injected with frequent
negative aspiration. Several studies have determined that posterior
cord or distal hand movement increases the success of the block (Bloc
et al. 2007). This is logical because the posterior cord lies between the
medial and lateral cords. Acceptance of proximal muscle twitches

Coracoid

Figure 54.7 Surface landmarks and needle insertion for nerve stimulator-guided
infraclavicular block (coracoid approach).
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(biceps) or lateral cord stimulation can be associated with block failure in as many as 50% of patients (Borgeat et al. 2001). As noted previously, this is because the musculocutaneous nerve leaves the plexus
before the coracoid process in a large proportion of patients. Dual (and
triple) stimulation compared with single stimulation also appears to
increase success (Rodriguez et al. 2004; Akyildiz et al. 2009) although
it has been demonstrated that single stimulation of the posterior cord
is actually more effective than dual stimulation of any other two non-
posterior cord responses (Rodriguez et al. 2010).

Ultrasound
This is an intermediate level ultrasound-guided block mainly
because the target is relatively deep (4–6 cm) and the angle to reach
the target can be steep in relation to the ultrasound probe making
needle visualization difficult. In order to perform the block, a linear
10–13 MHz probe or a curvilinear probe can be used depending on
availability and patient habitus. The patient is placed supine with the
arm adducted, although abduction of the arm may improve visualization of the three cords. With the probe in a sagittal orientation,
the second part of the axillary artery is visualized deep to pectoralis
major and minor. During this pre-procedural scan the pleura should
be visualized medially and the probe then moved laterally. The cords
may be seen as hyperechoic structures posterior, medial, and lateral
to the artery in varying positions (Fig. 54.8). Each cord can then be
targeted, or more simply a needle insertion point can be chosen that
allows approach to the posterior aspect of the artery (Fredrickson
et al. 2010). In practice, this usually involves an insertion immediately inferior to the clavicle, usually at an angle greater than 45°
(Kalagara et al. 2015). Successful placement is then associated with
local anaesthetic spread immediately posterior to the artery that also
causes the artery to be pushed anterior (‘double-bubble’ sign) (Tran
et al. 2006). Spread that is too anterior without spread posterior to
the artery or spread that is too deep and not well visualized will
both either result in very slow block onset or block failure (Porter
et al. 2005).
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Figure 54.8 Ultrasound image of the infraclavicular brachial plexus. AA, axillary artery; AV, axillary vein; LC, lateral cord; PMiM, pectoralis minor muscle; PMM, pectoralis
major muscle.
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Authors’ preferred technique
The perivascular ultrasound technique is the authors’ preferred
method because of the simplicity and lack of need to achieve stimulation end-points for block success. As before, nerve stimulation is
used to confirm absence of intraneural placement by keeping the
output current at 0.4 mA and withdrawing the needle slightly if
stimulation occurs at that current. A total volume of approximately
30 ml of ropivacaine 0.5% is used. A catheter technique where the
tip is placed immediately posterior to the axillary artery also provides very successful postoperative analgesia.

Local anaesthetic choice and dosing
The choice of local anaesthetic is dependent on the duration and magnitude of surgery and whether analgesia or anaesthesia is the purpose
of the block. A systematic review concluded that at least 40 ml was
required to improve the anaesthetic efficacy of the infraclavicular
block (Chin et al. 2013). While the majority of the studies included
in this review were nerve stimulator guided rather than ultrasound
guided, it has been since shown that the minimum effective volume
in 90% of patients was 35 ml when using a single-injection ultrasound-guided technique (Tran et al. 2011). The optimal dose when
using a catheter has not been extensively studied but in one study
the optimal regimen was found to be an 8 ml h−1 infusion with a 4
ml bolus compared with either a larger volume continuous infusion
with no bolus or a bolus alone with no infusion (Ilfeld et al. 2004).

Complications
As previously noted, nerve damage is a potential complication of all
nerve blocks. Most other complications of the infraclavicular block
appear to be increased the more proximal/medial the approach.
Phrenic nerve palsy, as previously discussed, is significantly less
common with the infraclavicular block than the interscalene or
supraclavicular blocks, with rates being reported as 25% with the
(proximal) vertical infraclavicular block (VIB) but zero with the
coracoid approach. Pneumothorax similarly is less common than
the supraclavicular block, with VIB rates reported to be between
0.2% and 0.7% and 0.7% also for the coracoid approach (Desroches
2003). Vascular puncture is another possible complication, but this
should be reduced by ultrasound (Abrahams et al. 2009). It is more
difficult to compress a vessel in this location, however, than in the
axilla. Other complications are rare but include Horner’s syndrome,
which again is more common in the proximal (vertical) approach.

Axillary block
Indications
The axillary block is a simple and safe brachial plexus block technique with a lower incidence of complications compared with more
proximal approaches (Neal et al. 2008b). In particular, there is no
risk of phrenic nerve palsy or pneumothorax making it a good
choice in patients with significant respiratory disease. It provides
suitable anaesthesia or analgesia, or both, for all types of forearm and hand surgery with one caveat being the musculocutaneous nerve must be blocked if surgery is performed on the lateral
forearm or ‘snuffbox’ area of the wrist. The axillary block is less
well suited to elbow or proximal arm surgery and in these cases
a more proximal technique such as supraclavicular or infraclavicular block should be chosen. An axillary anaesthetic block has
been shown to facilitate earlier discharge after hand surgery than
a general anaesthetic technique but otherwise there is no evidence

that long-term outcome is superior (McCartney et al. 2004). A continuous technique has been described for axillary block. However,
the infraclavicular site is preferable for this purpose because of the
closer proximity of nerves to each other (ensuring greater coverage of analgesia) and ease of securing the catheter to the anterior
chest wall.

Anatomy
The axilla is a truncated pyramid in shape, with the apex directed
upwards and medially towards the neck. The apex (bounded anteriorly by the clavicle, posteriorly by the scapula, and medially by the
outer border of the first rib) is continuous with the superior aperture
of the thorax and the root of the neck and it is through here that the
cords of the brachial plexus travel, surrounding the axillary artery
as described earlier. The other boundaries of the axilla are the pectoralis muscles anteriorly, the serratus anterior muscles and ribcage
medially, while the posterior wall is formed by subscapularis above
and teres major and latissimus dorsi below. The lateral boundary is
formed by the humerus, coracobrachialis, and biceps. At the lateral
border of the pectoralis minor muscle the cords divide into the four
major terminal nerves of the plexus, namely the musculocutaneous, median, ulnar, and radial nerves. The median, ulnar, and radial
nerves classically lie in characteristic positions within an incomplete
sheath in close proximity to the axillary artery, but there can be significant variability in this traditional anatomy (Retzl et al. 2001). The
musculocutaneous nerve generally arises from the lateral cord more
proximally at the level of the coracoid and runs between biceps and
coracobrachialis, outside the fascial sheath. At the level of the axilla,
the median nerve and musculocutaneous nerves lie superior to the
artery (musculocutaneous superior and more lateral) whereas the
ulnar nerve lies inferiorly and radial more posteriorly. The medial
cutaneous nerves of the arm and forearm have already branched off
the medial cord and lie more superficially, sometimes also outside
the fascial sheath. In addition to the brachial plexus and the axillary
vessels, the contents of the axilla include lymph nodes, fat, and the
intercostobrachial and long thoracic nerves. This lack of vital structures (other than the nerves and vessels) explains why this is the
safest approach to the brachial plexus.

Technique
Before the use of ultrasound, two common methods of performing axillary brachial plexus block existed. The first was a transarterial technique using the axillary artery. This was commonly used,
especially in North America, but while it had a reasonable success
rate, high volumes of local anaesthetic were required (40–60 ml)
and this approach will not be described further. The nerve stimulation technique then became increasingly popular, especially in the
United Kingdom and Europe and this is described in the following
subsections. Ultrasound, however, has now replaced nerve stimulation as the nerve localization method of choice in many centres.
Ultrasound has been shown to reduce the time to perform the
block and improve overall efficacy, and reduce overall incidence
of minor adverse effects such as pain on injection and bruising as
well as more serious adverse effects such as convulsions (Lo et al.
2008). Again, as with all blocks, it is recommended that this block
is undertaken awake if possible (Neal et al. 2008a). A small dose of
sedative such as midazolam is generally sufficient.

Nerve stimulation
The median, ulnar, radial, and musculocutaneous nerves all need
to be anaesthetized for a successful block. However, studies have
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demonstrated that in order to block all four nerves it is only
actually necessary to seek and deliver local anaesthetic around
the radial, median, and musculocutaneous nerves (Koscielniak-
Nielsen 2006). This is likely because the needle path often passes
the ulnar nerve en route to the radial, and spread of local anaesthetic will usually reach the ulnar from the site of injection for the
radial. Multiple injection techniques targeting the specific nerves
with a nerve stimulator have clearly been shown to be superior to
traditional single-and even double-injection techniques targeting
only one or two nerves (Chin and Handoll 2011).
To undertake the block, the patient is positioned supine with
the arm abducted to around 90° and the elbow flexed, resting on
a pillow. The axillary artery is the major surface landmark for
this block and should be palpated at the level of the pectoralis
major muscle (Fig. 54.9). After local infiltration, a stimulating
needle set at 2 Hz with a current of 1–1.5 mA is used to seek
target nerves, remembering the anatomy as previously described
whereby musculocutaneous (elbow flexion) and median nerves
(finger flexion, forearm pronation) generally lie above the arterial
pulsation while radial (wrist, finger extension) and ulnar (thumb
adduction and flexion of the ring and little fingers) lie below. The
radial nerve is usually located deeper to the ulnar nerve and so if
the ulnar nerve is identified the needle should be advanced further and often upwards, behind the artery until a radial twitch is
achieved. When the appropriate twitch is identified, the current
should be reduced to reach no less than 0.4 mA and local anaesthetic injected. The intercostobrachial nerve lies superficially and
can be blocked by subcutaneous infiltration from the superior
margin of the biceps at the anterior axillary line to the border of
the triceps muscle.

Ultrasound
A variety of ultrasound-guided techniques have been described,
all of which are basic level blocks. Commonly the four individual
nerves can be sought and anaesthetized. This may be undertaken
at the level of the axilla or more distally at the level of the mid
humerus. It is also possible, however, to use a simpler method such
as that described by Bernucci et al. (2012) or Sites et al. (2006) who
both used larger volumes at two sites around the axillary artery
with a very high success rate.

regional anaesthesia of the upper limb

Ax

Figure 54.9 Landmarks and positioning for nerve stimulator-guided axillary
nerve block. Ax, axillary artery.

For the axillary block, a high-frequency linear probe is chosen
because of the superficial nature of the target structures (8–15 MHz).
The arm is positioned as described for the nerve stimulator-guided
block. The probe is placed transversely in the axilla where the nerves
can be identified as hyperechoic structures surrounding the pulsatile, hypoechoic axillary artery. Enough pressure should be applied
to occlude the axillary vein(s). In this short-axis view the median
nerve usually lies in the 9–1 o’clock position, with the ulnar nerve
between 1 and 4 o’clock and the radial nerve (often most difficult to
identify) between 3 and 6 o’clock (Fig. 54.10). The musculocutaneous nerve appears flatter and lies between biceps and coracobrachialis and can be seen to move towards the artery when the probe is
moved proximally. Either an in-plane or out-of-plane method can
be used to approach the nerves. Using an in-plane approach, and
after skin infiltration, a 22 G needle is introduced on the lateral/
superior aspect of the probe (in which case the musculocutaneous
and median nerves are closest to the needle tip). Approaching from
medially/inferiorly is possible but can be ergonomically more challenging. Nerve stimulation may be used to confirm target identity
but can be an unnecessary distraction as experience is gained. If the
radial nerve is difficult to identify, local anaesthetic can be injected
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Figure 54.10 Ultrasound image of the axillary brachial plexus. A, axillary artery; CT, conjoint tendon; M, median nerve; MU, musculocutaneous nerve; R, radial nerve;
U, ulnar nerve.
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at around 6 o’clock, below the artery where it lies above the conjoint
tendon of the latissimus dorsi and teres major muscles (Gray 2009).
The radial nerve almost invariably is in this location and the contrast
effect of the local anaesthetic often reveals the nerve. The nerve can
also be traced from distally to proximally where it can be seen running together with the profunda brachii artery.
For those with less confidence about identifying individual
nerves, the much simpler Sites technique involves injecting a larger
volume (20 ml) both above and below the axillary artery and this
technique has produced high success rates (Sites et al. 2006).

slower in onset) after axillary block, occur in approximately 1:1000
blocks, especially with non-ultrasound methods. Ultrasound itself,
however, will not completely protect against this complication. As
with all blocks, observation and standard monitoring of the patient
should therefore be undertaken for signs of local anaesthetic toxicity.
Table 54.1 summarizes the advantages, disadvantages, and complications for the different approaches to the brachial plexus.

Authors’ preferred technique

As with other brachial plexus techniques the choice of local anaesthetic depends on the duration and magnitude of surgery. A common choice is ropivacaine 0.5% in volumes of 15–30 ml depending
on technique. Use of adrenaline in the solution (1:200 000) will provide a suitable marker of intravascular injection. Small volumes of
local anaesthetic (3–5 ml) can be used at each nerve for successful
block although volumes as low as 1 ml per nerve have been successful using ultrasound (O’Donnell et al. 2010). Such low-volume
blocks, however, risk not providing cover to the cutaneous nerves
of the forearm and arm. A medium duration local anaesthetic (e.g.
lidocaine) may be used for the axillary block combined with forearm blocks using longer-acting local anaesthetic solution (bupivacaine or ropivacaine), especially when surgery only involves one
or two terminal nerve distributions and sparing of long-lasting
motor block in non-surgical areas is desired.

The median, radial, and ulnar nerve can all be anaesthetized at the
elbow, forearm, or wrist. At this level these blocks are suitable primarily for hand surgery, either as supplementation for an incomplete brachial plexus block or for targeted analgesia in combination
with a general anaesthetic. These blocks may also be used as the sole
anaesthetic for short-duration hand procedures (longer operative
times of more than 20–30 min are generally limited by tourniquet
pain), therefore sparing the patient the risks of a general anaesthetic
or proximal brachial plexus anaesthetic block (as described earlier).
Applied anatomical knowledge is, as always, important. For example, forearm sensation arises from the medial and lateral cutaneous
nerves of the forearm (Fig. 54.2) and therefore supplementing a
failed block with median or ulnar block alone at the elbow will be
of no value in providing complete anaesthesia for forearm surgery.
Whereas traditional landmark and nerve stimulator-based techniques rely upon vascular or tendon landmarks at the elbow or wrist
to locate the nerves, ultrasound allows the nerve to be located and
blocked anywhere in the forearm, away from vascular structures
and potentially reducing the risk of vascular injury. Ultrasound also
allows a reduced volume to be used compared with nerve stimulation techniques although this reduced the duration of the block
(Ponrouch et al. 2010). Furthermore, high-resolution ultrasound
can now also be used to reliably identify the smaller cutaneous
nerves of the upper limb such as the medial and lateral cutaneous nerves of the forearm noted previously, although the reader is
referred to specialist regional anaesthesia texts for descriptions of
these latter nerve blocks.

Complications

Anatomy

Transient neuropathy, as with all blocks, is a possibility. Permanent
neuropathy, however, is much rarer (Brull et al. 2007). Pain, paraesthesia, or a high-pressure injection may indicate intraneural
needle placement and should therefore alert the operator to stop
injecting and reposition the needle. Other common complications
of the axillary block include bruising, haematoma, and pain in the
axilla although this has been reduced with ultrasound methods (Lo
et al. 2008). Phrenic nerve block and pneumothorax are not features
of the axillary block and as such make this technique very suitable
for patients with severe respiratory disease. Vascular puncture is
the commonest serious complication and therefore careful aspiration before and frequently during injection should be undertaken.
In addition, the use of adrenaline, ensuring the axillary veins are
compressed by adequate probe pressure, and stopping injection if no
anaesthetic spread is visualized with ultrasound (possibly signifying
intravascular injection) are further methods to reduce the possibility of intravascular injection. Compression of the artery in case of
accidental puncture, unlike in the supraclavicular or infraclavicular
regions, is easy in the axillary block. Convulsions, either through
direct intravascular injection or local anaesthetic absorption (and so

The median nerve at the elbow is located medial to the brachial
artery. In the cubital fossa it gives off branches to several of the forearm flexors before travelling distally between the superficial and deep
flexor muscles, providing further motor supply (anterior interosseous nerve) en route. At the wrist, the nerve lies in the carpal tunnel,
between and slightly underneath the tendons of flexor carpi radialis laterally and palmaris longus medially. Terminal digital branches
supply the thumb, index, middle, and radial side of the ring fingers.
The corresponding palmar area is supplied by the palmar cutaneous
branch, which arises from the median nerve at or proximal to the
wrist. The ulnar nerve enters the forearm via the condylar groove
at the elbow. It travels on the medial side of the forearm, deep to the
flexor carpi ulnaris before coming to lie medial to the ulnar artery in
the distal half of the forearm. At the wrist it emerges lateral to the tendon of the flexor carpi ulnaris. The ulnar nerve supplies most of the
intrinsic muscles of the hand with the dorsal and palmar branches,
which branch off in the distal forearm, supplying sensation to the
ulnar half of the ring finger and the little finger, and the corresponding dorsal and palmar areas of the hand. The radial nerve leaves the
spiral groove of the humerus in the distal arm and passes between the

The authors’ preferred technique is an ultrasound-guided, in-plane
approach with the probe held in a transverse position just proximal
to the mid-humeral level. A short-bevelled needle is introduced
from the lateral side and usually the radial, ulnar, median, and musculocutaneous nerves are blocked sequentially. The authors currently only use nerve stimulation to confirm absence of intraneural
placement by keeping the output current at 0.4 mA and withdrawing the needle slightly if stimulation occurs at that current. A volume of 15–30 ml of ropivacaine or levobupivacaine 0.5% is used.

Local anaesthetic choice and dosing

Forearm and wrist blocks
Indications
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Table 54.1 Indications, advantages, and disadvantages for different brachial plexus nerve blocks
Interscalene

Supraclavicular

Infraclavicular

Axillary

Indications

Shoulder
Elbow

(Shoulder)
Arm
Elbow
Forearm
Hand

Arm
Elbow
Forearm
Hand

(Elbow)
Forearm
Hand

Advantages

Shoulder analgesia
Superficial
Small volumes local anaesthetic
possible

Nerves closest together at this
point—rapid onset, high success,
good coverage of upper limb
Possible if unable to abduct arm

Good location for catheter insertion
Lateral approach safer if respiratory
disease
Possible if unable to abduct arm
No phrenic nerve palsy with lateral
approaches

No risk in respiratory
disease
Safest
Vessels easily compressible
Small volumes local
anaesthetic possible

Disadvantages

Phrenic nerve palsy (can still
occur even in low-dose
techniques)
Highest risk of nerve injury

Phrenic nerve palsy in up to 50%
Risk of pneumothorax
More difficult to compress vessel if
punctured

Risk of pneumothorax (reduces with
more lateral approaches)
More uncomfortable
More difficult to compress vessel if
punctured

Vascular puncture risk
highest
Not possible if arm cannot
be abducted
Need multiple injections
for success

Other
complications*

Spinal injection
Epidural injection
Vertebral artery injection
Pneumothorax
Horner’s syndromes

Horner’s syndrome

* Nerve injury and local anaesthetic toxicity are possible complications of all blocks.

lateral intermuscular septum to lie between brachialis and brachioradialis. It branches into superficial (supplying the dorsum of the hand)
and deep (motor and sensory) branches at around the level of the
radio-humeral joint line. Distally, each of the branches can be traced
in the forearm with ultrasound. The superficial branch runs lateral to
the radial artery deep to brachioradialis and supplies the dorsal radial
surface of the hand. The deep branch moves under supinator and
winds round the radius supplying the hand extensor muscles and the
wrist capsules. The terminal (sensory) branch of the musculocutaneous nerve, the lateral cutaneous nerve of the forearm, can be located
with ultrasound at the elbow lateral to the biceps tendon and superficial to brachialis muscle. It is not discussed further here, however.
Cross-innervation of the hand can occur as a result of connections
between the nerves at the level of either the brachial plexus or more
distally. This combined with anatomical variations in the classical
nerve supply to the hand means that relying on a single targeted nerve
block may not provide complete anaesthesia. It has therefore been
suggested that all nerves must be individually blocked for any hand
procedure (Klezl et al. 2001). It should also be remembered that simple techniques such as local infiltration for carpal tunnel syndrome
or a ring block for finger surgery using a finger tourniquet alone may
be adequate, without exposing the patient to the (rare) risk of nerve
injury or other complications of a brachial plexus nerve block.

Technique
Either a nerve stimulator or ultrasound may be used, or a combination of both. Using ultrasound allows a lower volume of local
anaesthetic to be used (see earlier) and may also reduce the incidence of vascular puncture by allowing both direct visualization of
the vessels and blockade of nerves distal from vascular landmarks.

Nerve stimulator
Median nerve
Position the arm in a supine, slightly abducted position with the
elbow slightly flexed. Palpate the brachial artery and insert a 22 G
needle 1 cm medially, at an angle of approximately 45°, 1–2 cm proximal to the elbow crease. After obtaining a motor response (finger
flexion), 5–10 ml of local anaesthetic is injected.
Radial nerve
With the arm in the same position as for the median nerve procedure, palpate the biceps tendon in the antecubital fossa and feel for
the groove laterally between biceps and brachioradialis. Insert a 22 G
needle 2 cm above the elbow crease, aiming laterally towards the lateral epicondyle, and after obtaining an appropriate motor response
(thumb and wrist extension) inject 5–10 ml of local anaesthetic.
Ulnar nerve
Position the arm across the body with the elbow flexed at 90°.
Palpate the ulnar sulcus and insert a 22 G needle 2 cm proximal
to the medial epicondyle, aiming cephalad in line with the sulcus.
Inject 5–10 ml after the appropriate motor end-point is achieved
(ring finger flexion, thumb adduction).

Ultrasound
These are all basic level ultrasound-guided nerve blocks. As the
nerves are relatively superficial, a high-frequency linear probe should
be used. Below the clavicle the nerves are all visible as hyperechoic,
honeycomb structures (Fig. 54.11) and can be traced proximally
and distally, unlike tendons which can have a similar appearance but become muscle in due course. The arm should be slightly
abducted and supinated for both the median and ulnar blocks and
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slightly pronated for the radial block, as described in the following
subsections.
Median nerve
The nerve can be visualized medial to the brachial artery in the
antecubital fossa but is more easily blocked in the forearm between
the superficial and deep flexor muscles where the nerve is not
accompanied by the artery. Although the nerve can be visualized
anywhere in the forearm, it must be remembered that the palmar
cutaneous nerve branches from the median nerve approximately
5 cm proximal to the wrist crease so the nerve should be blocked
proximal to this point. Either an in-plane or an out-of-plane
approach can be taken, using a 22 G needle and 3–5 ml of local
anaesthetic is usually sufficient to ensure a circumferential spread
around the nerve. Ensure that when approaching the nerve in plane
from laterally or medially, the needle does not traverse the radial or
ulnar artery respectively.

proximally it can be seen to course towards the humerus, before
winding around the spiral groove. A 22 G needle inserted in plane,
lateral to medial can be used to block the nerve several centimetres
proximal to the elbow crease. Again, 3–5 ml is usually sufficient.
Ulnar nerve
The nerve can be visualized just proximal to the wrist, immediately
medial to the ulnar artery. The nerve should be traced proximally
to where it separates from the ulnar artery in the proximal third of
the forearm and blocked at this point using an in-plane approach.
Again, up to 5 ml local anaesthetic is sufficient. With the arm fully
abducted, the ulnar nerve can also be blocked proximal to the cubital fossa in the distal arm, where the nerve will not be compressed
by a local anaesthetic injection. At this level there are no vascular
landmarks to guide identification of the nerve.

Authors’ preferred technique

Radial nerve
The simplest approach is to block this nerve above the elbow before
its bifurcation. The probe is placed transversely, lateral to the biceps
tendon where the nerve is generally visualized as an oblique hyperechoic structure medial to the brachioradialis muscle. As it is traced

For each block, an ultrasound-guided, in-plane approach is preferred. The median nerve is blocked in the mid forearm, the radial
nerve proximal to the elbow, and the ulnar nerve in the proximal
third of the forearm as previously described. For each nerve the
end-point is circumferential spread of local anaesthetic, using up to
5 ml of local anaesthetic.

(A)

(B)
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Figure 54.11 Images of the radial nerve at the elbow (a) and the median (b) and ulnar (c) nerves in the forearm. MN, median nerve; BR, brachioradialis; FCR, flexor carpi
radialis; FDS, flexor digitorum superficialis; FDP, flexor digitorum profundus.
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Local anaesthetic choice and dosing
The choice of local anaesthetic is dependent on whether the block is
for analgesia or anaesthesia and surgical factors such as operation,
duration, and magnitude. Levobupivacaine provides long-acting
analgesia whereas lidocaine provides more rapid onset for short
procedures with limited postoperative pain. Ultrasound allows a
reduced volume of local anaesthetic to be used.

Complications
Nerve damage is a complication of all nerve blocks but there are
few other complications of these peripheral nerve blocks. Care
should be taken to avoid undertaking a mid-humeral block (not
discussed here) if this is where a tourniquet is to be placed. There
is some laboratory evidence that a ‘double crush’ phenomenon
whereby compression from a tourniquet, may compound a block
related nerve injury. The risk of vascular puncture can be reduced
as already discussed with ultrasound by undertaking the block at
areas away from surrounding vessels.

Declaration of interest
Professor McCartney currently acts as a consultant to Teleflex
Medical who make regional anaesthesia needles and equipment.
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Regional anaesthesia
of the lower limb
Pawan Gupta and Anurag Vats
Introduction
Carl Koller first described the use of cocaine for local anaesthesia
of the eye in 1884 (Koller 1884). This generated interest in cocaine
as a local anaesthetic and various investigators explored its use
for other blocks. Ralph Stockman (1889) demonstrated the ability
of cocaine to disrupt sensory and motor transmission of rabbit
sciatic nerves. Cocaine was later used to block the sciatic nerve
for anaesthesia and postoperative analgesia after amputation of
the lower limb secondary to trauma or diabetic gangrene. George
Hirschel (1911) described the axillary approach to brachial plexus
block in 1911, but it took a further 62 years before Winnie et al.
(1973) described the inguinal paravascular approach to the
lumbar plexus for local anaesthesia of the lower limb. Compared
with the axillary brachial plexus, the nerves of the lumbar plexus
are deep. There are no clear bony or vascular landmarks to guide
the needle and unlike in the upper limb, where the nerves lie in
close association with each other and accompany major arteries,
the branches from the lumbosacral plexus are widely separated.
The popularity of lower limb nerve blocks is also constrained by
availability of neuraxial techniques, which are easier to learn and
provide complete and reliable anaesthesia for all operations on
the lower limb.
Lower limb nerve blocks gained popularity with the introduction of better nerve localization techniques such as peripheral
nerve stimulators and ultrasound. Compared with central neuraxial blocks, peripheral nerve blocks have many advantages.
They do not affect the blood pressure, can be used in sick patients,
provide longer-lasting analgesia, have less serious side-effects
such as epidural haematoma or urinary retention, provide better patient satisfaction, and have acceptable success rates in
experienced hands.
The nerve supply of the lower limb is from the lumbosacral plexus, which is formed from the anterior primary rami
of the lumbar (L2–5 ) and the sacral (S1–3 ) nerve roots. The
lumbosacral plexus provides sensory and motor innervation to
the superficial tissues, muscles, and bones of the lower limb.
Nerve blocks of the lower limb are often guided by the sensory
distribution of the individual nerves rather than the dermatomal supply of individual nerve roots. The lumbosacral plexus
is functionally divided into two parts (i.e. lumbar plexus and
sacral plexus).

Lumbar plexus block
(psoas compartment block)
The inguinal paravascular technique for lumbar plexus block was
first described by Winnie et al. (1973). A year later they described
the posterior approach to the lumbar plexus (Winnie et al. 1974).
Chayen et al. (1976) modified this approach and noted that the
lumbar plexus lies within the substance of the psoas major muscle
and called this the ‘psoas compartment block’. Both techniques aim
to block the roots and divisions of the lumbar plexus.

Clinical application
A lumbar plexus block can be used as the sole anaesthetic for skin
graft and muscle biopsy from the thigh, knee arthroscopy, patellar tendon repair, and anterior cruciate ligament reconstruction. In
conjunction with a sciatic nerve block it can be used for any operation on the lower leg. The lumbar plexus block also provides good
postoperative analgesia after hip arthroplasty, surgical fixation of
fractured femur, knee arthroscopy, and knee arthroplasty.

Anatomy
The lumbar plexus is formed by the ventral (anterior) primary rami
of the first four lumbar nerves (Fig. 55.1). The dorsal (posterior)
rami of these nerves are sensory and carry the somatosensory input
from the skin and muscles of the back. The lumbar plexus receives
a contribution from the 12th thoracic nerve (subcostal nerve) in
about half of the population. The L1, L2, L3, and L4 roots further
divide into anterior and posterior branches. The anterior branch of
the L1 root gives rise to the iliohypogastric and ilioinguinal nerves.
The anterior branches of the L2, L3, and L4 roots join to form the
obturator nerve. The posterior branches of the L1 and L2 roots join
to form the genitofemoral nerve. The lateral cutaneous nerve of the
thigh comes from the posterior branch of the L2 and L3 roots while
the femoral nerve arises from the posterior roots of L2, L3, and L4.
The roots of the plexus lie in front of the transverse processes and
lateral to the body of the lumbar vertebrae. The plexus lies within the
body of the psoas major muscle before its branches emerge in the pelvis. The psoas major muscle has two parts: a superficial part and a
deep part. The superficial part originates from the lateral surface of
the body of the L1–5 vertebrae and the intervertebral discs. The deep
part originates from the transverse processes of the L1–5 vertebrae.
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L2
Lateral cutaneous n.
of thigh
L3

L4

Femoral n.

L5

Conduct of the block
The lumbar plexus block has been performed using the nerve stimulator, ultrasound, and the fluoroscopic technique.

Accessory obturator n.
Obturator n.
S1

Lumbosacral trunk

S2
Common peroneal n.
S3

Posterior
cutaneous n.

crests. Figure 55.2 shows the point of insertion of the needle as
advocated by different investigators.
We recommend Capedivilla’s approach as it is based on sound
evidence from robust computed tomography scan data. The point
of insertion of the needle is the junction of the lateral one-third and
the medial two-thirds on the line joining the L4 spinous process to
the line drawn from the posterior superior iliac spine.
The patient is placed in the lateral position with the non-
operative side down and the upper hip flexed at 30° and the knee
flexed at 90°.

Pudendal n.

Tibial n.

Figure 55.1 Lumbosaccral plexus: the anterior division of the nerve roots are
shown in dark yellow colour.
Reproduced with permission from McCartney C., ‘Lower limb blocks’, in McLeod, G. et al.,
Principles and Practice of Regional Anaesthesia, 2012, Figure 18.1, Page 188, with permission
from Oxford University Press.

The muscle is inserted on the lessor trochanter of the femur along
with the iliacus muscle. The roots and the anterior and posterior divisions of the lumbar plexus lie between the two parts of the psoas major
muscle. The branches of the lumbar plexus emerge out of the muscle
at the level of the L4–5 vertebrae and lie between the fascial compartment between the psoas major and the quadratus lumborum muscles.
The psoas muscle is enclosed in a facial sheath, which surrounds
the branches of the lumbar plexus, that is, femoral nerve, obturator
nerve, and lateral cutaneous nerve of thigh as they emerge from
the muscle. The presence of this sheath around the femoral nerve is
the proposed basis of the anterior para-vascular lumbar plexus or
‘3-in-1’ block.

Landmarks
The lumbar plexus can be approached at L2–3, L3–4, or L4–5
levels. The landmarks that are used to guide the needle insertion
point are the spinous processes of the lumbar vertebrae, the posterior superior iliac spine, and the inter-cristal line. A line is first
drawn through the spinous processes of the lumbar vertebrae
(inter-spinous line) followed by another line parallel to the inter-
spinous line at the level of the posterior superior iliac spine. Finally,
an intercristal line is drawn joining the highest points of the iliac

Peripheral nerve stimulator-guided technique
A 10–15 cm needle is required as the plexus is deep (5.7–10.1 cm
under the skin). Insert the needle perpendicular to the skin slowly
until the transverse process is contacted, then withdraw the needle
by about 0.2 cm and advance very slowly in the cephalad direction. The needle should not be inserted any further than 1.5–2.0 cm
beyond this point. Contraction of the paravertebral muscles will be
observed when the needle is superficial, and will disappear when
the transverse process is contacted. Once the needle is in close
proximity to the femoral nerve, contraction of the quadriceps will
be observed. The point of injection is when the quadriceps contractions are observed at a stimulating current between 0.4 and 0.5 mA.
The psoas muscle is highly vascular and it is essential to inject the
local anaesthetic in increments after repeated aspirations to reduce
the risk of local anaesthetic toxicity.
If the transverse process is not contacted then the needle should
be directed cephalad first and then caudad to locate it. If the transverse process cannot be identified in either direction, the insertion
point should be moved slightly medial. The contraction of hamstring muscles indicates stimulation of the sacral plexus (i.e. the
needle is too caudad). Flexion of the hip indicates direct stimulation of the psoas major muscle.

Ultrasound-guided technique
Ultrasound-guided lumbar plexus block is an advanced level block
and requires detailed knowledge of the anatomy and considerable
experience. As the plexus lies behind the vertebral bodies and within
the body of the psoas muscle, visualization of the plexus is not easy.
In lieu of the depth, a curvilinear probe is required. As the plexus is
directly behind bony structures a lateral approach is useful.
Ultrasound offers the advantage of its ability to accurately identify the midline, the spinous processes, the level of the lumbar
vertebrae, and the transverse processes. Identification of these landmarks is the first step when performing an ultrasound-guided lumbar plexus block. Once the landmarks are identified, these should
be marked as in the landmark/peripheral nerve stimulator technique. Then place the ultrasound probe about 3 cm away from the
inter-spinous line in the coronal plane and the space between the
transverse processes is identified. In this view, the spinous process,
the lamina, and the body of the vertebrae give the characteristic
wave-like appearance, called the ‘wave sign’. The lumbar plexus usually appears as a hyperechoic shadow within the substance of the
psoas muscle (Fig. 55.3). This appearance, however, varies depending upon the patient’s age and the echogenicity of surrounding
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D: Dekrey’s point
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Figure 55.2 Different sites of needle insertion for the lumbar plexus block (Capdevilla’s point: junction of medial 2/3 and lateral 1/3 on the perpendicular line from the
L4 spinous process; Chayen’s point: 3 cm caudad and 5 cm lateral to L4 spinous process; Winnie’s point: point of intersection on the line drawn from the posterior superior
iliac spine and intercristal line; Dekrey’s point: 3–4 cm lateral to L3 spinous process; Hanna’s point: 3–5 cm lateral to from the L2–3 interspace).
Ant

Post
Skin

Spinous
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Erector spinae muscle
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lumborum
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Body of vertebrae

Lumbar plexus

Figure 55.3 Ultrasound image of the lumbar plexus at the level of L4–L5 using a
curvilinear probe. The lumbar plexus can be seen in the substance of psoas major
muscle.

tissue. The lumbar plexus is located in a highly vascular area and
pulsations of lumbar vessels can be seen close to the plexus. The
authors recommend the ‘in-plane’ approach as it allows full visualization of the needle. Use of a peripheral nerve stimulator is also
recommended to confirm needle position as the nerve structures

are deep and may not be clearly visualized. Once the needle is in the
right place, local anaesthetic should be injected in small increments
after repeated aspirations.

Dose and choice of local anaesthetic
Twenty to forty millilitres of lidocaine, bupivacaine, or ropivacaine
can be used as indicated.

Contraindications
Local sepsis, coagulation disorders (international normalized ratio
>1.5), and patient refusal. The block should be performed carefully
in patients with fixed cardiac output states and those with systemic
sepsis.

Complications
The lumbar plexus area is very vascular and lies close to the spinal
canal and visceral structures. The risk of complications is approximately 16 times higher than with other peripheral nerve blocks
(Auroy et al. 2002).
The risks of lumbar plexus block include:
◆

Epidural diffusion of local anaesthetic leading to bilateral block

◆

Subarachnoid injection leading to total spinal block

◆

Retroperitoneal haematoma

◆

Renal subcapsular haematoma and damage to abdominal viscera

◆

Inadvertent intravascular injection
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◆

Direct nerve damage and intraneural injection

◆

Psoas abscess

◆

Failure (failure rate is about 5% even in experienced hands).

Femoral nerve
Fascia iliaca

Femoral
artery

The use of ultrasound to confirm bony landmarks, repeated aspiration before injection, and use of low volumes of local anaesthetics
helps to reduce the risk of complications.

Femoral nerve block

llio-psoas muscle

Femoral nerve block is relatively simple to perform, requires basic
skills and has low risks of complications. It benefits patients coming
in for a range of lower limb operations.

Clinical application
Femoral nerve block provides anaesthesia for surgery of the anterior thigh, femur, and knee. It is indicated for postoperative analgesia for operations such as hip fractures, proximal femoral fractures,
femoral shaft fracture, total knee arthroplasty, anterior cruciate ligament repair, and saphenous vein stripping, reducing the requirements of systemic analgesics or acting as a sole analgesic. Femoral
nerve block provides excellent analgesia after total knee replacement and anterior cruciate ligament repair (Hadzic and New York
School of Regional Anesthesia 2007; Association of Anaesthetists
of Great Britain and Ireland 2012; Gupta et al. 2013). It is used as
a sole anaesthetic for vastus medialis biopsy when testing patients
for malignant hyperthermia susceptibility (Gupta et al. 2013). In
conjunction with sciatic nerve block, it can provide analgesia for
almost the entire lower limb.

Anatomy
The femoral nerve is the nerve of the anterior compartment of
the thigh. It is the main branch of the lumbar plexus. The dorsal
divisions of the anterior rami of the L2–4 spinal nerves combine
to form the femoral nerve. It emerges from the lower lateral border of psoas muscle, passes between psoas and iliacus, and enters
the thigh posterior to the inguinal ligament where it lies lateral to
the femoral artery [a mnemonic, ‘NAVY’ (Nerve-Artery-Vein-‘Y’-
front) may prove useful in a busy clinical setting].
The femoral nerve runs deep to the fascia iliaca while the femoral
blood vessels are superficial to it but deep to the fascia lata. It divides
into anterior and posterior branches during its course through the
thigh. Anterior branches supply sartorius and pectineus muscles
and the skin of the anterior and medial part of the thigh. Posterior
branches supply quadriceps muscle, the knee joint, and skin on the
medial surface of the leg below the knee joint through the saphenous branch.

Sonoanatomy
The ultrasound probe is placed at the inguinal crease. The pulsating femoral artery, femoral vein (reducing pressure on the skin
may bring it in view), and the ilio-psoas muscle with the overlying fascia iliaca should be identified. If more than one artery is
visualized, the probe should be moved proximally, visualizing the
femoral artery before its division (profunda femoris and superficial
femoral artery). The femoral nerve is seen as a hyperechoic, oval-
to-triangular structure lateral to the femoral artery (Fig. 55.4). It
is located under the fascia iliaca and in the groove between the iliacus and the psoas muscles. Tilting the probe cranially or caudally

Lateral

Medial

2.2

Figure 55.4 Ultrasound image of the femoral nerve, which is seen as a triangular
hyperechoic structure lateral to the femoral artery and above ilio-psoas muscle.

may improve its definition and some rotation of the probe may be
required to account for the pelvic tilt and slight medial-to-lateral
course of the nerve, respectively. The femoral nerve is typically
found at a depth of 2–4 cm.
The position of the lateral circumflex femoral artery is variable.
It may lie deep to the femoral nerve, lateral to the femoral artery
or may cross between the superficial and the deep branches of the
femoral nerve or lie very close to the point of insertion of the needle at the inguinal crease. This variability may lead to inadvertent
vascular puncture or intravascular injection of local anaesthetic
(Orebaugh 2006). In some cases, inguinal lymph nodes may look
similar to the femoral nerve. However, they are more superficial
and can be differentiated by proximal and distal scanning. In some
patients, the posterior division of the femoral nerve is far lateral to
the femoral artery above the ilio-psoas muscle (Rigler et al. 1991).

Conduct of the block
The patient should be in the supine position with the leg abducted
by 10–20°.
For the nerve stimulator-based technique, the mid point of the
inguinal ligament is identified first. The femoral artery can be palpated at this level. A 22 G, 5 cm insulated nerve block needle is
inserted 1 cm lateral to the femoral pulse, caudal to the inguinal
ligament, after infiltrating a small volume of local anaesthetic in the
skin. A nerve stimulator is connected to the needle. The starting
current is set at 1.0 mA, and the needle advanced through the fascial planes aiming to find the femoral nerve. Correct placement of
the needle tip is indicated by visible or palpable quadriceps muscle
twitches at current levels of 0.4–0.5 mA. If there is no response or
contact with the bone or local twitching (pectineus or iliopsoas),
the needle should be withdrawn, and the landmarks should be
reviewed. A vascular puncture indicates that the needle is inserted
too medially. A sartorius twitch indicates stimulation of the branch
to sartorius. The needle should be redirected laterally and advanced
1–3 mm deeper to block the main trunk of the femoral nerve.
If using ultrasound guidance, the out-of-plane or in-plane
approach could be used. In the hands of an experienced operator, the in-plane orientation may allow better views of the needle
tip than the out-of-plane approach. A 22 G, 5 cm needle should
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be inserted about 1 cm lateral to the edge of the ultrasound probe
in short-axis view (at the level of the inguinal crease). The needle
should be advanced until the tip is positioned under the fascia iliaca at the lateral edge of the femoral nerve. A small volume of local
anaesthetic or other fluid such as saline 0.9% may help in accurate localization of the needle tip, particularly for the out-of-plane
approach. Once the needle tip is in the correct plane, local anaesthetic should be deposited either anterior or posterolateral to the
nerve. Circumferential spread of local anaesthetic is not essential
but it may lead to faster onset of block (Morau et al. 2010; Hadzic
and New York School of Regional Anesthesia 2012; Marhofer
et al. 2014).

Block assessment
The sensory block to pinprick or cold should be tested over the
medial and anterior thigh. Loss of sensation over the medial part
of the leg indicates saphenous nerve block. Asking the patient to
extend the knee (e.g. lifting foot off the bed with the knee supported) assesses quadriceps muscle strength (i.e. the motor block).

Dose and choice of local anaesthetic
Five to twenty millilitres of local anaesthetic is recommended for a
successful block, especially with the use of ultrasound and multiple
injection techniques (Casati et al. 2001, 2007; Marhofer 2010; Taha
and Abd-Elmaksoud 2013). In a study using the continual reassessment method, Gupta et al. (2013) directly estimated the ED95 of
1% prilocaine as 17 ml. The choice of local anaesthetic depends on
the indication of the block. For day case procedures where early
ambulation is required, lidocaine or prilocaine is recommended.
Bupivacaine (0.5%) or ropivacaine (0.75%) is recommended for
prolonged postoperative analgesia. For total knee arthroplasty an
infusion of dilute local anaesthetic such as ropivacaine (0.2%) at a
rate of 5–10 ml h−1 provides excellent analgesia. This rate could be
reduced to about 5 ml h−1 if patient-controlled boluses are added
to the infusion regimen (Salinas et al. 2006; Brodner et al. 2007;
Hadzic and New York School of Regional Anesthesia 2012).

Contraindications

regional anaesthesia of the lower limb

Clinical application
Fascia iliaca block is indicated for analgesia after hip, anterior thigh,
and knee surgery. It can be used in an emergency department providing analgesia to patients presenting with proximal femoral fractures.
The Association of Anaesthetists of Great Britain and Ireland (2012)
recommends considering fascia iliaca block for all patients presenting for proximal femoral fracture surgery. It reduces the requirements of systemic analgesics although the psoas compartment block
is more reliable but has higher risks. It may be an alternative to the
femoral nerve block in patients where the latter is contraindicated
(e.g. vascular grafts or previous surgery leading to altered anatomy).

Anatomy
The fascia iliaca forms a partition between the inguinal ligament
and the hip joint. The superolateral muscular compartment contains psoas major, iliacus, and the femoral nerve while the inferomedial compartment carries vascular structures. The fascia iliaca
is attached to the inner lip of the iliac crest. It covers the iliacus
muscle, which originates from the upper two-thirds of the iliac
fossa and partly from the ventral sacroiliac ligament. Medially, it is
attached to the pelvic brim blending with the periosteum.
Further down, it merges with the posterior margins of the inguinal ligament and the transversalis fascia and medially it passes
behind the femoral vasculature continuing as the pectineal fascia
attaching to the pecten pubis. It extends partly into the femoral
sheath but otherwise does not extend into the thigh (Standring
and Gray 2008; Sinnatamby and Last, 2011). The femoral nerve lies
deep to this fascia at the level of the femoral crease.

Sonoanatomy
As detailed in the earlier femoral nerve section, the femoral blood
vessels, the femoral nerve, the fascia iliaca, and the ilio-psoas muscle
(large hypoechoic structure posterior to the femoral nerve) should
be identified. Sliding the ultrasound probe laterally will bring the
sartorius muscle into view, followed by the anterior superior iliac
spine. During this scan the superficially placed fascia lata must be
differentiated from the fascia iliaca (Fig. 55.5). This is crucial for
correct placement of the local anaesthetic and success of the block.

Contraindications to femoral nerve block include patient refusal
and true local anaesthetic allergy. Relative contraindications are
inguinal lymphadenopathy, previous ilio-inguinal surgery and
grafts, renal transplants, local infection, and pre-existing femoral
neuropathy.

Fascia iliaca
Subcutaneous
tissue

Complications
Femoral vessel puncture leading to local haematoma and intravascular injection leading to local anaesthetic toxicity are possible
complications. Permanent nerve damage is rare. Patient falls as a
result of attempted mobilization with ongoing motor block have
been reported in the literature.

Fascia iliaca block
The fascia iliaca block was originally described in the paediatric
population. It is a low-risk alternative which aims to block most of
the nerves of the lumbar plexus. It mainly provides analgesia in the
distribution of the femoral nerve and the lateral cutaneous nerve
of the thigh. Success rates for the obturator nerve block are highly
variable with fascia iliaca block.

lliacus muscle

Lateral

Medial
3.3

Figure 55.5 Ultrasound image to illustrate the key structures in fascia iliaca
block. The fascia iliaca is seen covering iliacus muscle lateral to the femoral artery,
which is not visible in this image. The arrow indicates the path of needle sited for
conducting the block.
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Conduct of the block
The patient should be in the supine position with the table as flat
as possible to allow best access to the inguinal area. An ultrasound
machine with a linear 6–13 MHz probe is used with the depth of
view set at 2.5–3.0 cm. A 22 G, 5 cm short-bevel needle is chosen.
A longer needle might be required in an obese patient. The block
should be performed under standard aseptic conditions.
The femoral nerve, femoral artery, and the fascia iliaca covering
iliopsoas muscles are identified in the short-axis view. The ultrasound transducer is moved laterally several centimetres to bring
the sartorius muscle into view. Using the in-plane approach, the
needle is inserted at the level of the femoral crease. The aim is to
place the needle tip at approximately the lateral one-third of a line
connecting the anterior superior iliac spine and pubic tubercle.
Use of ultrasound to assess and optimize spread of local anaesthetic by repositioning the needle may improve the success rate of
lateral cutaneous nerve of thigh and obturator nerve block (Dolan
et al. 2008).

Block assessment
A sensory block to cold in the distribution of the femoral nerve,
the lateral cutaneous nerve of thigh (lateral part of the thigh), will
indicate adequate spread of local anaesthetic. The obturator block
will be indicated by a degree of motor weakness of the adductor
muscles. The motor block could be weak if a very dilute local anaesthetic has been used.

Dose and choice of local anaesthetic
Fascia iliaca block is a fascial plane block requiring a high volume
of local anaesthetic for success. Thirty to forty millilitres of the local
anaesthetic is used for a successful block (Capdevila et al. 1998; Foss
et al. 2007; Dolan et al. 2008). The choice of local anaesthetic agent is
determined by the indication of the block. Agents such as lidocaine
1% with adrenaline, or mepivacaine 1% with adrenaline have been
used for short-duration analgesia and quick onset of block (e.g. patient
positioning or patient transfer) but long-acting local anaesthetic
agents are used for postoperative analgesia (e.g. ropivacaine 0.2%).

Contraindications and complications

lateral border of the psoas muscle, and crosses the iliac crest laterally, anterior to iliacus muscle towards the anterior superior iliac
supine. It enters the thigh either posterior to or through the inguinal ligament, 1–2 cm medial to the anterior superior iliac spine or
through the origin of the sartorius muscle. As it courses inferolaterally on the anterior surface of sartorius, it forms anterior and
posterior branches. The posterior branch pierces fascia lata providing cutaneous innervation to the lateral part of the thigh from
the greater trochanter to mid thigh. The anterior branch becomes
subcutaneous approximately 10 cm caudal to the anterior superior
iliac spine. It supplies the anterolateral thigh as far as the knee joint.
terminating by forming the patellar plexus, anastomosing with
cutaneous branches of the anterior division of the femoral nerve
and infrapatellar branches of the saphenous nerve. The anatomy of
this nerve is variable, and it may exit the pelvis as four branches.

Sonoanatomy
The LFCN is easiest to identify between the tensor fascia lata and
sartorius muscles (Ng et al. 2008; Zhu et al. 2012). Under aseptic
conditions, a high-frequency linear probe set at a depth of 1.5–2.1
cm is placed just inferior and medial to the anterior superior iliac
spine parallel to the inguinal ligament. Tensor fascia lata muscle
is seen medial to the anterior superior iliac spine in the short-axis
view. A space is seen between the medial end of tensor fascia lata
muscle and the lateral end of sartorius. The fascia lata is seen ‘dipping’ between these structures forming a ‘hammock.’ The LFCN
can be seen as a superficial hyperechoic structure in this hammock
between the two layers of fascia lata (Fig. 55.6). It may be seen as a
single nerve or multiple small branches. When scanning it proximally/distally, the nerve can be seen dividing or joining together as
a single structure. Tilting or rotating the probe may make the image
clearer, and the nerve may stand out from the fascia.

Conduct of the block
The patient is positioned supine with the leg extended in a neutral position. Any internal or external rotation of the leg should be
avoided.
Sartorius

These are similar to other peripheral nerve blocks except there are
no major blood vessels near the area of drug injection, minimizing the chances of intravascular injection. Failure to recognize a
misplaced needle tip could lead to intramuscular injection of local
anaesthetic and an ineffective block.

Lateral femoral
cutaneous nerve

Lateral femoral cutaneous nerve block
Clinical application
This is used for providing anaesthesia and analgesia of the lateral
part of the thigh (e.g. hip surgery and skin graft harvesting from
the lateral thigh). It can be used in combination with femoral and
sciatic blocks to supplement analgesia and for minimizing tourniquet pain. It has also been used for diagnosis and management of
meralgia paraesthetica (Hurdle et al. 2007).

Anatomy
The lateral femoral cutaneous nerve (LFCN) is a branch of the
lumbar plexus with contributions from L2–3. It emerges from the

Medial

Lateral

Figure 55.6 Sonoanatomy of the lateral femoral cutaneous nerve of thigh. The
nerve can be seen as a small hyperechoic rim with a hypoechoic centre. In this image
it has become more prominent after injection of local anaesthetic in the fascial
plane lateral to sartorius muscle. Note image of nerve block needle in situ and tensor
fascia lata muscle lateral to the sartorius muscle. The nerve is superficial and may
require the use of the minimum depth setting on the ultrasound machine.
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Ultrasound-guided technique
After identification of structures, as previously detailed, a 5 cm
short-bevel needle is inserted in plane from lateral to medial.
Injection of a small amount of local anaesthetic may help in accurate localization of the needle tip. Once the needle tip is in the correct fascial plane close to the nerve, the desired dose of chosen drug
is injected after negative aspiration. The nerve may become clearer
after injecting the drug.

Landmark technique
A short-bevel 5 cm needle is inserted 2 cm medial and caudal to the
anterior superior iliac spine under aseptic conditions. The needle is
advanced through the fascia lata as a ‘give’ is felt. Local anaesthetic
is injected in a fan-wise fashion, from medial to lateral both above
and below the fascia lata.

Block assessment
The block can be assessed using cold or pinprick on the lateral thigh
between the anterior superior iliac spine and the knee joint. However,
the range of blocked area is highly variable (Hopkins et al. 1991).

Dose and choice of local anaesthetic
Ten to fifteen millilitres of local anaesthetic is injected for the landmark
technique. A high concentration of long-acting agent may increase the
rate of success for landmark-based techniques. For ultrasound-guided
techniques, successful block has been achieved with injectate volumes
ranging from 1 ml to 10 ml (Hurdle et al. 2007; Hara et al. 2011).

Contraindications
Local infection or true allergy to local anaesthetics may contraindicate this block.

Complications
LFCN block has a low risk of complications. Direct nerve injury as
a result of needle trauma or drug toxicity is theoretically possible
but unlikely.

Obturator nerve block
Labat first described block of the obturator nerve in 1922. Since then
Winnie, Wassef, and Pinnock have described various modifications.
With the refinement of ultrasound guidance there is renewed interest
in the use of this block. Recent studies have assessed the feasibility of
ultrasound guidance and the correlation of anatomy to sonoanatomy
and nerve blocks. Some authors describe it as a technically challenging block requiring advanced skills (Akkaya et al. 2009). The psoas
plexus block is known to provide good obturator nerve anaesthesia.

Clinical application
There are very selected indications for this nerve block. It has been
used to relieve spasms of the adductor muscle in patients with
hemiplegia, paraplegia, and central neurological disorders such
as cerebral palsy. It prevents adductor muscle contractions during transurethral bladder surgery. It can be blocked to supplement
analgesia after major knee surgery.

Anatomy
The obturator nerve is a branch of the lumbar plexus with root
value of L2–4 (Standring and Gray 2008; Hebl et al. 2010). It has a

regional anaesthesia of the lower limb

highly variable anatomy. It may have a contribution from the anterior primary rami of L5 or L1. The obturator nerve descends caudally within the substance of the psoas muscle (posteromedially)
and divides into an anterior and a posterior branch within the pelvis. It enters the medial compartment of the thigh with the obturator vessels through the obturator foramen under the superior pubic
ramus. In most cases, the division occurs within the foramen but
in a minority of patients it may divide before the nerve leaves the
foramen or after it leaves the pelvis. The anterior branch is in the
fascial plane between the pectineus and the adductor brevis while
the posterior branch is located between the adductor brevis and the
adductor magnus. The anterior branch supplies cutaneous innervation to a variable area on the medial aspect of the thigh. It also supplies motor branches to the adductor muscles (pectineus, adductor
brevis and longus, and gracilis). At the lower border of the adductor longus, it sends a branch to form the subsartorial plexus with
the saphenous and the medial cutaneous branches of the femoral
nerve. The posterior branch is the main motor supply to the deep
adductor muscles but it may also provide a sensory branch to the
medial part of the knee joint. The articular branches to the hip joint
arise proximally before division of the obturator nerve.
The accessory obturator nerve is an anatomical variant. It passes
above the superior pubic ramus and supplies the pectineus muscle
and gives articular branches to the hip joint. It terminates by anastomosing with the anterior division of the obturator nerve.

Sonoanatomy
It is essential to recognize the muscles of the adductor compartment
and fascial planes between them, as branches of the obturator nerve
may not image well (Soong et al. 2007; Taha 2012). The patient is
placed in the supine position with the thigh slightly abducted and
externally rotated. Flexion of the knee joint may improve the image
quality. A curved or linear ultrasound probe can be used with initial
depth settings of 4–6 cm. Some authors have used musculoskeletal
settings on the ultrasound machine to identify muscular planes and
nerves. The anteromedial thigh is scanned in the short-axis view,
identifying the femoral vessels at the level of the inguinal crease.
The ultrasound probe is moved medially parallel to the inguinal
crease to identify the adductor muscles. The fascial layers between
the pectineus (inferolateral), adductor longus (superior) and the
adductor brevis (inferomedial) may form a letter ‘Y’ configuration
when scanned proximally. The anterior branch can be seen at the
centre of the letter ‘Y’ or between pectineus and adductor brevis.
Adductor brevis can be seen lying medially and deep to adductor
longus at this level. The posterior branch is identified between the
adductor brevis and the adductor magnus posteriorly (Fig. 55.7).
Both divisions of this nerve appear as flattened hyperechoic structures. The obturator nerve may exhibit anisotropic behaviour.
The ultrasound probe can be tilted cephalad/caudad to improve
the image. Significant soft tissue compression may be required to
improve the image quality but patient comfort must be considered.

Conduct of the block
Ultrasound-guided technique
Under aseptic conditions, a 10 cm short-bevel needle is inserted
in plane from lateral to the medial side after infiltrating local
anaesthetic in the skin. Attempts should be made to advance the
needle in the inter-fascial plane between pectineus and adductor
longus muscle avoiding tissue damage. The required dose of local
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Figure 55.7 Sonoanatomy of the obturator nerve. The anterior branch of
obturator nerve can be seen lying between fascial planes of the pectineus and
adductor brevis muscles. The posterior branch of obturator nerve can be seen the
fascial plane between the adductor brevis and adductor magnus muscles.

anaesthetic is injected near the anterior branch of the obturator
nerve between pectineus and adductor longus. The needle is redirected to target the posterior branch between the adductor brevis
and adductor magnus. It is important to recognize that local anaesthetic is injected in the fascial plane. If it is spreading intramuscularly, the needle tip should be repositioned. Care should be taken to
avoid puncture of the femoral vessels lying superficially.
A proximal inter-fascial technique has been described by Taha
(2012) where the author was able to block both divisions of the
obturator nerve using a single inter-fascial injection. The pectineus
muscle was identified, and ultrasound probe tilted 40–60° cranially. The inferior margin of the superior pubic ramus was visualized laterally. A well-defined fascial plane was seen posterior to the
pectineus separating it from obturator externus. The local anaesthetic was injected at the most medial part of this plane. Sinha et al.
(2009) made two inter-fascial injections with no attempt to identify the nerve division under ultrasound guidance. The first injection was at the middle and posterior one-third of the junction of
the pectineus and adductor longus while the second injection was
between the adductor brevis and adductor magnus.

Nerve stimulator-guided techniques
The main landmarks to be identified for this approach are the anterior superior iliac spine, pubic tubercle, inguinal ligaments, femoral
artery, and the insertion of tendon of adductor longus. This tendon
can be identified as a prominent structure on the medial side of the
thigh when it is placed in extreme abduction. The patient is placed
supine with the leg abducted by 30° degrees.
A modification of the classic Labat’s approach (Labat 1922) (using
a nerve stimulator) is described as insertion of an 8–10 cm insulated nerve block needle 2–3 cm medial and 2–3 cm caudad to
the pubic tubercle perpendicular to the skin. The needle is withdrawn and redirected 45° laterally and caudad after it makes contact
with the inferior border of the superior pubic ramus. The needle
is advanced for 2–3 cm to elicit a motor response in the adductor

compartment at 0.4–0.5 mA. The aim is to deposit a dose of local
anaesthetic at the level of the obturator foramen where the obturator nerve emerges from the pelvis.
Wassef (1993) described an inter-adductor approach where a
stimulating needle is inserted at the posterior border of the adductor longus tendon near its bony insertion. The needle is directed
laterally at a point 1–2 cm medial to femoral pulse just under the
inguinal ligament aiming to get appropriate motor response at
0.4–0.5 mA. The local anaesthetic is deposited proximally just as
the obturator nerve leaves the pelvis.
For the paravascular inguinal approach, a line is drawn joining
the medial border of adductor longus and the femoral pulse at the
level of the inguinal crease. A 10 cm insulated needle is inserted
at a 30° cepahalad angle to the skin at the midpoint of this line. At
a depth of 1–2 cm, a motor response from the anterior branch of
the obturator nerve can be elicited. The needle is then redirected
slightly laterally to get a motor response from the posterior branch
(hip adduction). An injection is made around the posterior branch
followed by the anterior division as the needle is withdrawn. This
is to prevent unrecognized trauma to the anterior branch. This
approach may not provide pain relief for the hip joint as the nerve
is blocked distally.

Block assessment
The obturator nerve supplies a highly variable area of the skin on
the medial side of the thigh: assessing the sensory block may not
be a reliable way to confirm obturator nerve block. Partial motor
weakness of the adductor compartment is a good indicator of a
successful block. The adductor group of muscles such as pectineus
(femoral nerve) and adductor magnus (sciatic nerve) have some
motor supply from other nerves. The patient should be asked to
adduct their legs from an abducted position against resistance to
assess the extent of motor block. Weakness in doing so may indicate
a successful block.

Dose and choice of local anaesthetic
For single-injection techniques, where the nerve is blocked before
it divides a volume of 10–15 ml of local anaesthetic has been used.
If both branches of the obturator nerve are blocked separately with
ultrasound guidance, 5–10 ml of local anaesthetic is used for each
branch (Marhofer et al. 2010).
For supplemental analgesia after lower limb operations, long-
acting agents such as bupivacaine 0.25–0.5% or ropivacaine 0.5–
0.75% should be used. Lidocaine (1–2%) or prilocaine is adequate
for transurethral bladder procedures. Neurolytic agents (phenol/
ethanol) are used in combination with local anaesthetics and steroids for painful spasmodic conditions.

Contraindications
Relative contraindications are pre-existing neuropathies, inguinal lymph node enlargement, local infection, and coagulation
disorders.

Complications
With Labat’s approach, care should be taken to avoid damage to
intra-pelvic organs such as the bladder, rectum, vagina, and spermatic cord. The obturator vessels are in close relation to the anterior
division of the nerve and unintentional vascular damage or intravascular injections may occur.
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A saphenous nerve block is indicated in superficial procedures of
the anteromedial and the posteromedial aspect of the leg (e.g. varicose veins surgery). Most often it is used in conjunction with sciatic
or popliteal nerve block, providing analgesia for the medial aspect
of the leg, medial malleolus, and ankle procedures (e.g. ankle fusion
and fractures). The adductor canal block is emerging as an alternative to the femoral nerve block for postoperative analgesia after total
knee arthroplasty. So far it has not shown any advantage in providing analgesia after anterior cruciate ligament repair but results are
limited to a single study (Espelund et al. 2013). It provides analgesia
similar to the femoral nerve block as part of a multimodal regimen.
In healthy volunteers it preserves quadriceps motor strength significantly better than femoral nerve block but this does not translate
into clinical benefit of early mobilization in patients undergoing
total knee arthroplasty. Further work is required to understand the
reasons behind this observation (Jenstrup et al. 2012; Jaeger et al.
2013; Kwofie et al. 2013; Kim et al. 2014; Mariano and Perlas 2014;
Mudumbai et al. 2014).

is formed by the vastus medialis muscle. Posteromedially it is
bounded by the adductor longus proximally and the adductor magnus distally. The roof is made up of fascia underlying the sartorius
muscle.
The sartorius muscle can be identified as an oval-shaped subcutaneous structure underneath the adipose tissue when the ultrasound
probe is placed anteromedially at mid-thigh level. The vastus medialis can be identified anterolateral to the sartorius at this level. The
femoral artery is seen as a pulsating structure in the adductor canal.
The saphenous nerve appears as a small, round hyperechoic structure anterior to the artery. It may not always be possible to clearly
identify the nerve (e.g. in obese patients). The sartorius muscle and
the femoral artery can be tracked distally from the inguinal region
if they are not well imaged. The use of colour Doppler imaging may
help in delineating the artery.
In the distal thigh, other structures such as the vasto-adductor
membrane and the perivascular sheath may have a hyperechoic
echo texture. The saphenous nerve consistently lies sandwiched
between the sartorius and the femoral artery during its course
from the distal end of the adductor canal (2–3 cm proximal to
the adductor hiatus) and the adductor hiatus (Fig. 55.8). At the
level of the adductor hiatus, the femoral vessels can be seen
diving posteriorly as they enter the popliteal fossa (Saranteas
et al. 2011).
The saphenous nerve may also be visualized close to the long
saphenous vein at the level of the tibial tuberosity at the medial
border of the leg. A light contact should be made with the skin to
avoid compressing the vein.

Anatomy

Conduct of the block

Saphenous nerve block (also includes
adductor/subsartorial canal block)
The saphenous nerve is the largest cutaneous branch of the femoral nerve. It arises from the posterior branch of the femoral
nerve and is a terminal branch with pure sensory component.
The nerve can be easily identified in the adductor canal in the
lower thigh.

Clinical application

The saphenous nerve descends thorough the thigh lateral to the
femoral artery. It contributes to the subsartorial plexus at the mid-
thigh level and continues distally entering the adductor canal anterior to the femoral artery. It crosses over the artery to lie medial
to it. At the distal end of the canal, it leaves the artery, gives off an
infrapatellar branch, which contributes to the peripatellar plexus
and descends vertically behind the sartorius muscle. It emerges
between the tendons of the sartorius and the gracilis muscles after
piercing the fascia lata. As a subcutaneous structure, it descends
along the medial border of the tibia along with the long saphenous vein, supplying the ankle and the skin on the medial side of
the foot as far as the first metatarsophalangeal joint (Standring and
Gray 2008).
The adductor canal also contains one motor nerve (nerve to vastus medialis) and many other sensory nerves supplying the cutaneous, capsular, and articular aspect of the knee joint and the lower
leg (one or more branches of the infrapatellar nerve, the medial
retinacular nerve, the superficial branches from the medial cutaneous femoral nerve and less consistently the articular branch of
the obturator nerve) (Horner and Dellon 1994). Most of the motor
branches of the femoral nerve do not traverse through the adductor canal as division occurs proximally within 5 cm of the inguinal
ligament (Kwofie et al. 2013).

Sonoanatomy
The adductor canal occupies the distal two-thirds of the medial
thigh. It extends from the apex of the femoral triangle to the distal insertion of the adductor magnus tendon (medial condyle of
the femur). The anterolateral boundary of this triangular canal

The patient is placed supine with the leg slightly abducted, externally
rotated, and with minimal knee flexion. Using a high-frequency
linear probe (6–13 MHz), the sartorius muscle, underlying femoral artery, and the vastus medialis muscle are identified at the mid-
thigh level in the short-axis view. The saphenous nerve appears as a

Medial
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Figure 55.8 Ultrasound image of the right saphenous nerve in the adductor
canal accompanying the femoral artery. The femoral vein can be seen just under
the saphenous nerve. The vastus medialis forms the lateral boundary of the
adductor canal, and fascia underlying the sartorius forms the roof.
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small, round hyperechoic structure in the adductor canal lateral to
the artery. A small volume of local anaesthetic is injected to numb
the skin. Under aseptic conditions, a 5 cm, 22 G, short-bevel nerve
block needle is advanced using the in-plane approach from lateral to
medial direction. Once the needle tip is in proximity of the nerve,
3–5 ml of local anaesthetic is injected after negative aspiration. If the
nerve is not well imaged, the needle tip should be placed medial to
the artery and the local anaesthetic deposited there. Additional needle repositioning might be required if the spread of local anaesthetic
does not occur in the desired area.
For the distal approach, the ultrasound transducer is moved caudally following the artery in the adductor canal until it is seen diving posteriorly through the adductor hiatus. The needle is inserted
2–3 cm proximal to it (using the approach previously described)
and local anaesthetic is injected between the femoral artery and the
sartorius muscle. The saphenous nerve lies just under the surface of
the muscle and medial to the artery in this area.

Block assessment
A sensory block to cold over the medial aspect of the leg between
the knee and the medial malleolus indicates a successful block.
Some patients may exhibit some weakness in extending the knee
joint if the flexed knee is supported off the bed.

Dose and choice of local anaesthetic
Five to ten millilitres of the local anaesthetic placed in the distal
one-third of the canal provides excellent analgesia for the infrapatellar region, medial part of the leg, and ankle surgery (Krombach
and Gray 2007; Manickam et al. 2009). A distal block may avoid
motor weakness as a result of selective blockade of the saphenous
nerve but may not provide complete analgesia for knee procedures.
Fifteen millilitres of local anaesthetic in the adductor canal at the
mid-thigh level provides pain relief comparable to femoral nerve
block, and better preserves the quadriceps motor power in patients
undergoing total knee arthroplasty (Andersen et al. 2013; Kwofie
et al. 2013; Kim et al. 2014). Local anaesthetics such as ropivacaine
0.75% or bupivacaine 0.5% provide long-lasting postoperative analgesia that can be further extended with a standard peripheral nerve
infusion of 8 ml h−1 of ropivacaine 0.2%.
Higher volumes of local anaesthetic (20–30 ml) may lead to
undesirable motor block (Chen et al. 2014). Anatomical studies
have demonstrated that 30 ml of liquid dye injected into the adductor canal the distal one third of the femur could spread proximally
up to the division of the femoral nerve and possibly up to the femoral triangle if injected under high pressure as there are no boundaries between the two (Davis et al. 2009).
So far there is no consensus on the ideal dose or site for adductor canal block (Bendtsen et al. 2014; Jaeger et al. 2014). The available literature combined with anatomical knowledge suggests that a
higher volume block placed proximally provides excellent analgesia
for knee surgery but may have an element of motor block while
lower volumes at the distal end of the adductor canal are suitable
for lower leg and ankle surgery. The choice of local anaesthetic
agent is dictated by the indication of siting this block.

Contraindications
Patient refusal, true local anaesthetic allergy, local sepsis, and coagulation disorders.

Complications
Haematoma formation, intramuscular injection, nerve injury, and
local infection.

Sciatic nerve block
L’ Anesthésie Régionale is a fascinating book of regional anaesthesia
published in 1920. Victor Pauchet (tutor and surgical colleague of
Gaston Labat who was considered an expert in regional anaesthesia
in France) describes infiltration of the great sciatic nerve as very
difficult and uncertain. It was before the advent of nerve stimulators
or ultrasound machines. Labat is credited with describing a reliable
technique for sciatic nerve block but several different approaches
have been reported subsequently.

Clinical application
Sciatic nerve block is indicated for surgical anaesthesia and analgesia of the knee, anterior (except anteromedial) and posterolateral
leg, and ankle and foot (e.g. total knee arthroplasty, Achilles tendon
repair, tibial plateau repair, ankle fracture and fusions). It is often
combined with a femoral nerve block to provide complete analgesia of the lower limb from mid-thigh down. This is useful for the
patient with significant cardiovascular disease to avoid the potential haemodynamic compromise associated with spinal anaesthesia.
Continuous sciatic nerve block, when added to a continuous
femoral nerve block, provides better analgesia and reduces opioid
requirements significantly when compared with continuous femoral block or continuous psoas compartment block for total knee
arthroplasty. Use of dilute local anaesthetics for infusion avoids
interference with early mobilization (Allen et al. 1998; Morin et al.
2005; Pham Dang et al. 2005; Cappelleri et al. 2011; Abdallah and
Brull 2012; Luke and Chelly 2012; Sato et al. 2014).

Anatomy
The sciatic nerve is the nerve of the posterior compartment of the
thigh (Standring and Gray 2008; Hadzic and New York School of
Regional Anesthesia 2012). It is the largest peripheral nerve in the
body arising from the lumbosacral plexus with root value of L4–S3.
It is formed in the pelvis and enters the posterior leg through the
greater sciatic foramen anterior to the piriformis muscle. The sciatic nerve descends between the ischial tuberosity and the greater
trochanter deep to gluteus maximus but superficial to the lateral
rotators of the hip (obturator internus, the gemelli muscles, and
quadratus femoris). The posterior cutaneous nerve of thigh and the
inferior gluteal artery lie lateral to the sciatic nerve at this level.
The sciatic nerve enters the posterior compartment of the thigh at
the inferior border of the gluteus maximus posterior to the adductor magnus and anterior to the long head of biceps. It descends
towards the popliteal fossa with the long head of biceps femoris
laterally and the semimembranosus covered by the semitendinosus
medially. Seen from the surface, the general direction of descent is
from the midpoint between the greater trochanter and the ischial
tuberosity to the apex of the popliteal fossa.
The sciatic nerve is in fact two nerves (tibial and common peroneal nerves) combined in one fascial sheath, and the nerves separate
at a variable level. The division occurs most often near the level of
the apex of the popliteal fossa. It may occur proximal (middle and
lower third of the thigh) to but rarely distal to it. Both components
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Figure 55.9 Short-axis ultrasound view of the sciatic nerve using the anterior
approach. Note the depth settings on the ultrasound machine. The sciatic nerve
is close to the lesser trochanter. In this case, external rotation of the thigh brought
the sciatic nerve into view.

may arise separately from the sacral plexus with the common peroneal nerve travelling through the piriformis and the tibial component entering the thigh below it.

Sonoanatomy
Anterior approach
The patient is placed supine with the leg slightly abducted and
externally rotated. A curved ultrasound probe with a low-frequency
range (2–8 MHz) is used. The initial depth settings are approximately 8–10 cm. The sciatic nerve is usually at a depth of 6–8 cm
when accessed anteriorly. The probe is placed anteromedially in the
proximal thigh (at the level of the lesser trochanter) to get short-axis
views. Deep to sartorius muscle, the femoral vessels are identified.
The femur is seen as a hyperechoic rim with an area of darkness
underneath it. Just above the femur is the vastus medialis muscle
while medial to the femur is the body of adductor magnus. The
sciatic nerve is seen as a slightly flattened oval structure with hyperechoic texture deep to adductor magnus (Fig. 55.9). Posterior to the
adductor magnus and the sciatic nerve are the hamstring muscles.
Transgluteal approach
The patient is placed in a modified Sims position. A low-frequency,
curved ultrasound probe is placed over a line connecting the coccyx and the greater trochanter to attain a short-axis view (Marhofer
2010). The initial depth setting should be 8–10 cm in order to view
both bony landmarks but can subsequently be reduced to improve
image quality. Important landmarks are the greater trochanter and
the ischial tuberosity, which are seen as areas of hyperechoic rims
with areas of darkness underneath. The sciatic nerve is typically
seen as a triangular hyperechoic structure between the two bony
landmarks just deep to the gluteus maximus muscle (Fig. 55.10).
A wide band of muscle posterior to the sciatic nerve, separated by a
fascial layer, is the quadratus femoris.
Subgluteal approach
For the subgluteal approach, a higher-frequency linear probe can
be used while imaging at the subgluteal fold as the sciatic nerve lies

Ischial tuberosity

Anterior

8.7 cm

Figure 55.10 Ultrasound image of the sciatic nerve at the transgluteal level. The
image was taken using a curved probe with high depth settings. The sciatic nerve
is seen lying between the gluteus maximus and the quadratus femoris muscles.

superficially (4–5 cm). Once the bony landmarks are identified, the
sciatic nerve can be seen as a bright, hyperechoic, flattened oval structure sandwiched between the long head of biceps laterally, the semitendinosus medially, and the adductor magnus posteriorly (Fig. 55.11).
For any of these approaches, if the nerve is not well imaged, different manoeuvres can be tried to bring the nerve in to view, for example, tilting the probe cepahalad/caudad or scanning proximally/
distally or asking the patient to plantarflex/dorsiflex the ankle.

Conduct of the block
Classic posterior and parasacral approaches are better suited for
placement of peripheral nerve catheters than the anterior approach.

Posterior
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Adductor
magnus
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Figure 55.11 Sonoanatomy of the sciatic nerve at the subgluteal level showing
the sciatic nerve as a flattened hyperechoic structure lying between the gluteus
maximus and adductor magnus muscles.
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Ultrasound-guided techniques
Anterior approach
All essential structures, as previously described, are identified using
ultrasound. A 22 G, 15 cm short-bevel nerve block needle is introduced in-plane from the lateral to medial side with an ultrasound
transducer on the anteromedial surface of the thigh. The out-of-
plane approach can also be used. In both cases, extra care should be
taken to identify the position of the tip of the needle as the nerve
lies very deep. This can be facilitated by injecting a small amount
(0.25–0.5 ml) of local anaesthetic solution or saline under real-time
imaging. Once the needle tip is deemed to be in the correct position, 1–2 ml of local anaesthetic can be injected to assess the spread.
This may further ‘highlight’ the boundaries of the sciatic nerve. If
the distribution of the local anaesthetic is not appropriate, further
re-positioning of the needle tip should be attempted. The chosen
dose of local anaesthetic is injected after negative aspiration, assessing its spread in real time. Multiple injections for circumferential
spread of the local anaesthetic are not essential but may hasten the
onset of the block.
Transgluteal and subgluteal approach
All necessary structures, as previously described, are identified
using ultrasound guidance. A 22 G, 10 cm short-bevel nerve block
needle is introduced in-plane from the lateral to the medial side.
The out-of-plane approach can also be used, in which case extra
care should be taken to ascertain the position of the tip of the
needle. Local anaesthetic is injected as described for the anterior
approach.

Nerve stimulator-based techniques
Posterior approach
For the parasacral, modified Labat’s, and subgluteal approaches,
the patient is positioned laterally and rolled forward slightly with
the block side non-dependent. The dependent leg should be fully
extended. The operative leg is flexed at the hip and is rested on the
partially flexed knee. The heel rests on the knee of the dependent
leg such that the foot is clearly visible to assess the response to nerve
stimulation (modified Sims position).
Parasacral approach (Mansour’s description)
A line connecting the ischial tuberosity and the posterior superior
iliac spine is drawn. An insulated nerve block needle is inserted
6 cm caudal to the posterior superior iliac spine on this line. It is
inserted perpendicular to the skin and advanced slowly. Twitches
of the hamstrings, calf, or toes are sought at a current intensity of
0.4–0.5 mA. The sciatic nerve is located at a depth of 6–8 cm. If
bone is contacted by the needle tip then the needle is re-directed
caudally and laterally to go past the wings of the sacrum or the
iliac bone. However, care should be taken not to advance the needle by more than 2 cm after bone contact to avoid any damage
to intra-pelvic organs. This block may achieve anaesthesia of the
entire sacral plexus and motor block of the obturator nerve, but it
is unreliable for this purpose. As a result, it may block the pudendal
nerve leading to urinary retention (Mansour 1993; Mansour and
Bennetts 1996; Morris et al. 1997; Helayel et al. 2006; Aissaoui et al.
2013). Ripart et al. (2005) reported a series of 400 successful cases
of parasacral block.
Classic posterior approach
For Winnie’s modification of Labat’s approach see Labat (1922)
and Winnie (1975). A line is drawn from the greater trochanter

to the posterior superior iliac spine (ilio-trochanteric line). This
line represents the upper border of the piriformis muscle and
greater sciatic foramen. A second line is drawn from the greater
trochanter to the sacral hiatus. A perpendicular is dropped from
the midpoint of the ilio-trochanteric line to the second line. The
intersection of these two lines marks the point of insertion of the
needle. A 22 G, 10 cm long insulated needle is inserted perpendicular to the plane of the skin. The sciatic nerve lies at a depth
of 5–8 cm. The needle should be advanced most carefully once it
reaches a depth of 5 cm.
Initially, local twitches from the gluteal muscles may be
observed. The aim is to attain twitches (visible or palpable) of
the hamstrings, calf, foot, or toes at a current intensity of 0.4–
0.5 mA. If bone is contacted or no twitches are obtained, the
needle should be partially withdrawn and gradually directed
caudally or cephalad until the twitches are obtained. If there is
still failure to locate the sciatic nerve then anatomical landmarks
should be reconsidered as adipose tissue over the gluteal region
can easily mask landmarks or skin movement can change the
point of entry.
A disadvantage of this approach is that the patient needs to be re-
positioned and the needle travels through a thick layer of muscles
that might be painful and uncomfortable for the patient. Incorrectly
assessed landmarks can potentially lead to placement of the needle
into the hip joint or inside the pelvis.
Sub-gluteal approach
The patient is positioned as for Labat’s approach as previously
described (di Benedetto et al. 2001). A line connecting the greater
trochanter and the ischial tuberosity is drawn. A perpendicular is
dropped caudally for 4 cm from the midpoint of this line to locate
the point of entry of the needle. This usually corresponds to a furrow between the biceps and semitendinosus muscles. An insulated
nerve stimulator needle is inserted perpendicular to the skin. The
goal is to get an appropriate motor response (tibial or peroneal)
distal to the knee joint. Failure to get a response may require redirection of the needle, medially or laterally, gradually until the
desired response is achieved. Twitching of the hamstrings indicates
direct muscular stimulation and this indicates that the needle is too
medial. The sciatic nerve lies at a shallower depth in this region
as compared with Labat’s approach. This technique potentially
causes less discomfort to the patient but the patient does need to
be re-positioned.
Raj’s approach
For the lithotomy position, see Raj et al. (1975). In this approach, a
needle is inserted at the mid-point of a line connecting the greater
trochanter and the ischial tuberosity while an assistant or a Mayo
table supports the flexed thigh and the leg of the supine patient. It
has the advantage that the patient does not need to be repositioned
laterally, but an assistant is required to hold the leg and this can be
challenging for the assistant.
Anterior approach
For Beck’s description see Beck (1963). This position is advantageous when the patient cannot be placed in the lateral position.
However, this block could be uncomfortable in an awake patient as
the nerve is deeply situated and the needle travels through multiple
muscles and fascial planes. There is a higher risk of complications
as inaccurate landmark assessment can lead to neurovascular damage (femoral vessels and obturator nerve).
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The patient is placed in the supine position. With the operative
leg fully extended, a line is drawn between the anterior iliac superior spine and the pubic tubercle. At the junction of the medial
and middle thirds of this line a perpendicular is drawn caudally,
meeting another line drawn parallel to the inguinal ligament starting from the greater trochanter. The needle (22 G, 15 cm insulated
needle) is inserted at this intersection perpendicular to the skin
with slight lateral angulation. If the bone is contacted (minor trochanter), the needle is redirected medially in small increments and
advanced further until a desired motor twitch (tibial or common
peroneal) is achieved at 0.4–0.5 mA. The sciatic nerve is typically
found at a depth of 10–12 cm. Slight internal rotation of the leg
may help in finding the sciatic nerve if difficulty is faced, which
also may reduce the risk of femoral vessel puncture (Vloka et al.
2001b; Moore et al. 2004). If all else fails then the needle should
be reinserted 1–2 cm medial to the original point of insertion with
lateral tilt.

Block assessment
The sciatic nerve supplies articular branches to the hip joint and
the knee joint. It supplies motor branches to the muscles of the
posterior compartment of the thigh, part of the adductor magnus,
and all muscles below the knee joint. It provides sensory supply
to the skin of the posterior thigh and almost all of the lower leg
except the medial part of the lower leg, which is supplied by the
saphenous nerve.
A block performed at the subgluteal, or lower level may not provide motor block of the hamstring group of muscles. Sensory block
can be assessed using cold or pinprick in the sensory distribution
as described earlier.

Dose and choice of local anaesthetic
Fifteen to 20 millilitres of the local anaesthetic is widely recommended in the literature for the nerve stimulator-and ultrasound-
guided techniques (Taboada et al. 2006; Danelli et al. 2009). Use of
ultrasound, particularly for the subgluteal approach, allows reduction in the dose, better sensory block, and faster performance time
(Latzke et al. 2010; Salinas 2010). There are no studies that directly
estimate the ED95 of local anaesthetics for sciatic nerve block. The
choice of local anaesthetic depends on the purpose of the block.
Short-acting local anaesthetics such as lidocaine 2% (onset within
10–20 min) provide analgesia lasting 5–8 h while longer-acting
agent such as ropivacaine 0.5% and 0.75% have a slower onset (15–
30 min) but analgesia may last up to 24 h. Bupivacaine 0.5% may
provide analgesia for up to 48 h (Hadzic and New York School of
Regional Anesthesia 2007).
Injection of 10 ml of local anaesthetic (bupivacaine 0.5% or
ropivacaine 0.5%) under the common investing extraneural
layer of the sciatic nerve at the subgluteal level may produce
long-lasting (up to 24 h) motor and sensory block. A greater volume does not give any advantage while lower volumes reduce
the duration of postoperative analgesia. However, this approach
requires advanced expertise and may lead to intraneuronal injection, although Nader et al. (2013) reported no adverse sequelae
in their study.
For analgesia after total knee arthroplasty, an initial bolus of
6–12 ml of ropivacaine 0.2% followed by infusion of 3–8 ml h−1
of ropivacaine 0.1–0.2% is one of the suggested regimens (Chelly
et al. 2010).

regional anaesthesia of the lower limb

Complications
Injury to pelvic organs can occur if the needle is inserted too deep
while performing proximal approaches such as parasacral or transgluteal, especially using the nerve stimulator technique. An excessive volume of local anaesthetic can lead to spread proximally to the
lumber sympathetic fibres.

Contraindications
There are very few contraindications to sciatic nerve block. They
include local infection such as bedsores, pre-existing neuropathy,
coagulation disorders, and a true allergy to local anaesthetics.

Popliteal nerve block
Block of the distal sciatic nerve in the popliteal fossa is a simple,
safe, and reliable technique for analgesia and anaesthesia of the distal two-thirds of the leg, ankle, and foot. The success rate for popliteal block is quoted to be 92–97% (Perlas et al. 2009). It provides
analgesia or anaesthesia of the entire distal extremity (except the
medial part supplied by the saphenous nerve) and preserves hamstring motor power and knee joint function. The sciatic nerve in
the popliteal fossa can be approached posteriorly (intertendinous
approach) or laterally.

Clinical application
The popliteal nerve block is indicated for operations such as corrective foot surgery, ankle fracture repair, Achilles tendon repair, tibial
plateau repair, tibial nailing (in conjunction with femoral nerve
block), and short saphenous vein stripping. For calf tourniquets,
the popliteal nerve block on its own may be sufficient. For ankle
surgery, continuous popliteal blocks are more effective than ankle
blocks for postoperative analgesia.

Anatomy
The popliteal fossa is bounded by the biceps femoris laterally and
the semimembranosus and semitendinosus medially above the
popliteal crease. Inferiorly, the medial and lateral heads of the gastrocnemius muscle form its boundaries. It contains the popliteal
vessels and common peroneal nerve laterally, tibial nerve medially,
connective tissue, and fat.
The sciatic nerve is lateral and superficial to the popliteal vessels
and is contained in its own fascial layer. It divides 4–10 cm proximal to the popliteal crease.
The common peroneal nerve (L4–S2) descends along the medial
border of the biceps femoris and continues laterally at its course
along the head and neck of the fibula. It divides into the superficial
and deep peroneal nerves.
The tibial nerve (L4–S3) is a larger branch descending centrally
in the popliteal fossa. It crosses the popliteal vessels lateral to medial
posteriorly. It terminates by dividing into medial and lateral plantar
nerves. It supplies the muscles of the calf, ankle joint, and gives rise
to the medial cutaneous sural nerve.
Ultrasound guidance helps in overcoming the challenge presented by variable anatomy of the sciatic nerve in the popliteal
fossa. Images obtained by the ultrasound machine are similar
regardless of the approach used. The operator must consider the
orientation of the ultrasound image according to the patient’s position. A high-frequency (6–13 MHz) linear probe is used with an
initial depth setting of 3–4 cm. Imaging is started at the level of the
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popliteal crease with identification of the popliteal vessels in the
short-axis view. Lateral to the artery is the biceps femoris while the
semimembranosus covered by the semitendinosus is seen medially.
Superficial and lateral to the artery is the tibial nerve with a hyperechoic echo texture and honeycomb appearance. Sliding the probe
laterally will bring the common peroneal nerve in to view, which is
more superficial than the tibial nerve and close to the medial border of the biceps femoris (Fig. 55.12). Both nerves should be traced
proximally until they combine to form the sciatic nerve near the
apex of the popliteal fossa. To help identify the nerves, the patient
can be asked to flex the ankle. This may produce ‘see-saw’ movement of the nerves as they move within the soft tissues as the ankle
is flexed. Tilting the probe proximally/distally or minor rotation at
its axis may improve the image quality.
It can be technically challenging to scan the popliteal region in a
trauma patient with a plaster cast or dressing on the leg. These may
be removed after consulting the surgeons. Such patients are difficult
to position as well. A Mayo table or tall wedge could be used to rest
the leg supported by an assistant. The patient’s thigh will be almost
horizontal with acceptable space below the thigh for scanning.
Resting the foot on the bed with the knee flexed may not provide
ideal conditions for imaging or manoeuvring the needle especially
in trauma patients or patients with shorter femoral length.

the bifurcation of the sciatic nerve may be considered the optimal
site. It allows faster onset of block with no increase in the incidence
of neural injury (Perlas et al. 2013). It requires advanced ultrasound
and needle manoeuvring skills. Once the needle tip reaches the
desired site, the chosen dose of local anaesthetic is injected, initially
in small doses to assess the spread of the drug. Needle repositioning
may be required for correct placement and spread. Circumferential
spread of local anaesthetic outside the paraneural sheath may hasten the onset of block but does not affect the success rates (Brull
et al. 2011; Choquet et al. 2014).

Conduct of the block

For posterior and lateral approaches there is no significant difference
between a single-injection and double-injection technique for onset
time and success of block. Both common peroneal (i.e. dorsiflexion/
eversion of the foot) and tibial response (i.e. plantar flexion/inversion) of the foot are acceptable when localizing the nerve, although
the latter is preferable (Benzon et al. 1997; Hadzic and Vloka 1998;
Taboada et al. 2005; March et al. 2006; Arcioni et al. 2007; Perlas
et al. 2009).

Both lateral and posterior approaches are suitable for siting a catheter for continuous nerve block.

Ultrasound-guided techniques
Posterior approach
The patient is placed in the prone position. Under aseptic conditions, the popliteal fossa is imaged as previously described, and
relevant structures are identified. After infiltration of the skin
with local anaesthetic, a 5–10 cm short-bevel nerve block needle is inserted in plane from the lateral to the medial side. The
out-of-plane approach can also be used giving the advantage that
the needle does not travel through muscular tissue. Placement of the
needle tip under the common paraneural sheath at the level of

Figure 55.12 Ultrasound anatomy at the level of the popliteal fossa. The tibial
nerve is slightly superficial and lateral to the popliteal artery. The common
peroneal nerve is lateral and superficial to the tibial nerve.

Lateral approach
The patient is positioned supine and the leg is supported as previously described (see relevant section for ‘Sonoanatomy’).
Under aseptic conditions, the popliteal fossa is imaged as already
described, and relevant structures are identified keeping patient
orientation in mind. A 5–10 cm short-bevel nerve block needle is
inserted in plane from the lateral border of the thigh 2–3 cm above
the plane of the transducer. Once the needle tip is at the appropriate
place (see previous paragraph under ‘Posterior approach’) a small
volume of local anaesthetic is injected to confirm correct placement
and assess the spread. Additional needle repositioning might be
required for optimal spread of the local anaesthetic.

Nerve stimulator-guided techniques

Posterior approach
The patient is positioned prone on the bed with their foot and toes
easily visible (Rorie et al. 1980; Vloka et al. 2001a). Three important
landmarks to be identified are the popliteal crease, the tendon of
biceps femoris (lateral), and the semimembranosus and semitendinosus (medial). The patient can be asked to flex the knee against
resistance to make these tendons prominent. A needle insertion
point is marked about 7 cm proximal to the popliteal crease,
0.5–1.0 cm lateral to the mid point between the two tendons. A 5
cm short-bevel insulated needle attached to a nerve stimulator is
inserted at an angle of 45° anteriorly and superiorly. The needle is
advanced, and motor response elicited between 0.4–0.5 mA. Once
the needle tip is at a desirable site, the local anaesthetic is injected
after ensuring negative aspiration.
Direct twitches in the biceps or the semimembranosus/semitendinosus indicate too lateral or too medial needle tip placement. Bone
contact indicates that the needle is too deep. Calf twitches without
toe/foot movement may indicate stimulation of motor branches to
the calf muscle, which is not an acceptable response. Blood on aspiration may indicate that the needle tip is too deep or too medial.
Lateral approach
The lateral approach is advantageous for patients who cannot be
turned prone (e.g. those with trauma or under general anaesthesia).
Two different lateral approaches have been described in the literature. There are no studies directly comparing these two approaches.
Arcioni et al. (2007) compared single-and double-injection lateral
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approach techniques where the needle was inserted 6 cm proximal
to the popliteal crease.
Hadzic and Vloka (1998) suggest the needle insertion point as
7 cm proximal to the popliteal crease in the groove between the
lateral border of vastus lateralis and the biceps femoris. Actively
raising the foot off the bed may make these landmarks more prominent. A 10 cm short-bevel insulated needle connected to a nerve
stimulator is placed in the groove parallel to the horizontal. After
contact is made with the femur, the needle should be withdrawn
and directed posteriorly at an angle of about 30° advancing it slowly
until foot/toe twitches are obtained at a current intensity of 0.4–0.5
mA. At this point, the chosen dose of local anaesthetic is injected.
Zetlaoui and Bouaziz (1998) suggest the needle should be
inserted at the intersection of the groove between biceps and vastus
lateralis and a vertical line dropped from the superior pole of the
patella. The needle is directed 30° posteriorly and the tibial nerve
response is sought. The common peroneal nerve may get stimulated first as it is located laterally in which case the needle is withdrawn and directed more posteriorly. The authors recommended a
two-injection technique for this approach.
When measured on the patient’s leg there may not be much difference in point of needle insertion between the above two approaches.
Local muscle twitches may be seen when the needle is first
inserted as a result of direct stimulation of biceps. These twitches
will stop when the needle tip enters the popliteal fossa. If foot/toe
twitches are not obtained within 2 cm of entering the fossa then the
needle should not be advanced, as it may not be in the plane of the
nerve and could cause vascular injury. Lateral rotation at the hip
joint should be ruled out and functioning of the nerve stimulator
should be checked. The needle should be withdrawn and redirected
posteriorly by 5–10°. If all these measures fail, the anatomical landmarks should be reconsidered or an alternative technique, preferably ultrasound guided, should be used.

regional anaesthesia of the lower limb

Contraindications
Patient refusal, infection at the injection site, and local anaesthetic
allergy are contraindications. Relative contraindications include
previous total knee arthroplasty, vascular bypass or grafts, and pre-
existing neuropathy.

Complications
Patients may not be able to weight bear if undergoing ambulatory
surgery. Haematoma formation, nerve injury, and local infection
are possible complications with any peripheral nerve block.

Ankle block
Ankle block is a simple, safe, and effective way to block the terminal
branches of the sciatic and saphenous nerves (Rudkin et al. 2005).
It does not require any special equipment and has easily visible and
palpable landmarks. The patient can walk with the help of crutches
and be discharged home in the immediate postoperative period.

Clinical application
Ankle block can be used for anaesthesia and analgesia for all types
of foot and toe surgery that does not require a tourniquet above
the ankle (e.g. amputations, osteotomies, arthroplasty, and reconstruction). An ankle tourniquet may be tolerated for up to 30 min
when sedation is used with the ankle block although patients more
than 70 years of age may have a lower threshold of pain (Rudkin
et al. 2004). For forefoot surgery, patients who had an ankle block
required less analgesic as compared with popliteal block in the
post-anaesthesia care unit (McLeod et al. 1995).

Anatomy
Five peripheral nerves need to be blocked for the ankle block
(Fig. 55.13) (Standring and Gray 2008).

Block assessment
Adequate block of the sciatic nerve provides anaesthesia of the distal leg other than the anteromedial aspect. It also provides motor
block of the leg muscles but the hamstrings are not affected. The
skin on the posterior part of the knee is also anaesthetized.

Dose and choice of local anaesthetic
Thirty to forty millilitres of local anaesthetic has been used conventionally for nerve stimulator guided popliteal nerve block (Hebl et al.
2010; Miller 2010). With increased usage of ultrasound and paraneural injections, many authors have successfully used a volume of 30 ml
(Perlas et al. 2008; Morau et al. 2010; Choquet et al. 2014). Sala-Blanch
et al. (2012) has reported 100% success with 20 ml of mepivacaine 1.5%
using ultrasound and a peripheral nerve stimulator with paraneural
injection at the bifurcation of the sciatic nerve. Recently, Techasuk
et al. (2014) suggested that 13.5 ml of a lidocaine–bupivacaine mixture provides adequate postoperative analgesia in 90% of patients
using ultrasound-guided subparaneural popliteal sciatic nerve block
(at the neural bifurcation). The choice of local anaesthetic depends
on the purpose of the block. Lidocaine 2% with adrenaline provides
analgesia for up to 8 h; ropivacaine 0.75% for up to 24 h; and bupivacaine 0.5% for up to 30 h (Hadzic and New York School of Regional
Anesthesia 2007). For continuous infusions, an initial bolus of 10–20 ml
of ropivacaine 0.2–0.5% followed by 5–10 ml h−1 of ropivacaine
0.1–0.2% is recommended (Chelly et al. 2010).

Sural n
Superficial peroneal n
Saphenous n
Tibial n (plantar br)
Tibial n (calcaneal br)
Deep peroneal n

Figure 55.13 Cutaneous innervation of the foot and ankle.
Reproduced from Hebl J, Lennon R (eds), Mayo Clinic Atlas of Regional Anesthesia and Ultrasound-
Guided Nerve Blockade, Copyright © 2010 Mayo Foundation for Medical Education and
Research/Oxford University Press. By permission of Oxford University Press, USA, www.oup.com
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The deep peroneal nerve runs its course between the tibialis anterior and the extensor digitorum longus muscles with the anterior
tibial artery in the anterior compartment of the leg. It crosses the
ankle between the tendons of extensor hallucis longus and extensor digitorum longus close to the anterior tibial artery. At this
level, it divides into the medial and lateral branches. The medial
branch crosses the dorsum of the foot lateral to the dorsalis pedis
artery while the lateral branch supplies the muscles of the foot. The
medial branch terminates by supplying a patch of skin in the first
web space.
The superficial peroneal nerve supplies motor branches to the
peroneus longus and brevis muscles in the anterolateral compartment of the leg. It becomes subcutaneous 5–10 cm above the lateral
malleolus supplying the skin over the dorsum of the foot and terminates by communication with the saphenous nerve medially, deep
peroneal nerve in the first web space, and the sural nerve laterally.
The sural nerve is formed by the combination of the medial sural
nerve (from the tibial nerve) and the lateral sural nerve (from the
common peroneal nerve). The sural nerve emerges on the lateral
aspect of the Achilles tendon approximately 10 cm proximal to the
lateral malleolus. It supplies the Achilles tendon, ankle joint, lateral
malleolus, and skin over the lateral part of the foot extending to a
small area of the sole, fourth interosseous space, and fifth toe.
The posterior tibial nerve emerges to lie superficial in the distal
one-third of the leg on the medial side of the Achilles tendon. It
initially runs between the tendons of tibialis posterior and flexor
digitorum longus. It then passes behind the medial malleolus posterior to the posterior tibial artery. It divides into the medial and
lateral plantar nerves and the medial calcaneal nerve. It supplies the
ankle joint, the skin over most of the heel, the Achilles tendon and
sensorimotor innervation of the sole.
The saphenous nerve (branch of the femoral nerve) travels subcutaneously on the medial aspect of the ankle and foot. It passes
anterior to the medial malleolus supplying as far as the first metatarsophalangeal joint in some patients.

Conduct of the block and dose of local anaesthetic
See Hebl et al. (2010), Miller (2010), and Hadzic and New York
School of Regional Anesthesia (2012).

Deep peroneal nerve
Dorsalis pedis

Tibial ridge

Medial

Lateral
1.5

Figure 55.14 Ultrasound image of the deep peroneal nerve seen in the short-axis
view lateral to the dorsalis pedis artery and superficial to the vein at the level of
the extensor retinaculum.

Posterior tibial nerve
At the level of the medial malleolus, pulsations of the posterior
tibial artery can be felt between the medial border of the Achilles
tendon and the posterior margin of the medial malleolus. The posterior tibial nerve lies just posterior to the artery (Fig. 55.15). Under
aseptic conditions, a 1.5 cm, 25 G hypodermic needle is inserted
under the skin until it contacts the bone. The needle is withdrawn
by 2–3 mm and 2–4 ml of local anaesthetic is injected after ruling
out intravascular placement. A fan-wise anteroposterior spread of
local anaesthetic may improve its success rates.
Similar to the deep peroneal nerve, an ultrasound machine
can be used to locate the posterior tibial nerve behind the posterior tibial artery. The use of colour Doppler may help in locating
the artery. The probe should be placed behind the medial malleolus. Anterior to the artery the tendons of tibialis anterior and
flexor digitorum longus can be seen while flexor hallucis longus

Deep peroneal nerve
The patient is asked to dorsiflex the toes making the tendon of
extensor hallucis longus more prominent. The dorsalis pedis artery
can be felt pulsating just lateral to it. The deep peroneal nerve lies
immediately lateral to these pulsations. Under aseptic conditions, a
1.5 cm, 25 G hypodermic needle is inserted under the skin until it
contacts the bone. The needle is withdrawn by 2–3 mm and 2–4 ml
of local anaesthetic is injected after ruling out intravascular placement. A fan-wise medial-lateral spread of local anaesthetic may
improve success rates.
The deep peroneal nerve can be seen lying lateral to the dorsalis pedis artery in the short-axis view using a high-frequency
(6–13 MHz, linear) ultrasound probe set at a depth of 1.5–2.2 cm
(Fig. 55.14). The probe should be placed at the level of the extensor
retinaculum. It can be blocked using an in-plane or out-of-plane
approach. Often the nerve is distinguished better from neighbouring tissue after injection of local anaesthetic. The use of the colour
Doppler setting on the ultrasound machine may help in locating
the artery.

Tibial nerve

Posterior tibial
artery

Medial
malleolus

Posterior

Anterior
1.5

Figure 55.15 Ultrasound image of the posterior tibial nerve lying just behind the
posterior tibial artery in the short-axis view at the level of the medial malleolus.
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lies behind it: the tendons can have a similar appearance to the
artery but they are non-pulsatile. Proximal/distal scanning may
help in differentiating the nerve as it is intimately related to the
artery.

Contraindications

Superficial peroneal nerve

The ankle block is a safe block as most of the injections are subcutaneous. Residual paraesthesia as a result of inadvertent intraneural
injections, haematoma formation, vascular injury, and infection
are some other complications. The patient will lose proprioception
from the ankle joint after this block.

This nerve lies on the anterolateral aspect of the leg. It may not
be easily visible in the subcutaneous fascia with an ultrasound
machine. It can be traced in the intermuscular septum between
peroneus longus and extensor digitorum longus approximately 10–
20 cm proximal to the lateral malleolus on the lateral side of the
leg (Fig. 55.16). The prominent groove between these two muscles
leads to the surface of the fibula.
The superficial peroneal nerve, sural nerve, and saphenous nerves
are superficial branches of the femoral and sciatic nerves. They can
be blocked by subcutaneous infiltration of local anaesthetic in a
‘ring’ fashion starting from the medial malleolus to the lateral border of the Achilles tendon. The first injection is made starting from
the site of the deep peroneal nerve block to the medial malleolus.
Approximately 4–5 ml of local anaesthetic is injected subcutaneously. This will cover branches of the saphenous nerve. The second injection is directed towards the lateral malleolus without fully
withdrawing the needle from the skin, injecting 4–5 ml of local
anaesthetic to raise a ‘wheal’ on the anterolateral part of the ankle
to block the superficial peroneal nerve. The third injection is performed from the already anaesthetized part of the skin from just
anterior to the lateral malleolus to the lateral border of the Achilles
tendon. This will block branches of the sural nerve.

Block assessment

Complications

Forefoot block
A popliteal nerve block in combination with a saphenous nerve
block provides anaesthesia and analgesia for all operations on the
foot. The ankle block alone can be used for forefoot operations.
Forefoot blocks are mainly used for postoperative pain relief for
operations performed under general anaesthesia.

Clinical application
Forefoot blocks can be used as the sole anaesthetic for metatarsophalangeal joint arthrodesis, modified McBride bunionectomy,
interphalangeal arthrodesis, first metatarsophalangeal cheilectomy,
paronychia, or amputation/debridement of distal aspects of the
toes. These blocks can also be used for postoperative analgesia and
to supplement a partially effective or an incomplete popliteal or
ankle block.

Anatomy
Dorsal (anterior) surface

Sensory block to cold/pinprick is tested in the distribution of the
nerves blocked. It may take up to 20 min for onset of the block
depending on the drug used.

Choice of local anaesthetic
Agents such as bupivacaine 0.5% or ropivacaine 0.5% can provide
analgesia lasting up to 24 h.
Extensor digitorum
longus
Superficial peroneal
nerve

Patient refusal, a true local anaesthetic allergy, and local infection.

Intermuscular
septum

Peroneus
brevis

The dorsum of the foot is supplied by the medial and intermediate branches of the superficial peroneal nerve, the deep peroneal
nerve, and the sural nerve. The two branches of the superficial
peroneal nerve further divide into digital branches as they enter
the foot. The branches from the medial branch of the superficial peroneal nerve supply the medial side of the great toe and
adjacent sides of the second and third toes. The digital branches
of the intermediate nerve supply the adjacent sides of the third,
fourth, and fifth toes. All of these branches lie deep to the dorsal
venous arch. The deep peroneal nerve lies in the neurovascular
bundle deep to the superficial fascia and becomes subcutaneous
just above the first interphalangeal space when it emerges in the
cleft between the first and second metatarsals. The deep peroneal
nerve supplies the adjacent sides of the great toe and the second
toe. The sural nerve runs subcutaneously under the skin on the
lateral border of the foot and supplies the lateral aspect of the
little toe.

Ventral (posterior) aspect

Anterior

Posterior

Figure 55.16 Ultrasound image of the superficial peroneal nerve which is seen
between two layers of deep fascia soon after leaving the intermuscular septum
between the extensor digitorum longus and peroneus brevis muscles to lie
subcutaneously. This image was taken approximately 7 cm proximal to the lateral
malleolus.

The posterior tibial nerve divides into the medial calcaneal nerve,
medial plantar nerve, and the lateral plantar nerve just above the
sole of the foot on the medial aspect of the ankle. The medial calcaneal nerve supplies the skin and superficial fascia of the sole in
the region of the heel. The medial plantar nerve divides into two
branches that supply the skin of the sole of the foot and the toes.
The sole of the foot has five layers. The medial and lateral plantar
nerves and vessels lie in the second layer under the plantar aponeurosis and the superficial layer of muscles. The lateral plantar nerve
gives rise to a deep branch at the mid forefoot layer which lies in
the deepest fifth layer.
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Conduct of the block
Midfoot block
Palpate the dorsalis pedis artery and inject 2–3 ml of local anaesthetic on either side of the dorsalis pedis artery at any level to block
the deep peroneal nerve in the forefoot. The medial and intermediate branches of the superficial peroneal nerve can be blocked by
injecting 3–5 ml of local anaesthetic subcutaneously deep to the
dorsal venous arch of the foot. This injection only leads to dermal
analgesia on the anterior surface of the foot and is insufficient for
any bony interventions in the blocked area.

Intermetatarsal block
Palpate the intermetatarsal area. Insert a 23/25 G needle slowly
between the tarsal bones as far as possible until it can be felt on
the other end. Withdraw the needle slightly and inject 3–5 ml of
local anaesthetic (into the second layer of the sole of the foot).
Then withdraw the needle under the skin and inject 3–5 ml of local
anaesthetic. For a given toe, injections on either side of the metatarsal bone will be required to achieve complete analgesia.

can be attached to an elastomeric balloon pump which delivers a
constant rate of local anaesthetic mixture. The flow rate is adjustable. These devices are light and their function is not affected by
gravity: therefore, they can be carried by the patient and do not
impact mobility. The balloon pumps come in different capacities
and can be used to provide a variable duration (up to 12 days) of
analgesia after surgery. It is suggested that they do not pose an
added infection risk as the catheters are sited and pump connected
under sterile conditions.

Advantages
◆

Easy technique that does not require the skill of peripheral
nerve blocks

◆

Early physiotherapy

◆

Early ambulation

◆

Better postoperative analgesia

◆

Shorter hospital stay

Ring block

◆

Requires less time as compared with femoral nerve block

The local anaesthetic is injected subcutaneously under the skin in
the web space, dorsal surface, and the plantar surface (i.e. on all
sides of the relevant toe). Up to 5 ml of local anaesthetic may be
required.

◆

No risk of nerve damage or urinary retention.

◆

Damage to articular cartilage

Dose and choice of local anaesthetic

◆

Requires surgical expertise

◆

Chondrolysis

◆

Risk of local anaesthetic toxicity.

Any local anaesthetic such as bupivacaine, ropivacaine, or lidocaine
can be used. Local anaesthetic solutions containing adrenaline
should be avoided.

Contraindications
Local infection and patient refusal

Complications
Local infection, haematoma, and failure.

Intra-articular injection of local
anaesthetics
Local infiltration of local anaesthetic is gaining popularity with
orthopaedic surgeons as an integral component of multimodal
analgesia after hip, knee, and ankle surgery.

Anatomy
The articular surface of the joints is lined by hyaline cartilage, which
expresses opioid, N-methyl-D-aspartate, and adrenergic receptors
when inflamed.

Conduct of the block
These blocks are performed by the surgeons during the procedure.

Dose and choice of local anaesthetic
Large volumes (i.e. 150–200 ml) of local anaesthetic mixed with
other drugs are used. The mixture usually contains dilute local
anaesthetic such as ropivacaine (2 mg ml−1), a non-steroidal anti-
inflammatory such as ketorolac (30 mg), and adrenaline (0.1–0.5 mg).
Opioids such as morphine are used by some surgeons. Some surgeons insert a catheter at the end of the operation. The catheter

Complications

Limitations of intra-articular infusion of local
anaesthetics
Haemarthrosis is often seen after joint surgery and this can limit
the effectiveness of articular catheters as it lowers the concentration of local anaesthetics and increases the severity of the pain. If
a drain is inserted into the joint space for the perioperative period,
it may wash out the local anaesthetic solution being infused at the
same time.
The articular surface of joints is avascular and meets its metabolic
demands from the synovial fluid. Intra-articular administration
of saline or local anaesthetic may dilute or alter the composition
of synovial fluid and adversely affect the articular cartilage. Large
volumes of local anaesthetic injected into the joint space may predispose to local anaesthetic toxicity, especially after major intra-
articular trauma and when extensive raw surfaces within the joint
have been created by the surgical procedure (increased absorption).
The other concern is chondrotoxicity related to local anaesthetic
agents. Bupivacaine, lidocaine, and ropivacaine have been shown
to cause damage to articular cartilage and synovial membrane in
animal and human models (Dogan et al. 2004; Karpie and Chu
2007; Piper and Kim 2008). The toxicity is agent dependent, dose
dependent, and time dependent. The toxicity of the local anaesthetics is in the order bupivacaine > lidocaine > ropivacaine.
Ropivacaine is therefore recommended for intra-articular infusions and periarticular analgesia. The infusion of local anaesthetics
has been shown to significantly increase the risk of gleno-humeral
chondrolysis after shoulder surgery (Matsen and Papadonikolakis
2013). Although no such association has been shown in lower limb
surgery, caution is advised. A single injection into the joint has not
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been shown to cause any damage to the articular surface of the joint
and these adverse effects are noticed only after continuous intra-
articular infusions.
Periarticular local infiltration is also becoming popular among
surgeons, but the published evidence does not suggest either a
higher efficacy or increased safety of local infiltration analgesia
over femoral nerve block or epidural analgesia (Kerr and Kohan
2008; Kehlet and Andersen 2011; McCartney and McLeod 2011;
Raeder 2011).
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CHAPTER 56

Anaesthesia for
cardiac surgery
Uwe Schirmer and Andreas Koster
Introduction
The cardiac anaesthetist needs a thorough understanding of the
principles of cardiopulmonary bypass (CPB) and techniques of
extracorporeal circulation, the management of complex disorders
of the coagulation system, and a comprehensive knowledge of
pharmacological and mechanical management of the failing heart.
With the widespread adoption of transoesophageal echocardiography (TOE) in the cardiac operating theatre, the cardiac anaesthetist
has access to a sophisticated real-time monitoring tool that enables
evaluation and treatment of cardiac function but also, with acquisition of the required competency, enables the diagnosis of cardiac
and aortic pathology and evaluation of surgical results. This chapter
provides an overview of the principles of cardiac anaesthesia and
anaesthetic techniques for specific procedures.

General considerations
Preoperative evaluation and assessments
By the time of presentation for cardiac surgery, patients have invariably undergone a thorough evaluation of cardiovascular function
and pathology. Of particular importance for the cardiac anaesthetist is to evaluate the preservation of left ventricular (LV) and right
ventricular (RV) function and the extent of coronary artery and
valvular disease. The results of (right and) left heart catheterization and echocardiography provide the necessary information.
A L/RV ejection fraction (EF) (normal value 60–80%) of greater
than 55% signals nearly complete preservation of myocardial function while an EF of 55–30% signals moderate impairment and an
EF less than 30% severe impairment (see Box 56.1). However, in
patients with mitral/tricuspid valve regurgitation, the EF is overestimated because large volumes are not ejected antegrade into the
aorta or pulmonary artery but retrograde though the incompetent
atrial valve.
Useful information can also be obtained from measurement of
the LV end-diastolic pressure (LVEDP) (normal value 4–10 mm Hg),
the LV end-diastolic diameter [normal value <55(–60) mm],
and the pulmonary artery pressures. In addition to the absolute
pressure, its relation to the systemic pressure may also be important. For example, an elevated LVEDP of 20–30 mm Hg associated
with a mean systemic arterial pressure of 120 mm Hg indicates a
less significant loss of cardiac contractility than a LVEDP of 30 mm
Hg associated with a mean systemic arterial pressure of 60 mm Hg.
The degree and location of coronary artery stenoses, the degree of

Box 56.1 Preoperative evaluation of left/right ventricular function
by ejection fraction (EF)
EF > 55%
EF = 30–55%
EF < 30%

Normal ventricular function
Moderately reduced ventricular function
Severely impaired ventricular function

regurgitation of incompetent valves, the pressure gradient measured across a stenotic valve, and the diameter and wall thickness
of the ventricles all further help to evaluate the severity of cardiac
disease.
In addition to a thorough cardiac evaluation, special consideration needs to be given to the cardiac surgery patient’s coagulation
status. This is because there are several factors that render patients
undergoing cardiac surgery at increased risk of developing haemorrhagic complications. For example, as a result of changes in blood
flow velocities, acquired von Willebrand syndrome is frequently
(40–60%) associated with patients suffering from aortic valve stenosis. More general factors include preoperative anticoagulant
and antiplatelet therapy, exposure of blood in the extracorporeal
CPB circuit to a large non-endothelial surface area, and the tissue
trauma of major surgery. The patient should be directly questioned
about bleeding events after previous surgery, minor trauma, or
dental treatment in order to identify those with a potential bleeding tendency who will need preoperative investigation: questionnaires have been designed for this purpose. The prothrombin time
or international normalized ratio should be measured in patients
who have been treated with warfarin preoperatively in order to
identify those who may need replacement of vitamin K-dependent
clotting factors in the perioperative period. New direct oral anticoagulants such as dabigatran and rivaroxaban are increasingly
used in patients with atrial fibrillation. These drugs are mostly
‘non-reversible’ (dabigatran may be eliminated by haemodialysis or
haemofiltration) and lead to severe bleeding complications when
therapeutic plasma concentration are present during the time of
surgery. Therefore, care has to be taken that such medication is
stopped in a timely manner before elective surgery (usually 2 days
preoperatively). If assays are available, plasma concentrations
should be measured preoperatively to ensure that drug concentrations are decreased to sub-therapeutic concentrations. When antiplatelet drugs such as aspirin or clopidogrel have been given within
3–7 days of surgery, whole-blood aggregometers provide a quick
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and easy guide to evaluate the degree of inhibition of platelet function and the need for perioperative platelet transfusion.

Monitoring
Standard monitoring for a patient undergoing cardiac surgery
includes five-lead ECG, pulse oximetry, capnography, core body
(bladder and nasopharyngeal) temperature, continuous invasive
measurement of arterial blood pressure, and continuous measurement of the central venous pressure. In patients with impaired
ventricular function and patients undergoing complex surgery,
extended haemodynamic monitoring, particularly of cardiac output (CO) is desirable (see Chapter 44). This can be accomplished by
techniques combining an analysis of the arterial waveform (pulse
contour analysis) and transthoracic thermodilution thereby providing continuous measurement of cardiac stroke volume (SV),
CO and cardiac index (CI), global cardiac end-diastolic blood volume (GEDV), and thoracic blood/fluid volume, or with the use of a
pulmonary artery catheter (PAC) which delivers information about
CO/CI by pulmonary artery thermodilution (continuous online
or manual), the pulmonary artery pressures including pulmonary
capillary wedge pressure (PCWP), and allows determination of the
mixed venous oxygen saturation (Sv O2 ) (continuous online or manually) and calculation of systemic and pulmonary vascular resistance (S/PVR).
In complex cases, before weaning from CPB, the surgeon may
additionally insert a catheter via a right pulmonary vein into the left
atrium (LA) for continuous measurement of the LA pressure thus
providing valuable information about the LV preload.
CO can also be determined from measurement of LVEF and
RVEF by TOE which also enables visualization of the response
of the ventricles to changes in pre-and afterload, characterization of regional wall motion, and morphological abnormalities
impairing cardiac function (see ‘Intraoperative transoesophageal
echocardiography’).
Neuromonitoring may be accomplished by online EEG monitoring
which additionally evaluates the depth of anaesthesia by calculation
of the Bispectral Index™ (BIS™; Covidien, now Medtronic Minimally
Invasive Therapies, Minneapolis, MN, USA) (see Chapter 44).
Information about regional cerebral tissue oxygenation may be provided by near infrared spectroscopy (NIRS) (see Chapter 44).
For the authors’ approach to monitoring, see Box 56.2.

Intraoperative transoesophageal
echocardiography
The fundamental bases of modern echocardiography are anatomical B (M)-mode imaging and flow Doppler echocardiography including colour flow imaging. When ultrasound waves travel
through tissue, they will be reflected when they reach an interface
of different tissues with different impedances. The reflected waves
are captured by the ultrasound transducer and after a complex process of computerization, visualized anatomically as grey scales in a
nearly real-time online image (B-mode echocardiography).
The underlying principle of flow Doppler echocardiography
is a change in the frequency (frequency shift) of received echoes reflected from flowing erythrocytes when compared with
the interrogating transducer frequency. These echoes provide
information about blood flow velocity, blood flow direction, and
blood flow characteristics. Two Doppler techniques are currently

Box 56.2 Authors’ approach: monitoring
The relative merits of using arterial or preload pressures, CO, or
measures of tissue perfusion and oxygenation such as the Sv O to
guide fluid volume therapy and use of inotropic or vasoactive
agents is still much debated.
Pulse contour analysis (PCA) has emerged as a monitoring
tool in non-cardiac and cardiac surgery. When an arterial line is
already implicated, as in all cardiac surgery patients, it represents
a much less invasive approach than using a PAC and is not associated with possible additional complications (see Chapter 44).
Calculations of SV, CI, and GEDV are continuously recorded.
However, depending on the device, frequent calibrations may
be necessary, particularly when major changes in fluid status or
the clinical situation (chest closure etc.) occur. The GEDV as a
marker of global cardiac preload cannot discriminate between
RV and LV (over/under)load. No information about pulmonary artery pressures and the PVR is given, thus limiting the use
particularly in RV failure, when selective reduction of PVR is a
major objective (see ‘Treatment of right ventricular failure’). No
information about the Sv O , which the authors deem to be a key
decision parameter, is given.
Additionally, in cardiac surgery where an intra-aortic balloon-
pump (IABP) is the mechanical support system of first choice
(see ‘Temporary mechanical support of the failing heart’), the
signal of the arterial wave is changed by the IABP and PCA
devices are not validated in this situation.
We also consider that monitoring of cardiac preload pressures is important, as acute massive volume overload, which
will immediately be indicated by a dramatic increase in the filling pressures, may lead to distension of the RV or LV, which
can become irreversible. The LV preload pressures (such as the
PCWP or LA pressure) particularly help to calculate coronary
artery perfusion pressure (diastolic arterial pressure−LVEDP)
which is a key determinant of LV contractility.
Based on these considerations, the authors prefer the PAC
intraoperatively. However we recommend the PCA as an additional monitoring for patients who might need a prolonged stay
in the intensive care unit (ICU) where TOE is not continuously
performed, the conditions are more stable than in the operating theatre, and calibrations of the devices are needed less frequently. Under these conditions, the continuous display of SV
and CI facilitate immediate diagnosis of changes in the patient’s
condition and rapid adjustment of therapy.
Monitoring of regional (cerebral) tissue oxygenation by NIRS
is increasingly used in more complex procedures; not only as a
monitor of cerebral perfusion, but, as results correlate well to
the Sv O , as a non-invasive online monitoring of global tissue
oxygenation.
2

2

2

used: (1) continuous wave (CW) Doppler (ultrasound is continually transmitted from one dedicated piezoelectric element and
continually received by another; emitter ≠ receiver) allowing the
measurement of fast blood streams (but, however, not discriminating the depth of sampled signals). CW Doppler is used clinically to
quantify pressure decreases across a stenotic (particularly the aortic) valve or vessel using the Bernoulli equation. (2) Pulsed waved
(PW) Doppler [after the transmission of a pulse, the piezoelectric
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element waits (time-gate) for the signal reflection from a selected
depth before sending another signal; emitter = receiver] which
gives information about blood flow velocities, blood flow direction,
and blood flow pattern at a defined depth. Therefore, as the PW
Doppler signal is time gated, a clean envelope across its beam path
is achieved, enabling especially the measurement of lower blood
flow velocities and directions at a defined localization, although
higher flow velocities will be subjected to a Nyquist limit, thus causing aliasing artefacts. Therefore, PW Doppler is preferred clinically
where lower blood velocities occur, such as in the mitral and tricuspid valves and the pulmonary veins.
This PW Doppler technique, after a complex computerization process, is also used in colour flow Doppler imaging which,
by translating flow velocities and directions into defined colours
(mapping), visualizes blood flow, for example, at an incompetent
valve or tissue defect such as an atrial or ventricular septal defect
(Fig. 56.1 and Fig. 56.2).

anaesthesia for cardiac surgery

In current multiplane TOE devices, the probe, apart from ante-/
retroflexion and left-/right flexion, can be rotated from 0° to 180°
thus allowing precise adjustment of the probe to achieve a desired
slice even with complex anatomy.
With the introduction of TOE into the cardiac operating theatre, the anaesthetist has a powerful monitoring tool which, even
with minimal training, gives a quick guide to RV and LV performance, response to changes in pre-and afterload. In skilled hands,
TOE provides sophisticated insight into regional ventricular performance, function, and pathology of the heart structures and the
thoracic aorta, thereby permitting immediate identification and
quantification of cardiac dysfunction and immediate evaluation of
the result of surgery.
As TOE may also involve complications, the American Society
of Echocardiography and the American Society of Cardiovascular
Anesthesiologists developed guidelines for performing a comprehensive intraoperative multiplane TOE. In these guidelines, indications and contraindications for intraoperative TOE are outlined
and 20 cross-sectional views for complete evaluation of the heart
and thoracic aorta are presented, thus serving as a standard for performance of intraoperative TOE (Fig. 56.3). Besides local courses
addressing intraoperative TOE and comprehensive textbooks,
online sites offer interactive courses to achieve an initial understanding of the complex technical basics and calculations and anatomical orientation for the different cross-sectional views

Cardiopulmonary bypass
and extracorporeal circulation
Principles of cardiopulmonary bypass

Figure 56.1 TOE image showing regurgitation of blood through the mitral valve
in a modified two-chamber view using colour flow imaging.

Figure 56.2 TOE image showing the CW Doppler envelope measured across a
stenotic aortic valve in the deep gastric short-axis view. The gradient across the
valve is calculated by the device when tracing the envelope.

CPB not only replaces the function of the heart with a pump and the
function of the lungs with an oxygenator. It also provides the option
to administer cardioplegic solution to arrest and protect the ischaemic heart, to decompress and protect the heart by venting volume
from the aortic root, LA, or pulmonary artery into the CPB circuit,
to perform selective regional perfusion thus providing oxygenation
of tissue susceptible to ischaemia during systemic circulatory arrest.
Moreover, it enables control of the patient’s temperature and concentrates blood by haemofiltration when such filters are incorporated and serves like a cell saver when blood is aspirated from the
operative field (cardiotomy suction) (Fig. 56.4 and Fig. 56.5).
In standard CPB systems for cardiovascular surgery, the patient’s
venous blood enters the circuit from cannulae placed in the right
atrium or upper and lower venae cava. This drainage is achieved
by gravity but can be augmented by vacuum assistance. The venous
blood is collected in a collapsible soft-(closed CPB system; less
blood–air interface) or hardshell cardiotomy (open CPB system;
large blood–air interface) venous reservoir. Blood aspirated from
the operative field and blood vented from the heart also returns into the
cardiotomy reservoir after passing through a filter. From there, the
blood is pumped through a heat exchanger, which allows regulation
of blood temperature, into the membrane oxygenator. The oxygenated blood than passes through an arterial microfilter and bubble
trap which prevents embolization with microfragments and air. The
blood is returned to the patient through an arterial cannula, which
is usually placed in the upper ascending aorta but may alternatively
be placed in a femoral, subclavian, or carotid artery. Laminar flow
of blood to the arterial circulation is achieved with a roller pump or
centrifugal pump resulting in a non-pulsatile arterial blood pressure.

941

942

942

Part 9

the conduct of anaesthesia by surgical specialty

(A) ME four chamber

(B) ME two chamber

(C) ME LAX

(D) TG mid SAX

(E) TG two chamber

(F) TG basal SAX

(G) ME mitral comissural

(H) ME AV SAX

(I) ME AV LAX

(J) TG LAX

(K) deep TG LAX

(L) ME bicaval

(M) ME RV inflow-outflow

(N) TG RV inflow

(O) ME asc aortic SAX

(P) ME asc aortic LAX

(Q) desc aortic SAX

(R) desc aortic LAX

(S) UE aortic arch LAX

(T) UE aortic arch SAX

Figure 56.3 Scheme of the 20 cross-sectional views for performing a comprehensive intraoperative TOE.
Shanewise JS, Cheung AT, Aronson S, Stewart WJ, et al. ASE/SCA guidelines for performing a comprehensive intraoperative multiplane transesophageal echocardiography
examination: recommendations of the American Society of Echocardiography Council for Intraoperative Echocardiography and the Society of Cardiovascular Anesthesiologists Task Force for
Certification in Perioperative Transesophageal Echocardiography. Anesthesia & Analgaesia, Volume 89, Issue 4, pp. 870–84, Copyright © 1999 International Anesthesia Research Society.

Current CPB practice varies widely as custom-made circuits are
modified by users according to specific preferences and demands.
The tubing has a volume varying between approximately 800 to
2000 ml and is usually primed with crystalloid (and colloid) fluid.
Depending on the priming volume, there is therefore moderate or
severe haemodilution when the patient is connected to the system.
Inexpensive and durable roller blood pumps or more elaborate
biocompatible single-use centrifugal pumps may be used. Tubing
lines and oxygenators may be coated with heparin or other materials to enhance biocompatibility of the non-endothelial surfaces
and thereby reduce haemostatic/inflammatory activation. Circuits
may or may not have a (hardshell and/or collapsible) cardiotomy
reservoir, or may be nearly completely closed [such as the minimal
(small priming volume of approximately 800 ml) extracorporeal

circulation, MECC, system], thus permitting no or very limited
entry of air and no cardiotomy suction into the circuit in order to
increase biocompatibility and reduce blood trauma. However, where
cardiotomy suction is not returned to the CPB circuit, a cell saver
must be used, which can lead to a greater loss of coagulation factors and platelets. Moreover, as such systems are prone to air entry,
despite sophisticated air removal devices, they are mostly used in
‘closed-heart’ procedures such as coronary artery bypass grafting
(CABG). In extracorporeal life support systems (ECLSs), no reservoir is used and systems are completely closed. Moreover, biocompatible centrifugal pumps (providing improved drainage of the
venous side by generating a suction) are incorporated thus allowing
longer use (up to 2 months) while minimizing haemostatic activation and the need for anticoagulation (see ‘Anticoagulation during
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Diagrammatic representation of a 'closed' extracorporeal circuit for cardiopulmonary bypass
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Water
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out
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Figure 56.4 Scheme of a cardiopulmonary bypass system.
Reproduced with permission from Machin, D. and Allsager, C. Principles of cardiopulmonary bypass. Continuing Education in Anaesthesia, Critical Care, and Pain, 2006, Volume 6, Issue 5,
pp. 176–181, by permission of the British Journal of Anaesthesia.

cardiopulmonary bypass’). An oxygenator can easily be added to the
pump when necessary (bypassing the lungs in case of concomitant
pulmonary failure). As such systems are small and portable, and
femoral cannulation can be performed via percutaneous (Seldinger)
techniques, these systems are not only inserted by a surgeon in the
operating theatre but also by anaesthetists in the intensive care unit,
catheter lab or even out of hospital. Such systems can also be used in
case of pulmonary failure (mostly with venovenous cannulation) as
extracorporeal membrane oxygenation systems. See Box 56.3.

Performance of and weaning
from cardiopulmonary bypass
After placement of sutures for cannulation and systemic heparinization (see ‘Anticoagulation during cardiopulmonary bypass’),
venous and arterial cannulae are inserted, connected to the CPB
circuit, and extracorporeal circulation started.

The target blood flow for the anaesthetized patient at a temperature of 35–37° and a haematocrit of approximately 25% is approximately 2.4 litres min−1 m−2 body surface area (BSA). Reduction
of core body temperature reduces oxygen consumption by a factor of 0.5 for every 10°C decrease. The target arterial pressure is
usually maintained at 50–60 mm Hg (compatible with autoregulation of blood flow in the vital organs) by adjustment of the CBP
flow and the administration of vasoconstrictors or vasodilators.
After achieving adequate blood flow at the start of CPB, the aorta
is cross-clamped so that the heart is no longer perfused. Cardiac
arrest and protection of the ischaemic heart is then achieved by
continuous or intermittent infusion of cold/warm blood or crystalloid cardioplegia solution. The route of infusion can be either
antegrade via the aortic root or coronary ostia or retrograde via
the coronary sinus. The composition of these cardioplegic solutions varies greatly, although they all contain high concentrations
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Figure 56.5 A contemporary heart–lung machine.

Box 56.3 Current cardiopulmonary bypass systems

Open system
Venous blood and blood from the operation field (cardiotomy
suction) and vents are collected in a hard shell venous reservoir.
Large air–blood interface; haemostatic activation because of cardiotomy suction.

Closed system
Venous blood drained in collapsible venous reservoir thus reducing air–blood contact. Cardiotomy suction and vented blood is
directed into the hardshell reservoir.

MECC system
Mostly extremely small heparin-coated CPB circuit with centrifugal pump resulting in minimal haemodilution and blood
trauma. Very limited options to remove air. Small venous reservoir (patient is the reservoir), venting in collapsible venous
reservoir, no cardiotomy suction. Therefore, mostly used during
closed-heart procedures, especially CABG.

ECLS system
Centrifugal pump and if needed an oxygenator. No reservoir, no
cardiotomy suction. Heparinized circuit with small priming volume (400 ml) and lower degree of anticoagulation needed (ACT
160–180 s). ECLS systems can be used for temporary mechanical

support (up to 2 months) of the left, right, or both ventricles.
An oxygenator can be quickly added if pulmonary perfusion is
bypassed or oxygenation is critically impaired. Mostly used via
femorofemoral cannulation and because systems are very small
and portable, often implanted outside the operating theatre via
percutaneous (Seldinger) techniques

Extracorporeal membrane oxygenation system
Same principle as ECLS system, but always with oxygenator
primarily for patients with pulmonary failure (venovenous
cannulation).

of potassium to achieve cardiac arrest and additives to protect the
heart. Further protection of the heart and other organ systems
may be provided by systemic cooling which is mostly to between
34°C and 32°C. If larger periods of reduced blood flow are needed,
temperature is further reduced to moderate or deep hypothermia
or to profound hypothermia (18–16°C) (see Box 56.4) when total
circulatory arrest is needed for longer periods. However, even during low/no-flow phases, regional blood flow may be maintained
by selective perfusion, for example, of the brain to extend the
safety window for organ systems which are most susceptible to
ischaemia.
There are two approaches to pH/
Pco2 management during
hypothermia (see Box 56.5): the pH stat method where the pH is
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Box 56.4 Degrees of hypothermia
◆

Mild: 35–32°C

◆

Moderate: 31–26°C

◆

Deep: 25–20°C

◆

Profound: less than 20°C.

Box 56.5 pH/
Pco2 strategies during hypothermia

pH-stat
Correction of blood gas analysis to actual temperature. The
pH is maintained during cooling and CO2 added. Higher cerebral blood flow, pressure passive, and uncoupled from oxygen
demand.

α-stat
Measurement of blood gas at 37°C. The pH becomes alkalotic
during cooling. Lower cerebral blood flow, autoregulated, and
coupled to cerebral oxygen demand.

maintained at a temperature-corrected value of 7.40 and requires addition of CO2 when the patient is cooled; and the α-stat method where
the pH is allowed to increase during cooling so that the blood becomes
alkalotic. With the pH-stat method, cerebral blood flow is higher, pressure passive, and uncoupled from oxygen demand. With the α-stat
method, cerebral blood flow is lower, autoregulated, and coupled to
cerebral oxygen demand. The debate about which method is preferable
is ongoing, although the pH-stat strategy may be better in adults while
the α-stat strategy may be advantageous in paediatric cardiac surgery.
After rewarming and completion of the surgical procedure, the
aortic cross-clamp is released and the period of reperfusion of
the heart begins. Sometimes defibrillation is necessary if release
of the aortic cross-clamp results in ventricular fibrillation. In this
period of reperfusion, the heart is typically unloaded thus allowing
recovery from ischaemia. The duration of this period of reperfusion
varies greatly and depends on the aortic cross-clamp time, complexity of the procedure, and condition before the operation. The return
of sinus rhythm indicates resumption of cardiac function, although
temporary atrial and ventricular epicardial pacemaker wires are usually placed to enable control of the heart rate and rhythm if needed.
During the reperfusion phase, the anaesthetist facilitates weaning
from CPB by the appropriate administration of fluid volume, blood
products, and inotropic or vasoactive drugs. When a bladder temperature of 36.5°C is achieved, CPB venous return is gradually decreased
and arterial pump flow reduced accordingly. With careful loading of
the heart, the arterial pressure trace will change from the linear curve
(caused by laminar CPB flow) to the pulsatile curve caused by systolic
output of the loaded heart. Combined evaluation of the changes of
the amplitude of the arterial pressure trace, cardiac filling pressures,
and of the performance of the heart as assessed by TOE (contractility of the RV and anterior wall of the LV), will help guide the weaning process. After completion of weaning from CPB, the cannulae are
removed, the action of heparin is reversed using protamine, and the
remaining volume of the CPB circuit re-infused into the patient.

anaesthesia for cardiac surgery

Treatment of vasoplegia
during cardiopulmonary bypass
In selected patients, initialization of CPB (and near loss of active
lung perfusion) leads to a massive loss of systemic vascular resistance (SVR) (arterial perfusion pressure <40 mm Hg despite CI of
>2.5 litres min−1 m−2 BSA by CPB pump). Possible reasons include
previous therapy with angiotensin-converting enzyme inhibitors,
potent vasodilators, sepsis, and so on. First-line therapy in this situation is an infusion of noradrenaline (norepinephrine) (0.05–0.4
µg kg−1 min−1). If this fails, an infusion of vasopressin (1–4 IU h−1)
may be considered. If this also fails, an infusion of methylthioninium
chloride (2 mg kg−1 over 30 min) has been described with the intention of inhibiting the release of nitric oxide from the endothelium.
In these patients, weaning from CPB and active perfusion of the
lungs usually helps to reduce the requirement for vasoconstrictors
but the weaning process may be complicated and requires a greater
degree of inotropic support and larger volumes of intravenous fluid
than usual.

Blood management
Transfusions of blood products during cardiac surgery not only
have a dramatic financial impact for the hospital and society but
also appear to be independently associated with a poor patient outcome. Therefore, blood management during surgery is a pivotal
role for the cardiac anaesthetist.

Anticoagulation during cardiopulmonary bypass
As a result of clotting factor activation through contact of blood
with the large non-endothelial surfaces of the CPB circuit, the
re-infusion of highly activated tissue factor-enriched blood from
the operation field and the release of tissue factor from the surgical trauma, a high degree of anticoagulation is necessary to
prevent thrombosis within the CPB circuit. This is achieved by
systemic heparinization with a bolus of, typically, 300–400 IU of
unfractionated heparin. The adequacy of anticoagulation is monitored by measurement of the activated clotting time (ACT) as
a point-of-care test in the operating theatre. For this test, blood
is added to a cartridge containing an activator of the contact-
activated clotting cascade (Celite® or kaolin). Clot formation is
detected by inhibition of particle movement by the coagulation
process. Prolongation of the ACT (baseline 120–140 s) to values
of 400–480 s is regarded as safe for performing CPB. Monitoring
of the ACT is performed at intervals of approximately 30 min
and additional heparin given when the ACT decreases below the
therapeutic range.
After discontinuation of CPB, protamine is given to reverse the
effect of heparin. The dose of protamine is based on a 1:1 ratio
relative to the dose of heparin required to achieve the target ACT
value. The ACT, however, is a global coagulation test and is influenced by temperature, haematocrit, coagulation factor concentrations, platelet count, and so on. Therefore, the ACT may remain
in the target range while heparin concentrations decrease during
CPB. Protamine promotes coagulation only by reversing the effect
of heparin and will even inhibit coagulation if given in excess.
Methods for more precise calculation of the heparin concentration
and therefore of the protamine requirement are available to maintain target heparin concentrations during CPB and prevent subsequent overdose of protamine after CPB.
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Although high-dose heparinization prevents thrombosis of the
CPB system, coagulation processes are not completely inhibited
and consumption of coagulation factors and platelets occurs during CPB. This may lead to bleeding complications after CPB and
further pharmacological targeting of haemostatic activation is used.
Aprotinin, a kallikrein inhibitor, was demonstrated to be effective
but, because of safety reasons, has been [temporarily (in Europe and
Canada the suspension from the market has been lifted)] removed
from the market in most countries. Alternative agents for this indication are tranexamic acid (TXA) and ε-aminocaproic acid but there
seems to be little agreement as to the optimum dosing schedules for
these drugs. Basically, a ‘low-dose’ TXA protocol, corresponding to a
10 mg kg−1 loading dose (an optional bolus of 1–2 mg kg−1 into the
CPB prime), and 1 mg kg−1 h−1 infusion during surgery, and a ‘high-
dose’ protocol with a 30 mg kg−1 bolus, 2 mg kg−1 into the CPB prime
and constant infusion of 16 mg kg−1 h−1 during surgery are used.
However, there is increasing evidence that in cardiac surgery TXA is
associated with severe side-effects such as convulsive seizures.

Coagulation management
after cardiopulmonary bypass
After prolonged CPB, transfusion of clotting factors and platelets
will be required to prevent bleeding complications. The dilemma
for the cardiac anaesthetist is that no current point-of-care test reliably quantifies these transfusion requirements. Modern viscoelastic
coagulation tests using a modified thromboelastography technique
such as the multichannel ROTEM™ (Tem International GmbH,
Munich, Germany), visualize the clot formation processes activated by addition of different clotting activators to the individual
channels (Fig. 56.6). The results are available after approximately
30 min (Fig. 56.7) and their interpretation can be used to predict
if the administration of protamine, clotting factors, fibrinogen,

platelets, or antifibrinolytic agents are likely to improve haemostasis. Nevertheless, the clinical value of these test systems still needs
validation in large outcome trials. Additionally, there is no consensus on the relative benefits of administering clotting factors as fresh
frozen plasma rather than as a concentrate of individual elements,
such as prothrombin complex, fibrinogen, factor XIII, and so on.
In case of massive, uncontrollable bleeding, administration
of recombinant activated coagulation factor VII is an ultimate
option to promote coagulation and treat life-threatening bleeding. However, the use of this drug has been associated with thromboembolic complications, such that it can only be recommended
when other measures have failed.

Optimal haemoglobin value
This is another area where opinion is divided for both during and
after CPB. During CPB, a safe range of haemoglobin concentration
is considered to be 6–8 g dl−1, whereas after CPB, the target range
is 7–10 g dl−1.
The American Society of Thoracic Surgeons and the American
Society of Cardiovascular Anesthesiologists have formulated
guidelines and recommendations for blood management in cardiac
surgery which provide valuable information in this complex area
(Ferraris et al. 2007, 2011).
Despite the various controversies, attention to the following fundamental principles will best maintain adequate coagulation and
reduce exposure to allogeneic blood products after CPB:
◆

◆

◆

To maintain core temperature after CPB, begin weaning from CPB
only when a temperature of approximately 36.5–37°C is achieved.
Use fluid warmers and warming blankets to avoid hypothermia
if increased volume replacement and transfusions are expected.
Use a cell saver when increased bleeding is expected.
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Figure 56.6 Diagram of the output and derived variables from a modified thromboelastography with the ROTEM™. A sample of whole blood is placed into a cuvette in
which a cylindrical pin is placed. The gap of 1 mm between the pin and the cuvette is filled with the blood sample. The pin is rotated to the left and right. As long as the
blood is liquid, movement of the pin is unrestricted. With the beginning of formation of a clot and ongoing firmness of the clot, the rotation is increasingly restricted. The
degree of restriction is detected mechanically, calculated by a computer, and displayed as the thromboelastogram. The CT is the time from the beginning of the analysis
to the initial formation of a weak clot (2 mm). This period depends on the presence of anticoagulants and status of the plasma coagulation system (fibrin formation). The
CFT characterizes the time from the beginning of clot formation until achievement of a more stable clot with an amplitude of 20 mm. This period of clot polymerization
depends on the plasma coagulation system as well as platelet function and fibrinogen levels. The maximum clot firmness (MCF) of the thromboelastogram indicates
further clot polymerization and retraction and is influenced by platelet function, fibrinogen, and factor XIII. The maximal clot lysis (ML) indicates the lysis of the clot
which is increased by fibrinolysis.
ROTEM™ modified thromboelastography. Homepage ROTEM Inc.
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Figure 56.7 Diagram of four channels of the ROTEM™ for synoptical analysis of disturbances of clot formation. The INTEM channel is activated by adding an activator of
the intrinsic (contact activation) system of coagulation. In the HEPTEM channel, the same reagent as in the INTEM channel is used, but heparinase is also added which
inactivates heparin. A shorter CFT in the HEPTEM channel compared to the INTEM channel suggests heparin activity in the patient’s blood. In the EXTEM channel,
coagulation is activated by addition of an activator of the extrinsic system of coagulation. In the FIBTEM channel, the same reagent is used but platelets are also selectively
inhibited thus showing the contributing effect of fibrinogen to the MCF. Both the EXTEM and the FIBTEM are not influenced by higher heparin concentrations as used
during CPB. Therefore an analysis can be performed at the end of CPB during heparinization. Synoptically viewing the MCF in the EXTEM and FIBTEM channels therefore
allows differentiation between bleeding due to impaired platelet function, impaired fibrinogen levels, or both. In the current example, the MCF in the FIBTEM is reduced
to 8 mm (normal value 10–22 mm). Therefore, viewing the results of the four channels synoptically, it is likely that any patient bleeding will be caused by reduced
fibrinogen levels and incomplete reversal of heparin.
ROTEM™ modified thromboelastography. Homepage ROTEM Inc.

For the authors’ approach to coagulation management, see
Box 56.6.
Box 56.6 Authors’ approach: coagulation management
TXA (1 g bolus for the patient, 0.5 g added to the CPB prime,
200 mg h−1 during CPB) is given in patients with impairment of
coagulation preoperatively, in procedures with an expected prolonged CPB duration, and procedures with increased bleeding
risk. Before weaning from CPB, a ROTEM™ analysis is performed
to evaluate the possible need for transfusion of clotting factors,
platelets, and fibrinogen. However, these products are given after
protamine and only when there is clinically evident microvascular bleeding.
We deem the FIBTEM channel of the ROTEM™ analysis to
provide the most valuable information. Fibrinogen concentrate
is given if the patient presents with diffuse bleeding and the maximum clot firmness of the FIBTEM is less than 8 mm. Usually,

a bolus of 2 g is given (increase of the FIBTEM curve in a 70 kg
patient 1 mm per 0.5 g fibrinogen concentrate). If necessary
(clinically or after a second ROTEM™ analysis), a second bolus
is given.
Before weaning from CPB, normothermia must be achieved
and after weaning, care is taken to avoid hypothermia (warming blankets and fluid warming). A cell saver is used when large
blood loss is expected. The residual volume of the CPB circuit is
processed through the cell saver to avoid infusion of heparinized
CPB blood when protamine has been given.

Antiarrhythmic therapy
Management of arrhythmias is complex and a large number of
agents with complex pharmacology are available. Therefore, we
recommend that the cardiac anaesthetist should select a smaller
number of drugs with which they are most familiar.
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Box 56.7 Authors’ approach: antiarrhythmic therapy
Amiodarone is the drug of choice in atrial fibrillation and ventricular arrhythmias in heart failure patients. However, loading
must be performed slowly because of haemodynamic side-effects.
We administer the loading dose during CPB. In acute situations
of supraventricular tachycardia but also ventricular tachycardia
and other ventricular arrhythmia, sotalol given in intermittent
boluses of 10 mg (maximum 80 mg) is the drug of choice.
When arrhythmia complicates weaning from CPB, drugs may
be given generously as a possible atrioventricular block can be
treated by pacing with the routinely placed epicardial wires.
Overpacing using the pacing wires is generally a pragmatic
approach to treat supraventricular and ventricular arrhythmias.
For treatment of single episodes of ventricular arrhythmia, after
release of the aortic cross-clamp and defibrillation is ineffective,
lidocaine, a short-acting (elimination half-life 15–20 min) class IB
agent may be given as a bolus (1 mg kg−1) (100 mg).
In case of supraventricular or ventricular arrhythmias, particularly in heart failure patients, drugs with a broad spectrum of
supraventricular and ventricular effects are preferable.
Amiodarone is a class III antiarrhythmic drug, which is effective in supraventricular (the drug of choice in atrial fibrillation) and
complex ventricular arrhythmias. The loading dose is approximately
300 mg (5 mg kg−1) and the dose for continuous infusion is 600–900
mg (24 h)−1. The drug is long-acting with an elimination half-life
of 10–100 days. It causes vasodilation and has a negative inotropic
effect. Overdose may lead to complete atrioventricular block.
Sotalol is a class III antiarrhythmic drug which also provides
class II (β-blocker) effects. It is effective in supraventricular (atrial
fibrillation) and ventricular arrhythmia. The loading dose is
approximately 40–80 mg (0.5–1.0 mg kg−1), the elimination half-
life approximately 7 h. Haemodynamic side-effects are moderate
and even low bolus doses of 10–20 mg can provide rapid improvement of supraventricular tachycardia. Overdose may lead to
atrioventricular block.
For the authors’ approach to antiarrhythmic therapy, see Box 56.7.

Pharmacological treatment
of post-cardiotomy left ventricular
and right ventricular failure
Treatment of left ventricular failure
When weaning from CPB is not possible because of impaired LV
function (low CO, high PCWP or LA pressure, impaired contractility, and volume overload of LV in the TOE), moderate inotropic
support with a β-adrenergic agonist such as dobutamine (3–6 µg
kg−1 min−1) should be initiated. If this approach is unsuccessful,
a phosphodiesterase-3 inhibitor such as milrinone (bolus of 50
µg kg−1 over 10 min and continuous infusion of 0.5–0.75 µg kg−1
min−1) or enoximone (bolus of 1 mg kg−1 over 10 min followed by a
continuous infusion of 5–10 µg kg−1 min−1) can be added. However,
as both drugs reduce SVR significantly, moderate vasoconstrictor
therapy with noradrenaline (0.05.0.2 µg kg−1 min−1) to maintain
SVR and provide an adequate coronary artery perfusion pressure
may be necessary. If this therapy fails, dobutamine may be replaced

by adrenaline (epinephrine) (0.05–0.2 µg kg−1 min−1). However, as
adrenaline, in higher doses (>0.1 µg kg−1 min−1), increases SVR,
care must be taken to counterbalance this effect by vasodilation to
reduce afterload, while still maintaining adequate coronary artery
perfusion pressures. Vasodilation may be achieved with infusion of nitroglycerine or, if this fails, with sodium nitroprusside.
Alternatively, before institution of aggressive inotropic therapy
with possible detrimental effects on splanchnic tissue perfusion,
temporary mechanical support with an IABP should be considered
to increase coronary artery perfusion pressure and reduce LV afterload (see ‘Temporary mechanical support of the failing heart’).
If therapy with adrenaline (and implantation of an IABP) also
fails, use of the calcium sensitizer levosimendan, which is an inodilator with a half-life of approximately 7 days (including its pharmacologically active metabolites), should be considered. Although
not studied in large prospective trials for this indication, reports of
large patient series demonstrated reversal of the post-cardiotomy
low output syndrome when levosimendan therapy was initiated. In
emergency situations, levosimendan is given with a bolus-infusion
of 6–12 µg kg−1 (over 30–60 min) followed by a continuous infusion of 0.1–0.4 µg kg−1 min−1. However, as levosimendan sometimes causes a severe decrease of SVR, a loading infusion over a
period of 24 h is increasingly used. Nevertheless, therapy should be
initiated cautiously and may need to be combined with vasoconstrictor therapy.
If, despite all of these strategies, a low CO syndrome persists,
other options of temporary mechanical support must be initiated.
Usually an ECLS system is implanted for temporary mechanical
support. If recovery does not occur within 7–14 days, implantation
of a ventricular assist device (VAD) or heart transplantation should
be considered (see ‘Temporary mechanical support of the failing
heart’).

Treatment of right ventricular failure
When RV failure is diagnosed as the underlying mechanism of
cardiac failure (high CVP, low PCWP or LA pressure, RV impairment and dilation in TOE with septal flattening and shift to left,
and tricuspid valve regurgitation) a stepwise approach of inotropic
therapy is used as with LV failure. As a result of the reduced muscular mass, the ability of the RV to increase contractility is limited. The RV output can be increased by pacing the heart to a rate
of 110–120 beats min−1 but this will reduce LV preload, increase
LV work, and reduce coronary artery perfusion by shortening the
duration of diastole. LV contractility normally makes an important
contribution to RV performance, so maintenance of LV preload
with vasopressors if necessary, is especially important in RV failure.
If increased afterload is contributing to RV failure, a reduction
in PVR can be attempted using moderate hyperventilation, high
inspired oxygen concentrations, moderate alkalosis, and low tidal
volume ventilation (5–6 ml kg−1). A moderate level of positive
end-expiratory pressure (PEEP, 5–6 mm Hg) can be applied on
the basis that mechanical compression of the pulmonary capillary
bed by collapsed airways may compromise pulmonary capillary
blood flow. When there is pre-existing pulmonary artery hypertension, more potent selective pulmonary artery vasodilation may
be achieved with inhaled nitric oxide (20–40 ppm) or inhalation
of aerosolized prostaglandins (iloprost 10–20 µg over 15–30 min,
repeated after 1–24 h) or inhalation of milrinone (5 mg repeated
after 1–2 h).
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Box 56.8 Authors’ approach: weaning from CPB

Basic conditions
In complicated weaning procedures, care must be taken to optimize conditions. The first step is to optimize the cardiac rhythm
and optimize heart frequency. Thereafter, the afterload of the ventricles should be optimized. The afterload should be reduced as
much as possible but adequate cardiac coronary perfusion pressures preserved. A SVR of approximately 800–1200 dyn s−1 cm−5
is the target. Preload pressures should be adequate (CVP 8–12 mm
Hg, LA pressure/PCWP 8–12 mm Hg), but not exceeding a CVP
of 12 (14) mm Hg in case of RV dysfunction and a LA pressure
or PCWP of 12–15 (20 mm Hg dependent on values measured
before surgery). If these conditions do not provide adequate CI
(>2 litres min−1 m−2 BSA) and ventricular performance as assessed
by TOE, inotropic support should be started. Volume therapy, positive inotropic support, and vasoactive therapy should be adjusted
to achieve a CI greater than 2.2 litres min−1 m−2 BSA and a Sv O of
greater than 65–70%. If adrenaline is needed in doses exceeding
0.2 µg kg−1 min−1, implantation of an IABP is performed. If even
this strategy fails to establish adequate CO, temporary support
with an ECLS system is used.
During use of an ECLS system, therapy with levosimendan
may be initiated and a gradual attempt to wean from ECLS performed after 3–5 days.
2

Pharmacological preconditioning in high-risk patients
Patients at risk of developing post-cardiotomy cardiac failure are
usually identified before surgery. In patients with preoperatively
severely impaired ventricular function and patients with pulmonary artery hypertension we start therapy with an infusion
of milrinone (0.5 mg kg−1 min−1) after induction of anaesthesia
to avoid a potentially rapid loss of SVR. (Preconditioning with
levosimendan 24 h before surgery is an alternative approach.)
Potential vasodilatory effects are counterbalanced by a continuous infusion of noradrenaline. Approximately 15 min before
weaning from CPB, dobutamine (4–6 µg kg−1 min−1) is added.
If this approach fails, adrenaline is given with a maximum dose
of approximately 0.2 µg kg−1 min−1. In case of pre-existing pulmonary artery hypertension and RV failure, inhalation of aerosolized prostaglandins or milrinone is used. If pulmonary artery
hypertension persists despite these efforts, sildenafil is administered intravenously. In severe cases, a bolus of 0.25 mg kg−1 is
given as a rapid infusion over a period of 30 min. Thereafter, the
dosing is adjusted according to the PVR.

Alternatively, an intravenous regimen with iloprost or sildenafil
may be instituted. However, in this case, more pronounced effects
on the SVR must be expected and may need to be counterbalanced by the systemic administration of vasoconstrictors such as
noradrenaline or vasopressin.
If all these strategies remain ineffective to achieve an adequate
CO, temporary mechanical support by insertion of an IABP is the
next step. As the majority of RV coronary artery perfusion takes
place during systole, IABP has a limited effect on RV coronary
artery perfusion. However, maintenance of adequate LV coronary
artery perfusion pressures via the IABP will improve LV function

anaesthesia for cardiac surgery

and consequently RV output. Nevertheless, because the IABP further reduces the afterload of the relatively unloaded LV, an increase
in vasopressor therapy may be needed.
Even if these strategies achieve acceptable results when the
chest is open, sternal closure and compression of the often swollen heart by the lungs sometimes has a tamponade-like effect and
can impair RV function in particular. Therefore, chest closure has
to be done very cautiously. If previously adequate cardiac performance becomes and remains unsatisfactory with sternal closure,
re-opening the chest with a view to delayed sternal closure should
be discussed with the surgeon. If even this strategy fails, temporary
mechanical support with an ECLS system should be discussed (see
‘Temporary mechanical support of the failing heart’). If recovery
is not achieved after 7–14 days, implantation of a VAD system or
heart transplantation is considered.
For the authors’ approach to weaning from CPB, see Box 56.8.

Temporary mechanical support of
the failing heart
If weaning from CPB fails despite the use of moderate or high
doses of positive inotropic agents, temporary mechanical support
of the failing heart has to be considered. The system of first choice,
particularly in LV failure, is IABP counterpulsation. A balloon is
placed (via the femoral artery or directly into the ascending aorta)
into the descending part of the aorta, 2–3 cm distal to the origin
of the left subclavian artery (Fig. 56.8). The balloon, triggered by
the ECG or pulse curve, is inflated in diastole with helium thus
providing an increase in diastolic artery pressure and thereby an
increase in coronary artery perfusion pressure. During systole the
balloon is deflated, thereby augmenting systolic arterial blood flow
and decreasing LV afterload. While initially the balloon is inflated
and deflated in a 1:1 ratio with the heartbeat, with ongoing recovery
of the heart, weaning may be performed by successively changing
the ratio to 1:2 and 1:3 and finally explantation of the device. In
addition to its use in post-cardiotomy heart failure, the IABP is a
helpful device when patients with acute myocardial infarction and
(left) heart failure have to be bridged preoperatively until surgery
can be performed. The value of an IABP in RV failure is still a matter of debate as the non-failing LV needs no reduction in afterload.
Therefore, the only potential benefit of the IABP under this condition is an increase of diastolic artery pressure to preserve coronary
artery perfusion pressure.
However, if the LV or RV fails completely, the IABP will not provide adequate flow for tissue oxygenation and improved mechanical support is necessary. This can be achieved by implantation of an
ECLS system for selective bridging of the LV or RV or both ventricles
(Fig. 56.9). An oxygenator can be easily added to the system if pulmonary blood flow is bypassed or oxygenation critically decreased.
Implantation can be performed directly into the heart or pulmonary
artery or peripherally into the femoral vessels (which allows closure of
the chest and the option to wean the patient from mechanical ventilation). Gradual weaning may be accomplished by successively reducing pump flow and thus increasing work of the heart. When adequate
cardiac function has been regained, the system can be explanted.
However, if weaning is not possible, VAD implantation may be considered as definitive therapy or as a bridge to heart transplantation.
For the authors’ approach to temporary mechanical support, see
Box 56.9.
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Figure 56.9 Picture of a contemporary ECLS system with a small console
mounting on the centrifugal pump/oxygenator unit with venous inflow (from the
patient) and arterial outflow lines (to the patient).
Maquet Cardiopulmonary Bypass Inc.

Dicrotic notch

Box 56.9 Authors’ approach: temporary mechanical support

IABP inflating at end of systole (dicrotic notch)
Blood pressure waves

If weaning with a moderate degree of positive inotropic therapy fails (adrenaline >0.2 µg kg−1 min−1), the implantation of
an IABP is usually the next step. If this also fails to generate
adequate CO (<2 litres m−² BSA) and acceptable Sv O2 (<65%),
before further increasing catecholamine therapy and the risk of
decreased tissue perfusion, an ECLS system is used. Preferably
this is performed using the femoral vessels to allow closure of
the chest. However, in case of isolated right heart failure, arterial
cannulation is preferentially performed with a graft sutured to
the main pulmonary artery, tunnelled through the skin, and connected to the cannula out of the chest; this allows removal of the
cannula without re-opening of the chest. Weaning is attempted
after 3–5 days and usually preconditioned by administration of
levosimendan. Further attempts are made as indicated until successful. If after 7–14 days of ECLS support no recovery of cardiac
function is observed, implantation of a (more permanent) VAD
and possible heart transplantation are considered.

Figure 56.8 Diagram to show the placement of an IABP.
This figure was published in Miller-Keane Encyclopedia & Dictionary of Medicine, Nursing &
Allied Health, 7th edition, O’Toole, M. T., Copyright © 2005 Elsevier.

Induction and maintenance of anaesthesia
Preparation of the anaesthesia induction room
Irrespective of whether an anaesthesia induction room is used
or anaesthesia is induced in the operating theatre, syringes
containing drugs for an emergency should be prepared. These
should include a vasoconstrictor (e.g. noradrenaline 10 µg ml−1)
an inotrope (e.g. adrenaline 10 µg ml −1), calcium chloride
(CaCl2) 2% 10 ml, and an antihypertensive agent (glyceryl trinitrate 0.1 mg ml−1) (Box 56.10). A defibrillator should be available in the room or nearby, as should antiarrhythmic drugs,
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Box 56.10 Emergency syringes for the anaesthesia induction room
◆

10 ml noradrenaline 10 µg ml−1

◆

10 ml adrenaline 10 µg ml−1

◆

10 ml CaCl2

◆

10 ml glyceryl trinitrate 0.1 mg ml−1.

which need not be drawn up unless they require dilution before
administration.

Preparation of the patient

anaesthesia for cardiac surgery

Maintenance of anaesthesia
Anaesthesia is maintained preferably with a continuous infusion
of fentanyl, sufentanil, or remifentanil and either a propofol infusion or potent inhalation anaesthetics. Use of a potent inhalation
anaesthetic such as sevoflurane or isoflurane may be continued
during CPB if the facility for vaporization is available in the CPB
circuit. The potent inhalation anaesthetics may be preferred as
they may protect the heart and brain from ischaemia–reperfusion
injury. The choice of neuromuscular blocking agent is especially
important if ‘fast-track’ weaning from mechanical ventilation is
planned. Shorter-acting neuromuscular blocking agents also have
the advantage that they are less likely to accumulate, particularly
when patients are hypothermic during CPB.

Usually the patient arrives in the anaesthesia induction room after
having received premedication with a benzodiazepine on the evening before and morning of surgery. After placement of a five-lead
ECG, pulse oximetry, and non-invasive measurement of blood
pressure, a peripheral venous line is inserted. In patients with critically impaired cardiac function and in patients undergoing re-do
or minimally invasive cardiac surgery, external defibrillator pads
are also applied. A radial or femoral artery catheter for invasive
monitoring of arterial blood pressure is inserted before induction
of anaesthesia.

Anaesthesia for individual procedures

Induction of anaesthesia

The patient may be scheduled electively for treatment of chronic
coronary artery disease or may arrive in the anaesthesia room with
unstable angina, ST-segment changes on the ECG, or overt acute
myocardial infarction.

Anaesthesia is induced with midazolam, an opioid such as fen
tanyl or sufentanil, and an intravenous induction agent (the
authors prefer etomidate). A neuromuscular blocking agent is
used to facilitate tracheal intubation. Changes in the blood pressure exceeding approximately 20% should be treated appropriately with a vasoconstrictor (noradrenaline 10 µg) or a vasodilator
(glyceryl trinitrate 0.1 mg). If repeated boluses (two to three) of
noradrenaline are not effective in treating hypotension, 10 ml
CaCl2 should be given. Only if the vasoconstrictor and CaCl2 fail
to restore the blood pressure should a bolus of adrenaline 10 µg
be given. This is because adrenaline commonly causes a tachycardia which predisposes to ischaemia. If the heart rate exceeds
120 beats min−1 administration of, for example, 10–20 mg sotalol
should be considered.
After induction of anaesthesia, a multilumen central venous
catheter and, for higher-risk patients and procedures, a PAC
introducer with or without the catheter, are placed in an internal jugular vein. In patients with critically impaired ventricular
function, these lines may be inserted under local anaesthesia
before anaesthetic induction. This enables continuous inotropic
medication to be commenced before induction or emergency
CPB to be instituted immediately if pharmacological therapy fails
to stabilize the patient. Additionally, two large-bore peripheral
venous catheters for volume replacement should be inserted. If
the duration of surgery is anticipated to be long, there is a risk of
excessive bleeding or with patients who have had previous cardiac
surgery where there is a risk of injuring the aorta or RV during
re-opening of the chest, a large-bore catheter for quick volume
replacement may be inserted in an external jugular vein or, if this
is not possible a second large-bore introducer (6–9 Gauge) or a
‘Sheldon catheter’ (particularly in patients who may later need
renal replacement therapy), can be inserted in a femoral vein or
the other internal jugular vein.

Anaesthesia for coronary artery bypass grafting
(with cardiopulmonary bypass)
CABG with CPB (on-pump) surgery is the most common procedure in cardiac surgery. However, the preoperative condition of
the patient can vary widely and this is a major determinant of the
relative ease of management. Factors impacting the course of the
patient include the following:

Acuity of the disease

Localization of the coronary artery stenoses
Patients with several distal coronary artery stenoses undergoing
elective surgery rarely present acute signs of myocardial ischaemia
during the induction of anaesthesia or preparation of the grafts
before establishing CPB. However, patients with a critical (>80%)
stenosis of the left main coronary artery are at high risk of developing acute ischaemia with low CO requiring urgent institution
of CPB.

Regional stenosis vs diffuse coronary artery sclerosis
Additionally, in patients with regional stenosis of large vessels, an
immediate improvement in distal tissue perfusion can be expected
and weaning from CPB is likely to be uncomplicated. However, in
patients with diffuse involvement of the smaller coronary arteries,
the immediate benefit of surgery is limited and temporary impairment of cardiac function after cardioplegia might complicate weaning from CPB.

Preservation of cardiac function
A minority of patients develop an ischaemic cardiomyopathy with
severe impairment of left ventricular function (LVEF <30%) and,
particularly when accompanied by ischaemic mitral valve regurgitation, this may lead to increased pulmonary artery pressures.
The consequence is an unexpected low CO state during weaning
from CPB.

Management before CPB
Before induction of anaesthesia, all six leads of the ECG should be
checked for signs of ischaemia and the time of the last episode of
angina established with the patient. During induction, it is essential
to avoid tachycardia as this increases myocardial oxygen demand
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while reducing supply by shortening diastole which is when the
majority of coronary artery perfusion to the LV occurs. Similarly,
care has to be taken to maintain the diastolic blood pressure in order
to maintain coronary artery perfusion pressure. These aspects are
of particular importance in patients with a critical stenosis of the
left main coronary artery. In patients presenting with acute myocardial infarction and impaired cardiac function, the increase in
afterload required to maintain the diastolic pressure might lead to
development or aggravation of a low CO syndrome. Therefore, in
these patients, preoperative percutaneous implantation of an IABP
should be considered to reduce afterload and increase coronary
artery perfusion pressures, as should inotropic support.
In complicated patients, when the chest is opened and before the
grafts are harvested, the surgeon should prepare the sutures for the
aortic and atrial cannulae so that CPB can be established rapidly if
myocardial ischaemia or ventricular failure occurs.

Weaning from CPB
After completion of the coronary artery anastomoses and opening of the aortic cross-clamp the ECG is evaluated. Return of sinus
rhythm without ventricular extrasystolic beats and normalization
of ST segments indicate recovery of the heart from ischaemia and
the effects of cardioplegia. In patients with previously impaired
ventricular function or those presenting with acute myocardial
infarction, a TOE probe should be inserted to assess regional wall
motion and global contractility for evaluation of the need for inotropic support. In patients with acute myocardial infarction, ventricular dysfunction can extend to a penumbral region beyond the
circumscribed area of the infarct. This area of ‘myocardial stunning’
is caused by an ischaemia–reperfusion injury which causes temporary (3–14 days) systolic and diastolic dysfunction. Dependent on
the size of the infarction and the penumbral area, an IABP should
be implanted pre-emptively and inotropic support started. If weaning is not possible under these conditions, further mechanical support may be necessary.

Box 56.11 Authors’ approach: anaesthesia for CABG surgery
In patients with a critical stenosis of the left main coronary artery
and patients with acute myocardial infarction, repeated boluses
of 10 mg sotalol (up to 40 mg) are given to avoid tachycardia and
achieve a target heart rate of 80–90 beats min−1. Diastolic pressure
is maintained using carefully titrated boluses of noradrenaline.
In patients with acute myocardial infarction with impairment
of cardiac performance, or patients with severely impaired LV
function, an IABP is usually implanted preoperatively. Positive
inotropic therapy with milrinone (0.5 µg kg−1 h−1) is started after
arrival in the operating theatre and dobutamine (3–5 µg kg−1
min−1) added before weaning from CPB. If this approach fails,
adrenaline (0.1–0.2 µg kg−1 min−1) is added. If even this strategy
fails, an ECLS system is implanted (see ‘Temporary mechanical
support of the failing heart’). On the ICU, early addition of levosimendan is used to aid the process of weaning from mechanical
support. However, preoperative use of this new drug as a ‘preconditioning’ for special-risk patients is also under consideration.

Bleeding in CABG patients
Patients with acute coronary syndromes and acute myocardial
infarction often reach the operating theatre after having received
dual antiplatelet therapy with aspirin and clopidogrel or other
potent antiplatelet agents. In these patients, liberal transfusion of
platelet concentrates is needed to prevent postoperative haemorrhage and pericardial tamponade which might further compromise
ventricular performance.
For the authors’ approach to anesthesia for CABG surgery, see
Box 56.11.

Anaesthesia for off-pump coronary artery
bypass graft surgery
Surgery for CABG can also be performed on the beating heart
without the use of CPB. Several tools help the surgeon to expose
the coronary arteries and stabilize the surgical field (Fig. 56.10):
◆

A pericardial sling is anchored at the posterior mediastinum
by placement of a deep pericardial suture near the right lower
pulmonary vein, under the LA. The sling thereby supports and
elevates the LA and the LV without distortion of the atrioventricular axis. The deep pericardial traction lifts the atrioventricular groove and thereby optimizes access to the coronary
vessels.

Figure 56.10 Photograph of a heart prepared for off-pump coronary artery
bypass surgery. The heart is lifted and positioned using a pericardial sling and an
apical suction device so that access even to the lateral branches and posterior
branches of the coronary artery system is achieved. The surgical field around the
coronary artery is ‘fixed’ using a stabilizer device so that the contractions of the
heart will not hinder the surgeon.
Reproduced from Vettath MP, Ismail E and Kannan A. Re-engineering in OPCAB—A Vettath’s
perspective. World Journal of Cardiovascular Diseases, Volume 3, Issue 4a, pp. 33–44, Copyright
© 2013 Murali P. Vettath et al. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.

◆

◆

Additionally, suction devices may be used to move and stabilize
the heart so that surgery on the lateral branches of the left coronary artery and on the right coronary artery can be performed.
A stabilizer is placed on the coronary artery where the anastomoses are performed to minimize movement by the beating heart
during anastomosis.

953

chapter 56

◆

Small shunts are inserted into the vessel so that flow is provided
despite clamping of the vessel in order to avoid ischaemia.

Intraoperative considerations

anaesthesia for cardiac surgery

Box 56.12 Authors’ approach: off-pump coronary artery
bypass surgery
In an attempt to stabilize cardiac rhythm and avoid tachycardia,
we administer a bolus of 40–80 mg sotalol before performing the
anastomoses. Acute tachyarrhythmias are usually less well tolerated and more difficult to manage than bradyarrhythmias which
can be easily overpaced.
In our experience, positioning for surgical access to the branches
of the left lateral coronary artery is the main cause of severe
haemodynamic instability. Maintenance of higher filling pressures
is helpful to stabilize CO. Furthermore, particularly before moving the heart, small boluses of noradrenaline (5–10 µg) help to
preserve systemic arterial pressure and maintain coronary artery
perfusion pressure. We often use a highly diluted infusion (perfusion syringe with 0.5 mg/50 ml noradrenaline) for faster infusion
rates. In our experience this quickly results in the desired effect
along with the option to give small boluses (5–10 µg). Usually after
a period of 1–2 min the heart adapts to its new position and no
further noradrenaline is required. However, surgery on the vessel
should only be started if positioning is tolerated without excessive
pharmacological intervention.
More invasive monitoring for measurement of LV filling
pressures and CO is only used in patients with acute myocardial infarction and patients with severely impaired LV function. A PAC is useful for monitoring LV filling pressures, while
PCA devices quickly identify changes in cardiac SV and CO.
Temporary monitoring of the LA pressure throughout the grafting procedure via a catheter inserted by the surgeon is an optimal
addition to PCA monitoring in this special situation (see ‘Section
Monitoring’ ‘Box 56.2’).

Induction of anaesthesia follows the same guidelines as during
‘on-pump’ CABG. However, cooling of the anaesthetized patient
should be minimized by ensuring the use of intravenous warming
devices and a warming blanket.
In some centres, a PAC is used to monitor CO and pulmonary
artery pressures because the value of the TOE is limited when the
heart is elevated. Temporary pacemaker wires are placed, so that
the anaesthetist can control heart rhythm during the procedure
which is an important tool to regulate CO.
During surgery, a cell saver should be used as bleeding might
occur particularly when shunts are placed or are so small that blood
floods the surgical field.
The need for circulatory support depends on how the ‘positioning’ of the heart is tolerated. In contrast to ‘on-pump’ CABG,
off-pump CABG surgery usually begins with anastomosis of the
left thoracic internal artery to the main branch of the left coronary artery. This anastomosis requires only moderate positioning
of the heart and establishes adequate coronary blood flow to an
important region. Also in contrast to on-pump CABG, the proximal anastomoses are usually performed first, so that after commencement of the distal anastomosis the blood flow is provided
immediately.
Positive inotropic support may be necessary in patients who have
impaired LV and RV function preoperatively (see ‘Treatment of
left ventricular failure’). In patients who undergo urgent surgery
because of acute myocardial infarction, or patients with severely
impaired LV function, placement of an IABP before performing the
anastomoses should be considered.
If positioning of the heart for surgery cannot be achieved without compromising the circulation, conversion to CPB should be
considered before proceeding because emergency conversion is
associated with a poor patient outcome. Thereafter, CABG can be
performed ‘on pump’ with a ‘beating heart’ without aortic cross-
clamping and administration of cardioplegia.
For the authors’ approach to off-pump coronary artery bypass
surgery, see Box 56.12.

In patients with aortic stenosis, LV function is usually reasonably
well maintained. However, chronic ischaemia of the subendocardial myocardium may cause progressive dilatation of the LV and
further reduction of EF. In these patients, as the failing LV becomes
unable to generate high systolic pressures, the pressure gradient
across the aortic valve decreases

Anaesthesia for valvular heart disease

Preservation of RV function

The more common valvular disorders in adult patients with non-
congenital heart disease are tricuspid, mitral, or aortic regurgitation and mitral or aortic stenosis.
Mitral and aortic regurgitation lead to increased LV preload
which, when chronic, may also lead to pulmonary artery hypertension and increased RV afterload. Tricuspid valve regurgitation leads
to RV volume overload.
Chronic aortic stenosis leads to LV hypertrophy, while mitral
stenosis usually results in increased RV afterload as a result of pulmonary artery hypertension. Therefore, the factors determining the
complexity of anaesthetic management are the following:

Preservation of LV function
Particularly in patients with aortic and mitral regurgitation, chronic
volume overload might cause progressive dilation of the ventricle
and reduction of LVEF (note that in patients with mitral regurgitation, the LVEF is usually overestimated as a large proportion is
ejected retrogradely through the incompetent mitral valve).

In patients with tricuspid regurgitation, chronic volume overload
leads to dilatation and impairment of the RV.
However, a chronic increase in RV afterload as a result of
increased pulmonary artery pressure in aortic and mitral disease
may also cause dilatation of the RV with impairment of RV function. Except in patients with atrial fibrillation or patients with
endocarditis affecting the tricuspid valve, tricuspid regurgitation is
often a consequence of RV dilatation as a result of the increased
afterload caused by mitral or aortic regurgitation.

Induction of anaesthesia and the pre-CPB period
In patients with aortic or mitral stenosis, tachycardia has to be
avoided as it shortens the diastolic period. In patients with mitral
stenosis, this leads to a further reduction in LV preload. In patients
with aortic stenosis, the shortening of diastole may critically reduce
coronary artery perfusion of the hypertrophied LV, while the tachycardia causes an increase in myocardial oxygen demand. Acute
LV decompensation may be the result. Additionally, any reduction

953

954

954

Part 9

the conduct of anaesthesia by surgical specialty

of the diastolic pressure during induction may critically decrease
coronary artery perfusion pressure and should be avoided.
Patients with severe aortic stenosis are highly susceptible to the
development of ventricular extrasystoles because of LV hypertrophy.
Care must be taken, for example, when advancing the guidewire during insertion of central venous catheters as ventricular exrasystoles
predispose to ventricular fibrillation. Patients with aortic stenosis are
also liable to acute LV decompensation which is resistant to pharmacological intervention. If this occurs, CPB must be established urgently.

Weaning from CPB
In patients with unimpaired or only moderately impaired ventricular function, weaning from CPB can usually be achieved without
inotropic support. Patients with aortic stenosis and LV hypertrophy may benefit from an elevated diastolic blood pressure to ensure
adequate coronary artery perfusion of the hypertrophied ventricle
and infusion of a vasoconstrictor should be considered.
The intraoperative TOE will not only help to confirm the success
of surgery but also provide important information about ventricular performance. In patients with chronic aortic or mitral regurgitation, positive inotropic pharmacological support may be necessary.
If this fails, implantation of an IABP or further mechanical support
may be required.
If RV failure is observed in patients after tricuspid, mitral, or aortic repair, RV afterload can be reduced by inhalation of nitric oxide
or nebulization of prostaglandins in order to supplement inotropic
support.
Surgical complications can also cause ventricular dysfunction. For
example, in aortic valve replacement, particularly if the prosthesis is
too large, the right coronary artery ostium may become obstructed
leading to RV ischaemia and subsequent failure. Air embolism after
aortic cross-clamp release can also cause ECG ST-segment elevation and impaired contractility but this is usually reversible within
5–10 min. If ischaemia and ventricular dysfunction from presumed
air embolism do not resolve within this time then a problem with
the prosthetic valve should be assumed: changing the prosthesis to
a smaller size or CABG are the surgical options. After prolonged
ischaemia, inotropic support or temporary mechanical support
may be necessary to wean the patient from CPB.
In patients undergoing mitral valve surgery, the circumflex
branch of the left coronary artery may be twisted or occluded
causing LV dysfunction. Alterations in the ECG and impairment
of regional wall motion visualized by TOE may suggest this rare
complication, although definitive diagnosis may require coronary
artery catheterization. Revision of the mitral valve reconstruction/
prosthesis or CABG are the surgical options to treat this complication. Again, prolonged ischaemia may necessitate inotropic support
or temporary mechanical support to wean the patient from CPB.
For the authors’ approach to valvular heart disease, see Box 56.13.

Box 56.13 Authors’ approach: valvular heart disease
In patients with severe aortic or mitral stenosis, care is taken
that the patient is deeply anaesthetized to prevent tachycardia.
Additionally, a bolus of 10–20 mg sotalol is given when inducing anaesthesia. When even a slight decrease in mean arterial
(and diastolic) pressure is noted, (intermittent) small dosages of
a vasoconstrictor (noradrenaline 5–10 µg) are given. In patients
with impaired RV and LV function, particularly when pulmonary artery hypertension is diagnosed preoperatively, a continuous infusion of milrinone (0.25–0.5 µg kg−1 h−1) is started after
arrival in the operating theatre.
In patients with preoperative atrial fibrillation, 300 mg amiodarone is given during CPB in an attempt to synchronize heart
rhythm or reduce the ventricular rate to enable external pacing
and steady filling and emptying of the heart chambers.

The main problem in minimally invasive aortic valve surgery is
the prevention of systemic air embolus. Elimination of air from the
heart needs to be meticulous and is therefore performed under TOE
control. TOE is also helpful in evaluation of ventricular performance
when weaning from CPB as the ventricles cannot be directly observed
through the sternotomy.

Transcatheter aortic valve implantation
A relatively new method is transcatheter placement of a biological aortic valve prosthesis. This procedure is similar in principle to
placement of a coronary artery stent. A large introducer is inserted
in a femoral or axillary artery, through which is inserted the device
containing the stented and compressed valve. Alternatively, a
small left-sided thoracotomy is performed and the device inserted
through the LV (transapical approach). Positioning of the valve is
preceded by balloon valvuloplasty of the native aortic valve which is
compressed into the aortic wall. This is performed under rapid pacing of the ventricle to avoid distension of the LV when the balloon
occludes the LV outflow tract. The new valve is then positioned,
again under rapid ventricular pacing and the prosthesis pressed
into the tissue by expansion of a balloon catheter.
Patients selected for transcatheter aortic valve implantation
(TAVI) are usually elderly or present severe co-morbidities, or both
of these, that preclude them from conventional aortic valve replacement with CPB.
Possible complications of TAVI are:
◆

◆

Anaesthesia for minimally invasive valve surgery
Aortic valve surgery
Minimally invasive aortic valve surgery is performed through a
partial sternotomy that enables visualization of, and surgical access
to, the aorta and right atrium. The aortic cannula is inserted directly
but the larger venous cannula is tunnelled under the skin so as
not to restrict the surgical field. External defibrillator patches are
applied as internal defibrillator paddles cannot be inserted through
the small incision.

◆

◆

Acute decompensation as a result of massive acute aortic regurgitation after the balloon valvuloplasty
Malpositioning of the prosthesis (possibly with coronary ostia
occlusion causing myocardial ischaemia and acute decompensation) needing implantation of a second prosthesis (valve
in valve) or emergency CPB and conventional aortic valve
replacement
Acute bleeding of the often fragile tissue of the LV when the large-
calibre introducer is inserted or removed when the transapical
approach is used
Embolic stroke (particularly when transfemoral access is used).

TAVI is usually performed in the fully instrumented (arterial line,
central venous catheter, large-bore introducer device) patient.
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Figure 56.11 A montage summary of minimally invasive video-assisted mitral valve surgery. Cannulation for CPB is performed via the femoral vessels. A small thoracic
incision is performed to gain access to the mitral valve. Also demonstrated are additional small incisions for placement of the aortic cross-clamp, the videoscope, and
traction devices to improve exposure of the surgical field.
Copyright © Jan Gummert, HDZ NRW, Bad Oeynhausen, 2016.

The transfemoral and transaxillary procedures may be performed
under sedation (improved diagnostic of stroke etc.), or general
anaesthesia with tracheal intubation or use of a laryngeal mask.
The transapical approach requires general anaesthesia and tracheal
intubation. One-lung ventilation is usually not required. When tracheal intubation is used, TOE is performed to help guide positioning and assess subsequent function of the prosthesis.
For all procedures, external defibrillator patches should be placed
and a set of syringes with medication for emergency treatment of
arrhythmias, systemic arterial hypo-and hypertension, and low
CO should be available.
For transapical valve replacement, CPB and a cell saver should be
ready for emergency use.

Mitral and tricuspid valve surgery
Minimally invasive mitral and tricuspid valve surgery is performed
via a small, anterolateral sub-mammary thoracotomy (Fig. 56.11).
Visualization of the surgical field is improved by inserting a small
video camera inserted through the incision. Aortic cross-clamping
is performed with a long clamp inserted through an additional
small incision.
CPB is performed via the femoral vessels. In mitral valve surgery,
a long two-stage cannula is passed through the inferior vena cava,
the right atrium, and into the superior vena cava. This manoeuvre is guided by TOE. In tricuspid valve surgery, the superior vena
cava is drained by a cannula through the right internal jugular vein
inserted by the anaesthetist. As with minimally invasive aortic valve
surgery, external defibrillator paddles are attached and elimination
of air from the heart is confirmed by TOE. TOE also enables the
ventricular performance and surgical result to be assessed.
For the authors’ approach to minimally invasive valve surgery,
see Box 56.14.

Anaesthesia for thoracic aortic surgery
Anaesthesia for surgery of the thoracic aorta is a specialized
field within cardiovascular anaesthesia. The fact that the arteries

Box 56.14 Authors’ approach: minimally invasive valve surgery
In some centres, minimally invasive mitral and tricuspid valve
surgery is performed during one-lung ventilation. In our institution, the lung is disconnected after starting CPB. Thereafter,
the small thoracotomy and surgery is performed with total collapse of the lungs. This helps to avoid the more traumatic and
expensive placement of a double-lumen tracheobronchial tube
or bronchial blocker system. Additionally, the surgeon places
a small catheter into the wound for postoperative regional
anaesthesia.
providing perfusion and oxygenation of the brain originate from
the aortic arch and arteries supplying the spinal cord originate from
the descending thoracic aorta underlies the need for additional
CPB techniques to prevent neurological damage. The basic strategies, which are often combined, are:
◆
◆

◆

Regional arterial perfusion
Regional and particularly systemic hypothermia which reduces
oxygen demand of ischaemic tissue
Retrograde perfusion via the venous system to maintain hypothermia and eliminate air from the arterial vessels.

Besides possessing knowledge of these special perfusion techniques, the anaesthetist has to be aware that repair of thoracic
aneurysms and acute dissections often require massive blood transfusion. Factors contributing to blood loss are:
◆

◆
◆

Deep or profound hypothermia and rewarming lead to a substantial prolongation of CPB which is associated with a severe
coagulopathy
The extent of the anastomoses of the aorta
Friability or calcification (or both) of the aorta associated with
aneurysm and dissection
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Erroneous administration of potent dual antiplatelet therapy
because of misdiagnosis of dissection of the thoracic aorta as an
acute myocardial infarction.

The volume of blood aspirated from the cardiotomy suction into
the CPB system is a good predictor of the extent of bleeding after
weaning from CPB. This information should be communicated by
the perfusionist.
Principles for anaesthesia in thoracic aortic surgery are:

placement of the tube preferably into the left main bronchus is recommended. Alternatively, a left-sided bronchial blocker may be
used. As pulmonary bleeding might occur because of adhesion of
the tissue of the left lung to the aneurysm the double-lumen tube
may be left in situ and changed 24 h postoperatively.

Cardiopulmonary bypass

Anaesthesia for elective surgery of the ascending
aorta and aortic arch

Cannulation for CPB usually involves a femoral artery and vein.
Surgery is performed during circulatory arrest with profound
hypothermia or after establishing dual parallel circulations under
normothermic or mild hypothermic conditions. Some centres use
mild systemic hypothermia combined with selective spinal cord
cooling using a separate perfusion system.
When dual parallel circulations are used, organs and tissues proximal to the aortic cross-clamp are perfused via the beating heart with
blood that is oxygenated by one-lung ventilation while the organs
and tissues distal to the clamp are perfused and oxygenated via CPB.
The point of communication between the two circulations is the right
atrium. The perfusionist has to maintain a delicate balance between
providing an adequate preload for the heart to perfuse the upper
torso (but avoiding high arterial pressures) while providing adequate
venous drainage for perfusion of the distal torso with the CPB.

Induction of anaesthesia, pre-CPB and CPB period

Weaning from CPB

◆
◆

◆
◆

Avoid high blood pressures at all stages of the procedure
In addition to a central venous catheter, one or two large-bore
central venous catheters and one or two large-bore peripheral
venous lines should be inserted allowing rapid infusion of large
volumes
In the operating theatre, a cell saver should be available
Patients should be placed on warming blankets and devices for
warming infusions and blood products should be available to maintain the body temperature when massive transfusion is necessary.

Arterial pressure is usually measured using both a right radial arterial catheter, for monitoring of brachiocephalic artery perfusion,
and a femoral arterial catheter, for monitoring distal arterial perfusion. However, particularly in complex cases and revision surgery,
the anaesthetist should discuss and plan the siting of lines for monitoring and CPB with the surgeon. Bladder and nasopharyngeal
temperature should be measured. Neurological monitoring with
EEG or NIRS is recommended.
Aortic valve disease often accompanies disease of the ascending aorta. If surgery is restricted to the aortic valve and ascending
aorta, aortic cross-clamping can be performed proximal to the origin of the brachiocephalic artery using standard antegrade arterial
perfusion and mild hypothermia. If, however, the aortic arch has to
be examined or repaired, systemic deep or profound hypothermia
may be necessary for periods of circulatory arrest, depending on
whether regional cerebral perfusion is used or not.

Weaning from CPB
After rewarming to 36.5–37°C, weaning from CPB is begun.
Preoperative ventricular function and the duration of aortic cross-
clamping will determine the need for inotropic support. The TOE
is very helpful in evaluating ventricular contractility.
After the administration of protamine, a massive transfusion of
blood products may be necessary to maintain an adequate circulation and re-establish haemostasis.

Anaesthesia for surgery of the descending
thoracic aorta
Induction of anaesthesia
Standard arterial blood pressure monitoring for surgery of the
descending aorta consists of right radial and femoral artery
catheters.
Surgery of the descending thoracic aorta is usually performed
through a right-sided thoracotomy and requires one-lung ventilation. Intubation of the left main bronchus may be difficult as a
result of distortion by the aortic aneurysm. Primary endoscopic

Weaning from CPB is commenced after rewarming to 36.5–37°C.
Myocardial contractility is assessed using TOE. When surgery is
performed with the heart beating, inotropic support is rarely necessary. However, after prolonged periods of deep circulatory arrest,
inotropic support may be needed. After administration of protamine, a massive transfusion of blood products may be necessary
to maintain an adequate circulation and re-establish haemostasis.

Anaesthesia for surgery of an acute type A
dissection of the aorta
Dissections of the thoracic aorta are categorized using the DeBakey
classification (I, II, IIIa, and IIIb) (Fig. 56.12) or the Stanford classification (type A = DeBakey I or II: type B = DeBakey IIIa or IIIb).
Stanford type A dissections include all dissections involving
the ascending aorta, while type B dissections are restricted to the
descending aorta. Type B dissections are usually not an indication
for emergency surgery and are treated initially by pharmacological
control of the arterial blood pressure and definitively with an endovascular stent. However, type A dissections are among the most
dramatic indications for emergency surgery as mortality increases
1% per hour of delay in treatment.

Induction of anaesthesia and pre-CPB period
Patients may present which symptoms of cardiogenic shock if the
ruptured aneurysm has caused pericardial effusion and cardiac
tamponade or a coronary ostium is involved in the dissection causing symptoms of acute myocardial infarction. The arterial monitoring lines have to be inserted after consultation with the surgeon
as they will usually need to cannulate the right subclavian artery,
a carotid artery, or femoral artery because opening of the chest
may release a tamponaded aneurysm resulting in massive bleeding. Central venous access is established as previously described
for elective surgery of the thoracic aorta. Vasopressors or inotropes
may be required to maintain a minimum blood pressure but hypertension could lead to increased haemorrhage or extension of the
dissection and must be avoided.
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Figure 56.12 Scheme of the DeBakey and Stanford classifications for aortic dissections. In the Stanford classification, a type A dissection originates from the ascending
aorta with exclusive dissection of this part of the aorta (DeBakey II) or additional involvement of the descending aorta (DeBakey I). Type B dissections according to the
Stanford classification are limited to the descending part of the aorta (DeBakey IIIa and IIIb).
Reproduced from Aung Myat et al. (eds), Challenging Concepts in Cardiovascular Medicine, 2013, Figure 9.3, Page 99, with permission from Oxford University Press. DeBakey: Data from DeBakey MA,
Henly WS, Cooley DA et al. Surgical management of dissecting aneurysms of the aorta. Journal of Thoracic and Cardiovascular Surgery, 1965, Volume 49, pp. 130–49. Stanford: Data from Daily PO,
Trueblood HW, Stinson EB, Wuerflein RD, Shumway NE. Management of acute aortic dissections. Annals of Thoracic Surgery, 1970, Volume 10, Issue 3, pp. 237–47.

Anaesthesia during CPB and for weaning from CPB
After induction of anaesthesia, CPB is established, the patient cooled,
and then the chest is opened and surgery performed. Depending on
whether regional arterial cerebral perfusion is used, deep or profound hypothermia is established. Surgery can involve reconstruction or replacement of the aortic valve, reconstruction of the layers of
the aortic wall and graft insertion above the coronary ostia, or placement of a valved conduit with re-implantation of the coronary ostia.
For weaning from CPB, inotropic support may be necessary
especially if there was preoperative myocardial ischaemia. The
ECG may suggest regional ischaemia or infarction, while TOE will
provide important information about global and regional myocardial contractility and integrity of any aortic valve reconstruction. If there has been extensive myocardial ischaemia, mechanical
support may be necessary. After administration of protamine, the
anaesthetist should be prepared to manage extensive bleeding with
red cell transfusion and coagulopathy with blood products.
For the authors’ approach to surgery of the thoracic aorta, see
Box 56.15.

Box 56.15 Authors’ approach: surgery of the thoracic aorta
In all patients, bilateral cerebral NIRS is used, particularly when
‘regional antegrade cerebral perfusion’ is performed. During systemic cooling and rewarming from deep or profound hypothermia,
a continuous infusion of sodium nitroprusside (60 mg/50 ml; 2–10
ml h−1) is titrated to achieve vasodilation and faster cooling and
re-warming. After CPB, sodium nitroprusside is useful to treat
hypertension and its short elimination half-life means that its effects
wear off soon after discontinuation should excessive bleeding occur.
We routinely give TXA (1 g intravenous bolus, 0.5 g into the
CPB with a continuous infusion of 0.2 g h−1 during surgery) to
inhibit haemostatic activation during CPB and attenuate postoperative bleeding.
Approximately 30 min before expected weaning from CPB a
modified thromboelastogram using a TEG™ (Haemonetics Corp.,
Braintree, MA, USA) or ROTEM™ device is performed to guide
the transfusion of platelets, coagulation factors, or fibrinogen
concentrate.

Anaesthesia for implantation of total artificial
heart or ventricular assist devices

Systems used are:

The indications for VAD systems or a total artificial heart are:

◆

◆

◆
◆

As a bridge to recovery after myocardial infraction or acute
myocarditis
As a bridge to heart transplantation
As definitive treatment in patients with heart failure who are not
eligible for heart transplantation because of advanced aged or
severe co-morbidities.

◆

A total artificial heart which is implanted in the mediastinum
after resection of the native heart for biventricular support. The
connection to the vascular bed is achieved by anastomosis to the
atria, the pulmonary artery, and the aorta
A single (L/R VAD) or biventricular (BVAD) extracorporeal
pneumatic-chambered valved pump which is connected to the
heart (LV and right atrium) and the pulmonary artery and aorta
(Fig. 56.13).
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Figure 56.13 Photograph of an extracorporeal pneumatic BVAD with two pneumatic valved chambers which direct the blood from the left ventricle (left atrium) into
the aorta and from the right atrium into the main pulmonary artery.
Reproduced with permission from Antretter, H. Extrakorporale Unterstützungssysteme – LVAD/BVAD. Journal fuer Kardiologie, Supplement B, pp. 28–30, Copyright © 2004 Krause & Pachernegg.

Both the total artificial heart and the pneumatic chambered and
valved VAD generate a pulsatile blood flow:
◆

A usually left-sided (right-sided is possible) small, implantable
non-valved impeller or centrifugal pump which is connected to
the apex of the LV and the ascending aorta. These devices generate laminar blood flow, so no pulse is palpable (Fig. 56.14).

Because the modern LV laminar flow systems are small, light, non-
valved, and therefore noiseless and electrically driven, mobility and
comfort of life of the patient is dramatically increased. Therefore
these systems are preferred if a longer duration of mechanical support is expected, especially when this is definitive treatment.

Induction of anaesthesia and pre-CPB period
Patients have terminal heart failure and need inotropic agents or an
IABP (or both). Before induction of anaesthesia, the infusion rate of
the inotropic agents may be increased to maintain blood pressure.
In patients scheduled for implantation of a LVAD, insertion of a
PAC is mandatory to measure pulmonary artery pressures and pulmonary vascular resistance after implantation of the device which
will provide important information about RV afterload. In patients
scheduled for implantation of a total artificial heart or BVAD, any
PAC lines should be removed. A large-bore central venous line and
peripheral large-bore venous catheter should be inserted to provide
for massive transfusion.
Before implantation of the device, a TOE examination should be
performed to exclude aortic valve regurgitation, a persistent foramen ovale, and presence of a ventricular thrombus which should
be removed before implantation. In patients scheduled for LVAD
implantation, RV function and competence of the tricuspid valve
is also assessed.

Management of anaesthesia during CPB
and weaning from CPB
The implantation of a total artificial heart or BVAD is performed
with aortic cross-clamping while implantation of an LVAD is usually performed on the fibrillating heart. For LVAD implantation,
aortic cross-clamping is only necessary if the aortic valve has to be
replaced because of aortic regurgitation. If severe regurgitation of
the tricuspid valve is necessary, this can also be accomplished on
the fibrillating heart.
As inotropic agents are stopped during CPB and pulmonary
blood flow reduced, higher infusion rates of vasoconstrictors or
even methylthioninium chloride infusions might be necessary to
maintain adequate arterial pressure in this period.
After implantation of a total artificial heart or BVAD, maintenance of CO and systemic perfusion pressure is achieved by
replacement of volume and regulation of SVR. With perfusion of
the pulmonary vascular bed, vasopressors can usually be incrementally reduced as adequate filling of the devices is reached.
After implantation of a LVAD, reduction of RV afterload and
inotropic support of the RV is necessary to provide adequate
filling of the LV (see ‘Treatment of right ventricular failure’).
The TOE is helpful to evaluate RV function, preload, and LV
filling. A leftward shift of the ventricular septum is a sign of RV
dysfunction and inadequate LV preload. The LV (VAD) preload
may be optimized by adjusted the VAD output. In the case that
moderate pharmacological treatment and optimized VAD blood
flow does not achieve stable and adequate blood flow, temporary
mechanical support of the RV via an ECLS system should be
considered (see ‘Temporary mechanical support of the failing
heart’).
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Figure 56.14 Cartoon and X-ray to show the positioning of a contemporary totally implantable axial flow LVAD with the inflow cannula in the apex of the left ventricle
and outflow into the aorta. The driveline for receiving energy and control of the device is tunnelled through the abdominal wall to connect to the controller unit.
Reprinted with the permission of Thoratec Corporation.

Massive transfusion of red blood cells, platelet concentrates, and
clotting factors may be necessary, especially when there has been
previous cardiac surgery.
Some modern LVAD systems, such as the HVAD® (HeartWare®
Inc, Miami Lakes, FL, USA), because of technical modifications
of the ventriculotomy, can be implanted on an ECLS system even
without the aid of CPB (however, the implantation strategy has to
be modified). This helps to attenuate or prevent drawbacks associated with CPB. As these strategies do not allow elimination of air,
they are only feasible when no procedures on the tricuspid valve,
arterial septum, or aortic valve are necessary. Such a procedure is
more challenging for the anaesthetist, because they must help to
prevent air embolism using TOE, be aware of the fact that cardiotomy suction is not available, that they have to compensate for
volume replacement in case of major blood loss and, in case of an
‘off-pump’ implantation, for haemodynamic stability throughout
the implantation procedure.
For the authors’ approach to VAD implantation, see Box 56.16.

General anaesthesia for patients with a VAD
or total artificial heart
As there is an increasing number of patients with mechanical
support, the general anaesthetist is increasingly confronted with
the need to anaesthetize them for non-cardiac surgery. There are
two main considerations when anaesthetizing this special patient
group.

Management of coagulation and anticoagulation
In patients on mechanical support, there is always a delicate balance between the risk of bleeding and thrombosis. Thrombosis
is promoted by the non-endothelial surface of the device and
patients are anticoagulated with warfarin and usually with aspirin, other platelet inhibitors, or both. There is also emerging
evidence that patients on mechanical support, especially with
a laminar flow VAD, can develop von Willebrand syndrome
because of loss of the high-molecular-weight von Willebrand factor, similar to patients with aortic stenosis. In order to prevent
excessive bleeding, patients are usually bridged from warfarin
with unfractionated heparin until surgery. Any prospect of stopping heparin or transfusing platelets or clotting factors should be
initially discussed with the cardiac surgeon or VAD coordinator
in order to balance the risks of bleeding and pump thrombosis
with its dramatic consequences.
Monitoring in patients on laminar flow LVAD support
The laminar flow LVADs do not generate a pulsed arterial pressure.
In patients who have some recovery of LV function, low-amplitude
pulsatile flow is superimposed on the laminar flow and this may
be sufficient to enable non-invasive blood pressure measurement
and pulse oximetry. Otherwise non-invasive measurement of blood
pressure and peripheral oxygen saturation is impossible, although
CO is displayed on the control unit. For short, low-risk procedures, monitoring with an ECG and measurement of CO may be
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Box 56.16 Authors’ approach: VAD implantation

Induction of anaesthesia
In patients with a critical preoperative condition, the induction of
anaesthesia is performed in the operating theatre with the surgical team scrubbed and ready to intervene should acute decompensation occur, so that extracorporeal support can be initiated
immediately. Before induction of anaesthesia, adrenaline (0.05–
0.1 µg kg−1 min−1) is added or the infusion rate increased if it is
already in use. For induction of anaesthesia, midazolam and ketamine (2 mg kg−1) and a small bolus of etomidate (5 mg) are used.
For implantation of an LVAD with aid of an ECLS system,
besides ‘standard equipment’ a ‘Sheldon’ dialysis catheter is
inserted for rapid replacement of large volumes.

Haemodynamic management
LVAD implantation

As replacement of volume might be restricted as a result of RV
failure, a haemoglobin concentration of 10–12 g dl−1 is desirable
before weaning from CPB. This will ensure that even in cases of
‘volume restriction’ therapeutic amounts of platelet concentrates
and coagulation factors can be transfused without causing a critical decrease of the haemoglobin concentration.
Inotropic support is provided by milrinone (0.5 µg kg−1
min−1), dobutamine (3–5 µg kg−1 min−1), adrenaline (0.1–0.2 µg
kg−1 min−1), or a combination of these.
Before weaning from CPB is completed, careful filling of the RV
and ventilation of the lungs is performed to achieve lung perfusion
while avoiding excessive RV preload. During this phase, iloprost
(10–20 µg) or milrinone (5 mg) is nebulized over a period of 15–30
min to reduce PVR. Thereafter, CPB flow is slowly reduced and
LVAD flow slowly increased. Preload of the RV is guided by TOE,
direct visualization of RV performance, and response of the CVP
to gradual fluid loading. Filling of the LV is monitored via the TOE
or in complicated cases via measurement of the LA pressure (target approximately 8–12 mm Hg). If there is persistent elevation
of pulmonary artery pressure and PVR, nebulization of iloprost
or milrinone is continued. If chest closure leads to an impairment
of haemodynamics, the chest may be left open. If stable adequate
VAD flow cannot be provided by these strategies, temporary
mechanical support of the RV via an ECLS system is initiated (see
‘Temporary mechanical support of the failing heart’).

Blood management
LVAD/BVAD/TAH implantation

In all patients TXA is given (1 g as bolus for the patient, 0.5 g
into the CPB, continuous infusion of 0.2 g h−1 during surgery) to
inhibit haemostatic activation during CPB and attenuate postoperative bleeding.
Approximately 30 min before expected weaning from CPB, a
modified thromboelastography analysis using TEG™ or ROTEM™
is performed to guide transfusion of platelets and clotting. As a
result of the increased blood flow, patients may quickly develop
von Willebrand syndrome, so desmopressin (0.3 µg kg−1) is
given after CPB to promote coagulation.
If replacement of platelets and clotting factors does not prevent
diffuse bleeding, the chest is left open to avoid acute tamponade
with secondary closure after 1–3 days.

sufficient. With longer or higher-risk procedures, insertion of an
arterial and central venous catheter is helpful. In the absence of a
pulse, arterial cannulation is aided by ultrasound guidance.
TOE is helpful in detecting RV failure. Alternatively, a high level
of suspicion should be maintained and, if CO decreases and CVP
increases, positive inotropic therapy with milrinone (0.5 µg kg−1
min−1) and dobutamine (3–6 µg kg−1 min−1) should be started.

Anaesthesia for heart transplantation
RV failure is the main cause of early graft failure in heart transplantation. The RV of the donor heart, especially when it is young
and comparably small, is not adapted to overcome the raised pulmonary artery pressure and PVR often present in the recipient. In
addition, the contractility of the donor heart may be impaired by
the ischaemia–reperfusion injury associated with organ preservation and the inflammatory response to CPB. Therefore, prevention
and treatment of RV failure is a central aim in anaesthesia for heart
transplantation. However, in some cases, severe reperfusion injury
of the LV may lead to severe myocardial stunning, diastolic dysfunction, and LV failure. In cases of severe myocardial stunning,
recovery of the heart may take 7–10 days if total recovery takes
place at all. Kobashigawa et al. (2014) provide an excellent detailed
overview of the pathophysiology and treatment strategies for early
graft failure after cardiac transplantation.

Induction of anaesthesia and monitoring
Timing is a critical issue in heart transplantation as the period
of ischaemia of the donor heart should be as short as possible to
reduce ischaemia–reperfusion injury. Any delay in the preparation
of the recipient should be minimized. Ideally, therefore, induction
of anaesthesia and insertion of monitoring lines should be performed quickly, but this may be a problem as these patients have
often experienced extended admissions to intensive care involving
multiple arterial and central venous cannulations.
Usually the heart transplant recipient arrives in the anaesthesia
induction room before the suitability of the organ is confirmed.
Peripheral venous access and an arterial catheter are inserted.
Placement of an arterial catheter can be difficult in patients with an
axial flow LVAD as no arterial pulse can be palpated. Imaging of the
radial artery by ultrasound and image-guided puncture is helpful in
this situation. In those patients without a VAD, the pulse pressure
curve provides a good estimate of the CO and informs the decision
whether to start or increase inotropic therapy with dobutamine or
adrenaline in order to maintain blood pressure and CO during the
induction of anaesthesia and in the pre-CPB period.
After confirmation of suitability of the donor organ, anaesthesia is induced and a central multilumen venous catheter, an introducer with PAC, and large-bore central or peripheral venous access
established. Patients who have been supported with a VAD or total
artificial heart are especially likely to have severe bleeding and a
second large-calibre central venous catheter for rapid infusion of
large volumes is helpful.
Before initiation of CPB, the PAC should be briefly placed in the
pulmonary artery to measure the actual pulmonary artery pressure, PVR, and transpulmonary gradient (TPG). Patients with
an increased systolic pulmonary artery pressure of greater than
60 mm Hg, or a PVR greater than 200 dyn−1 s−1 cm−5, or a TPG
of greater than 15 mm Hg, or a combination of these, are considered to be at high risk of developing early postoperative RV failure
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Box 56.17 Pulmonary vascular resistance and transpulmonary
gradient
PVR = [80 × (mean pulmonary artery pressure − pulmonary
capillary wedge pressure)/cardiac output ('s/cm–5) (normal value
approx. 100 dyn s−1 cm−5)].
Under the condition of hyper-oxygenation and deep anaesthesia the TPG is calculated by:
TPG = [mean pulmonary artery pressure − pulmonary capillary wedge pressure (mm Hg) (normal value approx. 6 mm Hg)].

(for calculation of PVR and TPG, see Box 56.17). Longer periods
of bridging LVAD support are often associated with reductions in
previously raised pulmonary artery pressure and PVR. The PAC
should be withdrawn to lie in the superior vena cava before cannulation for CPB.

Weaning from CPB and post-CPB period
Reduction of RV afterload, while ideally maintaining LV afterload,
and inotropic support of the RV is necessary to provide adequate
filling of the LV. Basic inotropic support is achieved with milrinone
(0.5 µg kg−1 min−1) and dobutamine (3–6 µg kg−1 min−1) and ventilation strategies to reduce PVR are instituted (see ‘Treatment of
right ventricular failure’). The RV is particularly sensitive to distension; care should be taken to avoid excessive preloading of the right
heart. The central venous pressure should be kept below 10–12 mm
Hg and RV function continuously evaluated by direct observation
and TOE assessments.
If acceptable RV performance is not achieved with these measures, pharmacological support can be intensified [nebulization
of iloprost, milrinone, or nitric oxide; infusion of adrenaline,
noradrenaline (levosimendan; vasopressin, sildenafil)].
Closure of the chest and compression of the often swollen
heart by the lungs or sometimes small intrapericardial cavity (e.g. after previous implantation of a TAH) may have a
tamponade-like effect and compromise RV function. Therefore,
chest closure has to be done very cautiously. If previously
acceptable function is not maintained during chest closure, the
chest should be re-opened and delayed closure discussed with
the surgeon, being mindful that the patient will be immunosuppressed. If an adequate effect is still not achieved, temporary
mechanical support via an ECLS system should be considered
(see ‘Temporary mechanical support of the failing heart’). This
can be implanted as an isolated RV ECLS (only roller pump connected right atrium/femoral vein to pulmonary artery) or for
biventricular support (right atrium/femoral vein to aorta/femoral artery) with use of an oxygenator.
Bleeding can be a problem, especially after the use of a VAD or
total artificial heart. There are often extensive adhesions of the tissues and a coagulopathy. A modified thromboelastogram will provide useful information about the need for transfusion of platelets
and clotting factors.
For the authors’ approach to heart transplantation, see Box 56.18.

Fast-track concepts in cardiac anaesthesia
and cardiac surgery
With the development of less invasive cardiac surgery and the pressure on bed availability in the ICU, fast-track treatment concepts

anaesthesia for cardiac surgery

Box 56.18 Authors’ approach: heart transplantation
Haemodynamic management in heart transplantation is similar to management in patients undergoing LVAD implantation.
However, iloprost or milrinone is only nebulized pre-emptively
if the pre-CPB measurements reveal a significant increase in pulmonary artery pressure and PVR.
In cases where moderate inotropic support will not provide stable and adequate haemodynamics (maximum dose of adrenaline
0.2 µg kg−1 min−1), an IABP is implanted. If this does not result
in adequate CO and tissue oxygenation (cerebral NIRS, mixed
venous O2 saturation, pH, serum lactate concentrations) an ECLS
system is implanted as a bridge for recovery for both ventricles
or only the ‘right heart system’ (see ‘Temporary mechanical support of the failing heart’). Therapy with levosimendan may be
instituted to prepare slow weaning from temporary mechanical
support. The coagulation management also follows the strategy
in VAD patients with the standard use of TXA and performance
of a modified thromboelastogram shortly before weaning from
CPB to guide transfusion therapy. Desmopressin (0.04 µg kg−1)
may be helpful in patients who previously had been on VAD support and developed von Willebrand syndrome.

to minimize stay in, or even bypass, the ICU have been developed.
The definition of ‘fast-track’ in cardiac surgery/anaesthesia varies
although it certainly includes the scenario when tracheal extubation takes place in the anaesthetic recovery room within 2–4 h after
surgery and the patient is subsequently managed in an intermediate
care (high dependency) unit without the need for ICU. However,
the concept of ‘fast-track anaesthesia’ may usefully be extended to
include early tracheal extubation even of high-risk patients who are
managed on the ICU.

Patient selection and premedication
Patients should be selected for ‘fast-track’ treatment preoperatively
on the basis of an agreed risk evaluation by the anaesthetist and
surgeon. Patients should not present severe co-morbidities and
they should have good respiratory function. The surgical procedure
should be low risk for perioperative complications such as development of low CO, postoperative bleeding, and so on.
Ideally, patients for fast-track management should be scheduled
for surgery early in the morning to maximize the potential duration
of stay in the anaesthesia recovery room. Surgery should be performed by a senior surgeon to provide the highest possible safety
of the procedure. Premedication should reflect the need for early
tracheal extubation. Longer-acting sedatives should not be given on
the morning of surgery.

Induction of anaesthesia and perioperative care
A key principle of anaesthesia for fast-track procedures is that the
drugs used should not impair the return of spontaneous ventilation and an adequate level of consciousness, to enable tracheal
extubation as soon as the criteria for extubation have been met
(see ‘Anaesthesia recovery room’). Other important considerations
are provision of analgesia for the conscious patient, antiemetic
prophylaxis, and re-establishing normothermia at the completion of surgery with the use of a warming blanket and infusion
warmers.
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Box 56.19 Authors’ approach: fast-track anaesthesia
Induction of anaesthesia is achieved using a bolus of an opioid
(sufentanil 0.5–1.0 µg kg−1 or fentanyl 3–4 µg kg−1), etomidate,
and a short-acting neuromuscular blocking agent. Thereafter, hypnosis is maintained by a continuous infusion of propofol or volatile anaesthetic. Analgesia is achieved by a continuous infusion of
remifentanil (0.2 µg kg−1 min−1). For prevention of postoperative
nausea and vomiting we use dexamethasone (4 mg) or ondansetron (4–8 mg). After closure of the chest, paracetamol (1 g) is given
and continued 6-hourly. Sedation is maintained in the immediate
postoperative period by infusions of propofol and remifentanil.
When the conditions for tracheal extubation are fulfilled, the
infusion rates of propofol and remifentanil are reduced and a
bolus of a longer-acting opioid such as piritramide (5.0–7.5 mg)
is given.

Anaesthesia recovery room
After admission to the anaesthesia recovery room, sedation is
maintained while a chest X-ray is obtained, blood gases optimized,
and blood loss evaluated. The criteria for waking the patient with a
view to tracheal extubation are:
◆
◆

Haemodynamic stability
Adequate pulmonary function with chest X-ray exclusion of
pneumo-/haemothorax

◆

Exclusion of active bleeding

◆

Normothermia.

After tracheal extubation, the patient is instructed in the use of non-
invasive ventilation as required. Analgesia is provided by regular
paracetamol and patient-controlled administration of morphine.
Assuming adequate cardiorespiratory function and establishing
that there is good neurocognitive recovery, after 6–8 h a transthoracic echocardiogram is performed to rule out pericardial effusion.
Thereafter, the patient may be transferred to the intermediate care unit.
For the authors’ approach to fast-track anesthesia, see Box 56.19.
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CHAPTER 57

Anaesthesia for
thoracic surgery
Andrew Roscoe and Peter Slinger
ppoFEV1 % = preoperative FEV1 %

Introduction
The conduct of thoracic anaesthesia requires a sound knowledge of
tracheobronchial anatomy and a thorough understanding of thoracic physiology. This allows for the development of the fundamental
skills essential to facilitate intrathoracic surgery: lung isolation and
the management of one-lung ventilation (OLV) (Campos 2009a;
Ishikawa and Lohser 2011). Thoracic surgery comprises both diagnostic and therapeutic procedures, involving the airways, lung parenchyma, pleura, pulmonary vasculature, and mediastinal structures.

Preoperative assessment
The aim of preoperative assessment is to gauge the patient’s
physiological reserve to tolerate the surgical intervention. The
identification of factors associated with increased perioperative
morbidity and mortality allows for patient risk stratification and
more focused resource utilization in the perioperative period.
With the development of newer surgical techniques and advances
in anaesthetic and intensive care, patients previously labelled ‘too
high risk’ for surgery are now presenting for surgical interventions (Linden et al. 2005). Scoring systems have been developed
in an attempt to predict the risk of in-hospital mortality after lung
resection (Harpole et al. 1999; Berrisford et al. 2005; Falcoz et al.
2007). Thoracoscore (Falcoz et al. 2007) is a logistic regression-
derived model with nine variables (Box 57.1). It is currently recommended by the British Thoracic Society in the evaluation and
consent of patients undergoing resection for lung cancer (Lim
et al. 2010).

× ( 1− %functional lung tissue resected/100 )

(57.1)

Segmental division of the lungs can be used to calculate the amount
of functional lung tissue due to be resected (Fig. 57.2) (British
Thoracic Society 2001). However, the use of this equation often
Box 57.1 Variables included in the calculation of Thoracoscore
◆

Age

◆

Sex

◆

ASA class

◆

Performance status

◆

Dyspnoea score

◆

Priority of surgery (elective vs emergency)

◆

Procedure class (lobectomy vs pneumonectomy)

◆

Diagnosis group (benign vs malignant)

◆

Comorbidity score.

Reproduced from Heart, Albaladejo, P et al., Non-cardiac surgery in patients
with coronary stents: the RECO study, Volume 97, Issue 19, pp. 1566–72,
Copyright © 2011 with permission from BMJ Publishing Group Ltd.

Respiratory assessment

Respiratory function
Evaluation is aimed at predicting whether the patient will develop
severe dyspnoea or ventilator dependency in the postoperative
period. Initial assessment involves basic spirometry: a preoperative forced expiratory volume in 1 second (FEV1) greater than
1.5 litres for lobectomy or greater than 2 litres for pneumonectomy
are traditionally considered acceptable values to proceed to surgery
(British Thoracic Society 2001). From this, the ‘three-legged stool’
approach (Fig. 57.1) was developed (Slinger and Johnston 2005),
which consists of a measure of respiratory mechanics, lung parenchymal function, and cardiorespiratory interaction.
Lung mechanics are assessed using spirometry. The percentage
predicted FEV1 is used to calculate the predicted postoperative
(ppo) FEV1 percentage:

Mechanics

Parenchyma

Cardiorespiratory

FEV1

TCO

VO2max

FVC

pO2

Shuttle walk

ppoFEV1

Stair climb

Figure 57.1 The traditional ‘three-legged stool’ approach to preoperative
respiratory assessment. FEV1, forced expiratory volume in 1 second; FVC, forced
vital capacity; pO2, partial pressure of oxygen; ppoFEV1, predicted postoperative
FEV1; Tlco, lung carbon monoxide transfer factor, Vo2max: peak oxygen
consumption.
Reprinted from permission from Thoracic Surgery Clinics, Volume 15, Issue 1, Slinger, PD and
Johnston, M. Preoperative assessment: an anesthesiologist’s perspective, pp. 11–25, Copyright
© 2005, with permission from Elsevier.
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ppoTLco%= preoperative TLco%

RUL
3
RML

RLL

2

Lingula

2

5

× ( 1− %functional lung tissue resected/100 )

LUL

3

4

LLL

Figure 57.2 Segmental division of the lungs.
Reprinted from The Annals of Thoracic Surgery, Volume 63, Issue 5, Amar, D et al., Effects
of diltiazem versus digoxin on dysrhythmias and cardiac function after pneumonectomy,
pp. 1374–81, Copyright © 1997 The Society of Thoracic Surgeons and the Southern Thoracic
Surgical Association.

underestimates postoperative lung function (Bolinger et al. 1996),
as the tumour may cause the affected segments to contribute less
to overall function. In cases where further significant loss of lung
function would render the patient unsuitable for surgery, additional
evaluation of the functional contribution of the relevant segments
includes scintigraphy (Win et al. 2006a), quantitative computed
tomography (CT) scanning (Wu et al. 1994), and dynamic perfusion magnetic resonance imaging (Ohno et al. 2007).
A similar equation is used to calculate the predicted postoperative lung carbon monoxide transfer factor (Tlco) percentage,
which is a measure of parenchymal function:

(57.2)

Current recommendations (Lim et al. 2010) suggest the measurement of Tlco in all patients regardless of spirometric values to
establish patient risk category (Fig. 57.3). Low-risk patients may
proceed to surgery. Patients found to be at moderate or high risk
of postoperative dyspnoea should be further differentiated using a
marker of cardiorespiratory interaction.
Stair climbing is the simplest evaluation of cardiopulmonary
function. In one study, the ability to walk up three flights of stairs
was associated with reduced postoperative ventilation and hospital stay (Olsen et al. 1991). Other studies have used stair climbing
to predict post-resection outcomes (Holden et al. 1992; Brunelli
et al. 2002). However, routine application of this test should be
viewed with caution, as the lack of standardization in stair height
and outcome measures makes data difficult to interpret (Lim
et al. 2010). Shuttle walk testing is a more cogent alternative. It
involves increasing the pace of walking over a repeated 10 m distance. Studies suggest good reproducibility and correlation with
formal cardiopulmonary exercise testing (Singh et al. 1994; Win
et al. 2006b; Benzo and Sciurba 2010). A cut-off of 400 m has been
proposed to differentiate moderate-and high-risk groups (Lim
et al. 2010). Measurement of peak oxygen consumption (V̇o2max)
may help further to delineate between moderate and high-risk
groups (Benzo et al. 2007; Brunelli et al. 2009), although the recommended cut-off value of 15 ml kg−1 min−1 is arbitrary (Lim
et al. 2010).

Spirometry and TLCO

ppoFEV1 <40%
and/or
ppoTLCO <40%

ppoFEV1 >40%
and/or
ppoTLCO >40%

low risk

Proceed to surgery

Functional assessment

?
moderate risk
Shuttle walk <400 m
and
VO2max <15 ml/kg/min

Shuttle walk >400 m
or
VO2max >15 ml/kg/min

high risk

Consider LVRS to
improve lung function
or sub-lobar resection

Figure 57.3 Risk assessment for postoperative dyspnoea after lung resection. FEV1, forced expiratory volume in one second; LVRS, lung volume reduction surgery; ppo,
predicted postoperative; Tlco, lung carbon monoxide transfer factor, Vo2max: peak oxygen consumption.
Reproduced from Heart, Albaladejo, P et al., Non-cardiac surgery in patients with coronary stents: the RECO study, Volume 97, Issue 19, pp. 1566–72, Copyright © 2011 with permission from BMJ
Publishing Group Ltd.
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Patients at moderate risk may undergo lung resection after appropriate consent and acceptance of the risks of postoperative complications. Those in the high-risk group should be considered for sub-lobar
resection (Ginsberg and Rubinstein 1994) or combined lung volume
reduction surgery (Lim et al. 2010) to improve lung function.

Cardiovascular status
Cardiac morbidity is the second most common complication following thoracic surgery. Patients undergoing resection for lung
cancer frequently have an extensive history of cigarette smoking,
putting them at significant risk for coronary artery disease. The incidence of myocardial infarction or cardiac death after lung resection
is approximately 1–5%. Myocardial ischaemia classically occurs on
postoperative days 2 and 3. Cardiac risk assessment begins with history, examination, and evaluation of functional status. Patients with
major clinical predictors of myocardial risk (Table 57.1) (Fleisher
et al. 2007) should be referred for evaluation by a cardiologist for
Table 57.1 Clinical predictors of increased perioperative cardiac risk
Level

Detail

Major
Unstable coronary syndromes

Severe/unstable angina (CCSC 3 or 4)
MI within 30 days

Decompensated heart failure
Significant arrhythmias

High-grade atrioventricular block
SVT with uncontrolled ventricular rate
Symptomatic ventricular arrhythmias

Severe valvular disease
Intermediate
Coronary disease

Mild angina (CCSC 1 or 2)
Previous MI
Compensated heart failure
Diabetes mellitus
Renal insufficiency

Minor
Advanced age
Abnormal ECG
Non-sinus rhythm
Low functional capacity
History of stroke
Uncontrolled hypertension
CCSC, Canadian Cardiovascular Society Class; MI, myocardial infarction; SVT,
supraventricular tachycardia.
Reproduced with permission from Fleischer, L. et al. ACC/AHA 2006 Guideline Update
on Perioperative Cardiovascular Evaluation for Noncardiac Surgery: Focused Update on
Perioperative Beta-Blocker Therapy—A Report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines (Writing Committee to
Update the 2002 Guidelines on Perioperative Cardiovascular Evaluation for Noncardiac
Surgery). Anesthesia Analgesia, Volume 104, Issue 1, pp. 15–26, Copyright © 2007
International Anesthesia Research Society.

anaesthesia for thoracic surgery

non-invasive testing and treatment of their underlying pathophysiology. Lung resection should be avoided within 30 days of a myocardial infarction (Lim et al. 2010). The revised cardiac risk index
(Lee et al. 1999) is used to assess the non-high-risk group: risk factors include intrathoracic surgery, history of congestive heart failure,
ischaemic heart disease, history of cerebrovascular disease, diabetes mellitus treated with insulin, and preoperative renal dysfunction (serum creatinine >177 μmol litre−1). Those with two or fewer
risk factors and good exercise capacity (ability to climb one flight of
stairs or equivalent) may proceed to surgery without further investigations. Patients with three or more risk factors, or reduced functional capacity, require further investigation and cardiology review
(Lim et al. 2010).
Therapeutic options in patients with coronary artery disease
include optimization of medical therapy, percutaneous revascularization, and coronary artery bypass graft surgery. The current
American College of Cardiology/American Heart Association
(ACC/
AHA) guidelines (Fleisher et al. 2007) suggest that
β-blockers may be considered for patients in the intermediate-and
high-risk groups undergoing intrathoracic surgery. Although the
evidence for the routine use of β-blockade is still under debate
(Bangalore et al. 2008), the withdrawal of β-blockers in the preoperative period is not recommended and may be detrimental
to patient outcome (Shammash et al. 2001). The optimization of
medical therapy should occur as early as possible in the preoperative pathway period. Both statins and aspirin should be continued
throughout the perioperative period (Lim et al. 2010).
The dilemma with percutaneous coronary intervention lies
with the type of intervention, the requirement for antiplatelet
medication, and the duration of antiplatelet therapy. There are no
studies specific to thoracic surgery, but in high-risk vascular surgery there is no benefit of prophylactic intervention (Godet et al.
2005) unless the patient has conventional indications for revascularization (Silber et al. 2005). A multidisciplinary approach
involving cardiology, thoracic surgery, and anaesthesia is advocated to balance the risk of coronary stent thrombosis against the
potential for intraoperative bleeding. Dual antiplatelet therapy
(clopidogrel and aspirin) should continue for 3–4 weeks following a bare-metal stent and 6–12 months after placement of a
drug-eluting stent (Silber et al. 2005). Surgery within 2 weeks of
stent insertion is associated with an unacceptably high incidence
of perioperative cardiac events and death (Kaluza et al. 2000).
Interruption of antiplatelet therapy for more than 5 days before
surgery is associated with a 10% incidence of major adverse cardiac and cerebrovascular events, typically occurring 3–5 days
postoperatively (Albaladejo et al. 2011). Options include cessation of oral antiplatelet medication and bridging to surgery with
intravenous antiplatelet therapy (Pickett et al. 2010). There is no
evidence to support preoperative coronary artery bypass graft
surgery unless the patient has conventional indications for such
surgery (McFalls et al. 2007).
Arrhythmias are uncommon following minor wedge or segmental lung resection, but the incidence is 12–33% in patients undergoing lobectomy and larger resections (Roselli et al. 2005; Amar 2007).
The most common dysrhythmia in the first postoperative week is
atrial fibrillation (AF) (Ritchie et al. 1990). The use of a minimally
invasive video-assisted thoracic surgery (VATS) approach does not
appear to reduce the incidence of AF compared to open thoracotomy (Park et al. 2007). The proposed mechanisms for postoperative
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atrial arrhythmias include heightened sympathetic stimuli and oxygen requirements, usually maximal on the second postoperative
day, and an increase in strain on the right ventricle (RV) associated
with elevated right heart pressures (Amar et al. 1997; Slinger and
Campos 2009). Predictors for the development of postoperative AF
include male gender, advanced age, and a preoperative heart rate
above 72 beats min−1 (Passman 2005). The ability to identify ‘at-risk’
patients allows for dysrhythmia prophylaxis, but it is still unclear if
this improves patient outcome or reduces hospital length of stay
(Amar 2007). Evidence suggests the use of diltiazem over amiodarone or β-blockers as the antiarrhythmic agent of choice in the treatment of AF after thoracotomy (Amar et al. 1997, 2000; Bayliff et al.
1999). Prophylactic magnesium sulfate may have a role in high-
risk patients undergoing pneumonectomy (Saran et al. 2011) and
the use of statins has been associated with a reduced incidence of
post-thoracotomy AF (Amar et al. 2005). Thoracic epidural local
anaesthetics may attenuate supraventricular tachycardias by their
partial sympathetic blockade (Oka et al. 2001). Patients suffering
from chronic obstructive pulmonary disease (COPD) are more
resistant to treatment and polypharmacy is often necessary (Sekine
et al. 2001).

Surgical resection in patients with severe COPD is feasible. The
use of VATS, lung volume reduction surgery, and sub-lobar resections provide acceptable outcomes in this high-risk group, although
there is an increased incidence of postoperative respiratory complications and prolonged length of stay (McKenna et al. 1996; Linden
et al. 2005; Garzon et al. 2006; Lau et al. 2010; Raviv et al. 2011).

Renal dysfunction

Co-morbidities

Post-thoracotomy renal impairment occurs in up to 24% of patients
(Golledge and Goldstraw 1994). The incidence of acute kidney
injury is lower at 1–4% (Frumento et al. 2006), but the associated
mortality can be as high as 19% (Golledge and Goldstraw 1994).
Risk factors for the development of postoperative renal impairment
include pneumonectomy, preoperative renal dysfunction, preoperative use of diuretics, intraoperative blood loss, and postoperative
infection (Golledge and Goldstraw 1994). There is no evidence that
the use of non-steroidal anti-inflammatory drugs precipitate renal
dysfunction (Perttunen et al. 1991), but they should be used with
caution in patients with kidney disease. Patients with pre-existing
renal failure, requiring haemodialysis, can be managed successfully with good outcomes after lung resection (Obuchi et al. 2009).
Careful fluid management is essential in the perioperative period,
particularly in pneumonectomy patients (Slinger 2006a).

Age

Obesity

Age itself does not provide a contraindication to surgery. The
perioperative mortality for elderly patients (>80 years) undergoing lobectomy is comparable to that of younger patients, but the
complication rate is two to three times higher (Osaki et al. 1994;
Fannuchi et al. 2011). However, the outcomes after pneumonectomy (especially right-sided) are significantly worse in the elderly
(Spaggiari and Scanagatta 2007). It appears that functional exercise
capacity is the major determinant of outcome in this population
(Brunelli et al. 2004).

Chronic obstructive pulmonary disease
COPD is a disease state characterized by progressive airflow limitation, which is not fully reversible. The diagnosis is based on a
history of dyspnoea and productive cough, and is confirmed by
spirometry: an FEV1/FVC less than 70% (where FVC is forced
vital capacity) and a post-bronchodilator FEV1 less than 80% predicted confirm the presence of airflow limitation. Severity of COPD
is based upon FEV1% predicted values—mild: FEV1 greater than
80%; moderate: FEV1 30–80%; and severe: FEV1 < 30% (Pauwels
et al. 2001).
Several issues must be addressed in patients with COPD. The
anaesthetist must be aware of the effects of instituting positive
pressure ventilation and potential life-threatening complications.
Dynamic hyperinflation may lead to ‘breath-stacking’ and ‘pulmonary tamponade’ with eventual cardiac arrest, whilst rupture of
a bulla can result in a tension pneumothorax (Myles et al. 1995;
Gao et al. 2011; Marseu et al. 2011). RV dysfunction is common in
COPD with a reduction in RV ejection fraction (Gao et al. 2011).
The RV is intolerant of acute increases in afterload, which may be
induced by positive pressure ventilation, and RV failure may ensue
(MacNee 1994; Myles et al. 1995). In the postoperative period,
identification of patients designated to be ‘CO2-retainers’ and those
with nocturnal hypoxaemia allows for vigilant monitoring, as postoperative oxygen therapy will be required in this population (Jokic
and Fitzpatrick 1996).

For patients undergoing lobectomy, a body mass index (BMI)
greater than 30 kg m−2 was not found to be associated with an
increase in perioperative morbidity or mortality (Smith et al. 2007).
However, a BMI greater than 25 kg m−2 has been shown to be a risk
factor for postoperative respiratory complications after pneumonectomy (Petrella et al. 2001).

Tumour assessment
Lung cancer can be initially divided into non-small cell lung cancer
(NSCLC), comprising 80% of lung cancers (Travis 1995), and small
cell lung cancer (SCLC). Other less common tumours include carcinoid tumours, adenoid cystic carcinoma, and sarcomas. Tobacco
smoking is responsible for approximately 90% of lung cancers
(Felstein and Bach 2000), whilst pleural mesotheliomas are strongly
linked to asbestos exposure (Peto et al. 1982).
Patients presenting with lung cancer should be assessed for the
‘4 M’s’ associated with malignancy. These are mass effects, metabolic derangements, metastases, and medications. Large tumours
may compress both bronchial and important vascular structures,
leading to cardiovascular compromise on induction of anaesthesia.
Paraneoplastic syndromes are not uncommon with lung cancers
and any systemic effect must be evaluated. Patients presenting for
excision of a metastasis from a germ-cell tumour may have been
exposed to bleomycin chemotherapy, putting them at risk of hyperoxic pulmonary toxicity (Mathes 1995).

Adenocarcinoma
The most common of NSCLC (Subramanian and Govindan 2007),
these tumours tend be peripheral and slow growing, but metastasize early to the brain, liver, bone, and adrenal glands. They may
spread to the chest wall, diaphragm, and pericardium and include
the ‘Pancoast tumour’ which typically invades the ribs and vertebrae. Some secrete paraneoplastic metabolic substances, such as
growth hormone and corticotrophin. Adenocarcinoma is associated with hypertrophic pulmonary osteoarthropathy (‘clubbing’).
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A subtype of adenocarcinoma is bronchoalveolar carcinoma,
which spreads along the alveolar membrane, and is seen more
in female ‘never-smokers’ (Raz et al. 2006). Because of its lack of
spread outside the lungs, transplantation is a treatment option (de
Perrot et al. 2004).

Squamous cell carcinoma
Squamous cell carcinoma is the second most common NSCLC
tumour and is strongly linked to cigarette smoking (Kenfield et al.
2008). It is more common in men than women. Tumours tend to
be large and although they often metastasize to local hilar lymph
nodes early in their course, they only disseminate outside the thorax much later than other tumours. Their large size causes local
mass effects, with potential for bronchial and vascular obstruction. Central necrosis can lead to cavitation. The secretion of
parathyroid-related peptide may render the patient hypercalcaemic
(Takai et al. 1996).

Large cell carcinoma
Large cell carcinoma is the least common of the NSCLC
(Subramanian and Govindan 2007) and comprises a group of undifferentiated neoplasms derived from lung epithelial cells. Tumours
are typically large and found in the peripheries of the lung. Rapid
growth, widespread metastases, and cavitation are features of this
type of cancer.

Small cell lung cancer
SCLC is an undifferentiated neoplasm thought to originate from
neuroendocrine cells in the bronchus. Early metastasis renders
most patients inoperable at the time of presentation. It is divided in
limited stage (LS) and extensive stage (ES). In LS-SCLC the mainstay of treatment is combination chemotherapy with concurrent
radiotherapy. Small, solitary nodules may be suitable for surgical
resection with adjuvant chemotherapy (Urschel et al. 1997). In ES-
SCLC combination chemotherapy is the standard, with radiotherapy only added for palliation of symptoms.
SCLC is known for production of ectopic hormones: adrenocorticotropic hormone, leading to Cushing’s syndrome, and antidiuretic hormone, resulting in hyponatraemia. Approximately half of
patients with Eaton–Lambert myasthenic syndrome will eventually
be diagnosed with SCLC (Titulaer et al. 2008). The syndrome is as
a result of impaired release of acetylcholine from nerve terminals
and presents with proximal muscle weakness. Unlike myasthenia gravis, repeated muscle contraction initially improves muscle
strength. Patients are extremely sensitive to both depolarizing and
non-depolarizing neuromuscular blocking agents and respond
poorly to anticholinesterase reversal agents (Levin 1997).

Carcinoid tumours
Bronchial carcinoid represents the most indolent form of a group
of neuroendocrine lung tumours, which includes SCLC. Carcinoid
tumours typically occur in the gastrointestinal tract, but 10% are
found in the lungs. Tumours develop within the airways and may
present with bronchial obstruction or haemoptysis. Carcinoid syndrome occurs in approximately 2% of cases (Chong et al. 2006),
usually associated with liver metastases. It is characterized by tachycardia, hypotension, and bronchoconstriction secondary to excess
serotonin production. As a neuroendocrine tumour, secretion of
adrenocorticotropic hormone and antidiuretic hormone and other
biologically active peptides is possible.

anaesthesia for thoracic surgery

Pleural tumours
Benign pleural tumours are much less common than diffuse malignant mesothelioma, but have the potential for successful resection.
They are typically solitary fibrous tumours or nodular plaques, but
rarer types also occur, such as mesothelial cysts and Schwannomas
(Granville et al. 2005). The incidence of malignant pleural mesothelioma is increasing worldwide (Ceresoli et al. 2007). Patients often
present with dyspnoea secondary to large pleural effusions. Early
diagnosis and staging may provide patients with the option of ‘trimodality’ therapy: induction chemotherapy, surgical resection, and
adjuvant radiotherapy (Buduhan et al. 2009). However, results of a
recent trial suggest that the high perioperative morbidity associated
with extrapleural pneumonectomy confers no benefit to patients
and may cause harm (Treasure et al. 2011).

Airway assessment
In addition to the standard assessment of the airway, the thoracic
anaesthetist must also ascertain the ease of endobronchial intubation. A history of difficult endobronchial intubation, previous
intrathoracic or airway surgery, radiotherapy, and pulmonary
infection should alert the anaesthetist. Review of imaging (chest
X-ray and CT scan) is essential (Slinger and Campos 2009). The
tracheal lumen of a left-sided double-lumen endobronchial tube
(DLT) can become occluded in the presence of a ‘sabre-sheath’ trachea (Bayes et al. 1994) and the presence of an ascending thoracic
aortic aneurysm may compress and distort the left main bronchus
(Duke et al. 1987), making a left-sided DLT difficult and potentially
hazardous to insert (Fitzmaurice and Brodsky 1999).

Patient optimization
Smoking
It would seem prudent to encourage patients to stop smoking before
any major surgery. Ideally, cessation of smoking should be 6–8
weeks before surgery to allow for restoration of mucociliary function, reduction in sputum volume, and recovery of immune function (Pearce and Jones 1984). Although the majority of evidence
suggests that cessation for greater than 4 weeks is associated with
reduced postoperative morbidity and mortality (Nakagawa et al.
2001; Vaporciyan et al. 2002; Mason et al. 2009), some studies have
shown that benefit can still be gained by stopping closer to the time
of surgery (Barrera et al. 2005; Groth et al. 2009). Indeed, cessation
of smoking for just 12 h will reduce blood carboxyhaemoglobin
concentrations (Akrawi and Benumof 1997). However, current recommendations advocate counselling of patients to stop smoking as
early as possible before lung resection (Mason et al. 2009).

Physiotherapy
Evidence suggests that patients with COPD undergoing lung
resection benefit from intensive preoperative chest physiotherapy
(Warner 2000), which aims to loosen and clear secretions. A multidisciplinary rehabilitation programme, comprising exercise, nutrition, education, and psychosocial support, shows improvements
in patient functional capacity, but may not alter outcomes (Kesten
1997; Shannon 2010).

Medications
Although patients with COPD have, by definition, reduced reversal of airflow limitation by bronchodilators, the preoperative use
of inhaled β2-agonists and anticholinergics appears rational to
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optimize lung function (Behr 2001). The use of systemic corticosteroid therapy is advocated in acute exacerbations of COPD
(Niewoehner et al. 1999), but the role of routine inhaled corticosteroids in stable COPD is less clear (Barnes 2005). Active chest
infections should be treated aggressively with appropriate antimicrobial therapy and surgery should be postponed until infection
control has been achieved (Behr 2001).
Medications for other comorbidities should be optimized appropriately. Good perioperative glucose control in diabetic patients
will reduce the incidence of postoperative infections (Talbot
et al. 2005).

Intraoperative management
Monitoring
Standard monitoring
For the safe conduct of induction and maintenance of anaesthesia
the minimum required monitoring devices include pulse oximetry,
ECG, non-invasive blood pressure monitor, airway gases (oxygen,
carbon dioxide, and vapour), and airway pressure (Association of
Anaesthetists of Great Britain and Ireland 2015). The use of invasive monitors (arterial, central venous, and pulmonary artery catheters) will depend on the extent of the surgery and the potential for
complications. Specific to many thoracic procedures is the position
of the patient in the lateral decubitus position, making intraoperative placement of invasive monitoring technically more difficult,
so a low threshold for the insertion of invasive monitoring at the
beginning is often preferred (Slinger and Campos 2009).
Current guidelines recommend the use of temperature monitoring and forced air warming devices in all cases expected to last
more than 30 min, and the warming of intravenous fluids if more
than 500 ml is being administered (NICE 2008). Intraoperative
hypothermia (defined as core temperature <36ºC) is associated
with increased wound infection, adverse cardiac events, and prolonged length of hospital stay (Kurz et al. 1996; Frank et al. 1997;
Lenhardt et al. 1997).
Fibreoptic bronchoscopy (FOB) should be performed to confirm
the correct placement of DLTs and endobronchial blockers (EBBs)
(de Bellis et al. 2011). After lateral positioning of the patient, confirmation of the correct position of the device should be repeated with
FOB (Desiderio et al. 1997).
A nerve stimulator should be available whenever neuromuscular
blocking agents are used. Current guidelines do not recommend
the routine use of monitoring depth of anaesthesia with brain function monitors (ASA Task Force 2006).

Invasive monitoring
The use of invasive blood pressure monitoring via an arterial cannula is recommended for most intrathoracic procedures. Surgical
manipulation may cause compression of the heart or great vessels
and visualization of beat-to-beat pressure allows for more appropriate management. In addition, it provides for intermittent blood
gas sampling, which may guide ventilatory settings. Insertion of the
arterial cannula in the contralateral side to the surgery (lowermost
side) may aid in safe lateral positioning of the patient by ensuring an adequate pulse waveform is still present, confirming that the
axillary artery has not been compressed.
Intraoperative central venous pressure (CVP) monitoring is
often difficult to interpret as a result of the effects of lateral patient

position, lung collapse, and intermittent surgical manipulation.
However, it is useful in postoperative fluid management (Slinger
and Campos 2009). A CVP line also offers access for the infusion
of potent vasoactive agents. It is generally inserted in either the
internal jugular or subclavian vein on the same side as the ensuing
surgery, as the complication of pneumothorax is readily resolved by
the surgical thoracotomy.
Complications of pulmonary artery catheter (PAC) insertion
are well documented (Pulmonary Artery Catheter Consensus
Conference 1997) and the accuracy of thermodilution cardiac output measurements during OLV is debatable (Hasan et al. 1984). The
insertion of a PAC is reserved for the very high-risk patient, when
beat-to-beat pulmonary artery pressure monitoring is required or
for the measurement of mixed venous oxygen saturation (Sv O2 ).

Minimally invasive cardiac output monitors
The use of a less invasive cardiac output monitor device appears an
attractive alternative to the PAC. Devices based on pulse contour analysis make use of pulse pressure variation and stroke volume variation
to detect fluid responsiveness and allow a ‘goal-directed’ approach to
haemodynamic management (Brass et al. 2011). However, a consensus on the validation and accuracy of these devices has not yet been
reached (Cecconi and Rhodes 2009).
The oesophageal Doppler monitor measures blood velocity in the
descending thoracic aorta to calculate the stroke volume and cardiac
output. Although its routine use is not associated with reduced mortality, reduction in perioperative morbidity and hospital length of
stay have been consistently reported, leading to recommendations
for its use in patients undergoing major or high-risk surgery (NICE
2011). Oesophagectomy provides a contraindication to its use.

Central venous and mixed venous O2 saturation

The measurement of Sv O2 as an indicator of the adequacy of body
tissue oxygenation may improve patient outcomes (Pölönen
et al. 2000; Holm et al. 2011), but requires the flotation of a PAC.
Substitution of Sv O2 with central venous oxygen saturation (Scv O2 )
monitoring requires only a CVP line, but may not provide as accurate an indicator of tissue oxygenation as Sv O2 (Chawla et al. 2004).
However, improved patient outcomes have been seen with goal-
directed therapy using (Scv O2 ) (Donati et al. 2007).

Transoesophageal echocardiography
Although not recommended for routine thoracic surgery, the intraoperative management of specific thoracic procedures (pulmonary
endarterectomy and lung transplantation) benefits from utilization
of transoesophageal echocardiography (TOE). Visualization of RV
function permits early detection of dysfunction and prompt intervention (Pedoto and Amar 2009). In haemodynamic instability, the
left ventricle (LV) can be quickly assessed for contractility, volume
status, and pericardial compression, with expeditious correction
of any abnormality. Preload and filling status are more accurately
evaluated by TOE than by PAC (Della Rocca et al. 2009). In lung
transplantation, TOE should be used to assess the vascular anastomoses (Leibowitz et al. 1994; Michel-Cherqui et al. 1997). Stenosis
of the pulmonary vein anastomosis is associated with graft failure
(Huang et al. 2000).

Spirometry
Continuous measurement and display of intraoperative lung
volumes, pressures, and flow alerts the anaesthetist to DLT malposition, bronchospasm, surgical air leak, acute changes in lung
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compliance, and the development of ‘breath-stacking’ and intrinsic
positive end-expiratory pressure (PEEP) (Bardoczky et al. 1993a,
1993b; Iwasaka et al. 1996; Katsuno 1997).
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Table 57.2a Sizes and dimensions of double-lumen endobronchial tubes
DLT French gauge

OD (mm)

Tracheal ID (mm)

Bronchial ID (mm)

Lung isolation techniques

28

9.3

3.2

3.1

Isolation and separation of the lungs is used to allow surgical access, prevent ‘spillage’ from one lung to the other, and to
facilitate differential lung ventilation. Methods of lung isolation
include DLTs, EBBs, and endobronchial tubes. Patients with a tracheostoma can present a challenge. A small DLT can be inserted
through a well-formed stoma. A specific DLT has been designed
for patients with a tracheostomy (Saito et al. 1998). Other options
include positioning an EBB through a regular tracheostomy tube
(Tobias 2001) and insertion of a double-lumen tracheostomy tube
(Trachpart, Rüsch, Germany) (Fig. 57.4) (Alberti et al. 1992; Salluh
et al. 2005). Options for lung isolation in a patient with a difficult
airway include the use of an EBB through a single-lumen tracheal
tube or changing a single-lumen tracheal tube for a DLT over a
tube-exchange catheter.

32

10.7

3.5

3.4

35

11.7

4.5

4.3

37

12.3

4.7

4.5

39

13.0

4.9

4.9

41

13.7

5.4

5.4

DLT, double-lumen endobronchial tube; ID, internal diameter; OD, outer diameter.
Data from Katsuno M, 1997, ‘Usefulness of on-line spirometry in bronchospasm occurring
during anaesthesia’, Masui vol. 46, pp. 1599–601.

Table 57.2b Sizes and dimensions of Robertshaw double-lumen
endobronchial tubes. The tracheal and bronchial lumens are D-shaped
and the same dimension; the bronchial lumen cross-section becomes
circular beyond the bronchial cuff (Phoenix Medical, UK)

Double-lumen endobronchial tubes
Since the introduction of the Carlens DLT in 1950 (Bjork and
Carlens 1950), several modifications have produced a variety of
DLTs (Bryce-Smith 1959; White 1960; Robertshaw 1962; Clapham
and Vaughan 1985; Ghosh et al. 2008). The more modern polyvinyl chloride (PVC) tubes have a larger internal to external diameter ratio, are more compliant, and have been associated with
easier, less traumatic insertion (Burton et al. 1983; Clapham and
Vaughan 1985).
The first step for the anaesthetist is to select the size of DLT
required for an individual patient. The red rubber ‘Robertshaw’ DLT
offers extra-small, small, medium, and large sizes. The PVC tubes
are ‘French gauge’ and are available in 26, 28, 32, 35, 37, 39, and 41
sizes (Table 57.2a and Table 57.2b) (Campos 2003). Selection of a
DLT that is too large may lead to airway trauma, whilst an undersized
tube is more prone to displacement and malposition during surgery

L
R

AP
SEMI-SUPINE
PORTABLE
90/6.4 AT 7:45pm

Figure 57.4 Chest X-ray showing a double-lumen tracheostomy tube used to
facilitate differential lung ventilation, with the endobronchial lumen in the left
main bronchus.

Robertshaw size OD (mm)

D-section ID (mm)

Bronchial tip ID (mm)

Extra-small

10.6

3.5 × 5.5

5.0

Small

12.5

4.0 × 6.5

5.5

Medium

14.8

5.4 × 7.2

7.2

Large

15.7

5.4 × 7.9

7.9

ID, internal diameter; OD, outer diameter.
Data from Phoenix Medical.

Table 57.3 Selection of double-lumen tube size
based on tracheal diameter
Tracheal diameter (mm)

DLT size

> 18

41

16–18

39

15–16

37

< 15

35

DLT, double-lumen endobronchial tube.
Data from Brodsky JB et al., The relationship between tracheal width
and left bronchial width: Implications for left-sided double-lumen
tube selection, J Cardiothorac Vasc Anesth, 2001, vol. 15, pp. 216–7.

(Wagner et al. 1985; Brodsky et al. 1989). Various methods have been
proposed to calculate the ideal DLT size for an individual patient,
based on height, tracheal diameter, and bronchial dimensions, using
the chest X-ray, CT scan, and ultrasound (Hannallah et al. 1997;
Eberle et al. 1999; Brodsky et al. 2001; Jeon et al. 2005; Sustic et al.
2008). However, the use of tracheal diameter for selection (Table 57.3)
may result in overestimation of DLT size (Chow et al. 1998; Slinger
2001). A basic approximation for the selection of PVC DLT size
based on patient height is shown in Table 57.4 (Slinger 2001).
Insertion of a DLT is generally performed using the ‘blind’ technique. Laryngoscopy is used to pass the tube through the vocal
cords, the stylet is withdrawn and the tube is then advanced and
rotated anticlockwise (left-sided DLT) or clockwise (right-sided
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Table 57.4 Sizing of polyvinyl chloride double-lumen endobronchial tube
Male

(A)

(B)

Female

Height

DLT size

Height

DLT size

>170 cm

41

>160 cm

37

160–170 cm

39

152–160 cm

35

<160 cm

37

<152 cm

32

DLT, double-lumen endobronchial tube.
Data from Slinger PD, Lung isolation in thoracic anesthesia, state of the art, Can J Anaesth,
2001, vol. 48, pp. R13–15.

DLT). Formulae exist to calculate the depth to which the tube should
be inserted (Bahk and Oh 1999; Chow et al. 2002). The simplest is:
Depth = 12 + ( patient height in cm/10)

(57.3)

In shorter-stature patients, there is less correlation between height
and depth of insertion (Yasumoto et al. 2006). The anaesthetist
should be aware that after confirming optimal tube depth with the
DLT in the midline position, movement of the tube to the angle
of the patient’s mouth for fixation may cause the tube to withdraw
from the left main bronchus by 10–15 mm (Sharma et al. 2009).
The alternative technique involves passing the FOB down the
bronchial lumen, once the DLT has passed the vocal cords, to guide
the tube into the correct bronchus (Boucek et al. 1998). Correct
tube position should be confirmed by FOB, as auscultation by itself
can be unreliable (Desiderio et al. 1997; Slinger and Campos 2009).
The ideal position of a left-sided tube is shown in Fig. 57.5.
The majority of procedures can be undertaken with left-sided
DLTs and are preferred by most anaesthetists as they are assumed to
have a greater margin of error of placement (Slinger 2010). However,
a right-sided DLT is indicated in certain circumstances (Box 57.2),
so there is a strong argument for its use for all left-sided thoracotomies to maintain skills in its insertion and positioning (Campos and
Gomez 2002; Ehrenfeld et al. 2010; Slinger 2010). Right-sided DLTs
are designed with an orifice within the bronchial cuff to incorporate
the higher take-off of the right upper lobe (Fig. 57.5). The use of
FOB is recommended to ensure this orifice is accurately positioned
(Slinger 2010). Knowledge of bronchial anatomy is key to the successful positioning of DLTs (Campos et al. 2006).

Endobronchial blockers
EBBs provide an alternative method for lung isolation. They are
positioned into the main bronchus of the operative lung with the
aid of FOB. The balloon is inflated under FOB visualization when
the patient is in the lateral position. The balloon should be inflated
when the lung to be isolated is deflated (end-expiration), as collapse of the lung through the narrow EBB lumen may take longer
compared to a DLT (Narayanaswamy et al. 2009). In patients with
severe COPD and gas-trapping, it may be beneficial to temporarily disconnect the ventilator to allow for maximal lung collapse
before balloon inflation, before reconnection and recommencing
ventilation.
Several types of EBB exist (Fig. 57.6): the Univent® torque control EBB (Fuji Systems Corporation, Tokyo, Japan) is a modified
tracheal tube with an attached lumen for advancement of the EBB
component. The Arndt wire-guided EBB (Cook Medical, Limerick,

Figure 57.5 Endobronchial position of (a) left-and (b) right-sided
double-lumen tubes.

Box 57.2 Indications for a right-sided double-lumen
endobronchial tube
◆

Left-sided ‘sleeve’ resection

◆

Intraluminal tumour within left main bronchus

◆

External compression of left main bronchus: mediastinal
tumour thoracic aortic aneurysm

◆

Left pneumonectomy

◆

Left single-lung transplantation

◆

Left-sided tracheobronchial disruption

◆

Stent within left main bronchus.

Data from Lim, E et al. 2010, ‘Guidelines on the radical management of
patients with lung cancer’, Thorax vol. 65, pp. iii1–27.

Ireland) is used with a conventional tracheal tube with a specific
connector that allows lung ventilation during EBB placement. The
wire is looped around a FOB, which guides the EBB into the appropriate bronchus. The Fuji Uniblocker™ (Fuji Systems Corporation,
Tokyo, Japan) is designed with an angulation at the tip to allow
the anaesthetist to twist the EBB to direct the tip into the correct
bronchus. With the Cohen tip-deflecting blocker (Cook Medical,
Limerick, Ireland) the anaesthetist turns the wheel control mechanism that deflects the tip towards the appropriate bronchus.
Positioning of the tip into the left main bronchus may be facilitated
by turning the patient’s head to the right.
An advantage of EBBs includes the ability to achieve lung isolation in patients where it is only possible to intubate the trachea
with a single-lumen tracheal tube (Campos 2010). Selective lobar
blockade is also possible (Campos 2005).

Endobronchial tubes
Single-lumen endobronchial tubes (EBTs) are long, reinforced
tubes with a modified, short cuff and non-bevelled tip (Fig. 57.7).
They are designed to be placed within the main bronchus under
FOB guidance. Although not commonly used, an indication for
use may include ventilation of the contralateral lung early after
a pneumonectomy, where it is desirable to avoid exposure of
the bronchial stump to intermittent positive pressure ventilation
(IPPV). Bilateral EBTs can be used for lesions close to the carina
(Lobato et al. 1997).
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Figure 57.6 Several designs of endobronchial blocker: (a) Arndt wire-guided, (b) Fuji Uniblocker™, (c) Cohen tip-deflecting blocker, and (d) Univent® blocker.
Courtesy of Smiths Medical and Fuji Systems.

Figure 57.7 Single-lumen endobronchial tube.
Courtesy of Fuji Systems.

Complications of lung isolation
The most common complications of DLT placement are airway
trauma and malposition. Airway trauma ranges from dental injury
and pharyngeal abrasion to the more serious tracheobronchial rupture (Fitzmaurice and Brodsky 1999). Bronchial rupture has been
reported with Carlens, PVC, and Robertshaw-type DLTs (Guernelli
et al. 1979; Heiser et al. 1979; Yuceyar et al. 2003). DLT malposition will lead to failure of lung collapse, potential leakage of gases
when performing OLV, and increased risk of hypoxaemia (Inoue
et al. 2004). The tracheal or bronchial cuff may be damaged by
the patient’s teeth during passage through the mouth, resulting
in failure to inflate the relevant cuff. Less common complications
of DLTs include massive airway bleeding, development of a tension pneumothorax, subcutaneous emphysema, and kinking of the
DLT tube (Sivalingham and Tio 1999; Weng et al. 2002; Ambrosio
et al. 2011).
Malposition of an EBB, with herniation of the balloon back into
the trachea, will result in inability to adequately ventilate, hypoxaemia, and eventually cardiorespiratory collapse (Sandberg 2005).
Shearing of the balloon may occur when the EBB is withdrawn
through the connector and recommendations advise removal of the
EBB with the connector when the EBB is being extracted (Prabhu

and Smith 2002). Poor communication with surgical colleagues
during the procedure can lead to stapling of the EBB tip within the
surgical field (Soto and Oleszak 2006).
A methodical approach for dealing with complications of lung
isolation is required. The initial step is to increase the fraction of
inspired oxygen FIO2 to 1.0, communicate the problem to the surgeon, and check the device position with FOB. With severe instability, a return to two-lung ventilation (TLV) is advised. Familiarity
with tracheobronchial anatomy allows rapid recognition of a displaced device and prompt correction. Poor lung collapse despite
appropriate device position may be improved by applying low-
grade suction to the isolated lung (Campos 2008).

( )

One-lung ventilation
Physiology
The majority of thoracic procedures requiring OLV will necessitate
the patient being in the lateral decubitus position. In this position,
gravity causes approximately 60% of the cardiac output to flow to the
dependent lung. However, with the onset of positive pressure ventilation, the non-dependent lung preferentially receives more ventilation. This is secondary to reduced functional residual capacity and
compliance of the dependent lung (Fig. 57.8), which is compressed
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Figure 57.8 Differential lung compliance in the lateral decubitus position.

by the mediastinum and abdominal contents pushing against a
paralysed diaphragm. This creates a ventilation/perfusion (V̇/Q̇)
mismatch. Opening of the chest increases the compliance of the non-
̇ Q̇ mismatch (Levine et al. 2008).
dependent lung, exacerbating the V/
At the onset of OLV there is initially a large shunt through the
non-dependent lung, producing hypoxaemia. Mechanisms to compensate for this shunt include mechanical obstruction to blood flow
to the non-dependent lung, as a result of lung collapse and surgical
manipulation; pre-existing reduced blood flow to the diseased portion of the operated lung; and hypoxic pulmonary vasoconstriction
(HPV), whereby blood is diverted away from hypoxic to oxygenated areas of lung tissue, which is triggered by alveolar hypoxia.
This may reduce by half the blood flow to the non-dependent lung.
These mechanisms result in overall cardiac output to the non-
dependent lung to be approximately 20%. This shunt can usually be
compensated for by an increase in FIO2 (Levine et al. 2008).
Several issues affect pulmonary blood flow: inhalation anaesthetic
agents at concentrations above 1 minimal alveolar concentration
(MAC) reduce HPV; vasodilators can inhibit HPV; vasoconstrictors
may divert blood flow away from the dependent lung; increased FIO2
decreases vascular tone in the ventilated lung to increase blood flow;
and increases in cardiac output augment blood flow to the non-
dependent lung. A low cardiac output will result in low Sv O2 and
worsening of hypoxaemia (Karzai and Schwarzkopf 2009).
The adequacy of arterial oxygenation during OLV is multifactorial. Arterial oxygen content Ca O2 can be calculated form the following equation (Karzai and Schwarzkopf 2009):

(

)

 ) × [(Qs
 /Q
 t ) / 10(1 − Q s / Q t )]
Ca O2 = CcO2 − (Vo2 / Qt

(57.4)

It can be seen that arterial oxygenation is dependent upon shunt
(Q̇s), HPV, FIO2 , mixed venous oxygen content Cv O2 , cardiac
output (Q̇t), oxygen consumption (V̇o2), pulmonary end-capillary oxygen content CcO2 , alveolar ventilation, and haemoglobin
concentration.

(

(

)

)

Management of hypoxaemia
Hypoxaemia during OLV can often be predicted. Risk factors
for desaturation include arterial oxygenation during TLV, high
percentage of ventilation or perfusion to the operative lung on

preoperative V̇/Q̇ scan, right-sided thoracotomy, and normal preoperative FEV1 (Slinger and Campos 2009).
Development of hypoxaemia during OLV should prompt the
anaesthetist to follow a systematic course of management (Karzai
and Schwarzkopf 2009). Initially FIO2 is increased to 1.0 whilst correct placement of the DLT or EBB is confirmed. Oxygen may be
insufflated into the non-dependent lung or continuous positive airway pressure (CPAP) can be applied. Although these manoeuvres
will increase arterial oxygenation, they may expand the lung to a
degree that makes surgical access unacceptable, particularly with
VATS procedures (Hogue et al. 1994; Bailey et al. 1998). The next
option is to perform a recruitment manoeuvre and apply PEEP to
the ventilated lung. This may not reduce hypoxaemia and is determined by the patient’s pre-existing lung pathology. COPD patients
with significant intrinsic PEEP may deteriorate when further PEEP
is added (Slinger and Hickey 1998; Brodsky 2001). Temporary
surgical compression of the ipsilateral pulmonary artery will transiently reduce shunt and permit further limited surgery. The next
option is re-ventilation of the collapsed lung, either intermittently
or by high-frequency jet ventilation to allow surgery to continue
(Abe et al. 2006; Russell 2009). Intravenous infusions of almitrine,
which augments HPV, may help to reduce hypoxaemia (Dalibon
et al. 2004), especially in combination with inhaled nitric oxide
therapy (Silva-Costa-Gomes et al. 2005). However, inhaled nitric
oxide therapy alone does not appear to improve oxygenation during OLV in patients with normal pulmonary vascular resistance
(Wilson et al. 1997; Fradj et al. 1999).

Ventilation during OLV
The goals of OLV are to maximize collapse of the operated lung
whilst avoiding atelectasis in the dependent lung. Providing a FIO2
of 1.0 during TLV will ‘denitrogenate’ the lungs, which will promote collapse of the non-dependent lung when OLV is commenced
(Ko et al. 2003). At the start of OLV, a recruitment manoeuvre
(CPAP 20 cm H2O for 15 s) to the dependent lung to reduce atelectasis can be effective in reducing hypoxaemia during subsequent
OLV (Tusman et al. 2004).
The use of inhalation anaesthetic agents at concentrations less
than 1 MAC do not significantly impair HPV (Wang et al. 2000)
and there does not appear to be any benefit of total intravenous
anaesthesia (TIVA) over inhalation anaesthetic agents in terms of
arterial oxygenation (Reid et al. 1996). The exception is nitrous
oxide (N2O). The use of N2O with OLV is associated with increased
postoperative atelectasis (Browne et al. 1970), increases in pulmonary artery pressure in patients with pulmonary hypertension
(Schulte-Sasse et al. 1982) and inhibition of HPV (Bindslev et al.
1986). It is contraindicated in patients with large bullae. Generally
N2O is avoided in thoracic anaesthesia.
Traditional teaching advocates retaining tidal volumes of 10 ml
kg−1 during OLV, as with TLV, and the avoidance of PEEP (Gal
et al. 2006). The aim was to reduce atelectasis and maintain normocapnia. More recent evidence suggests that the higher airway
pressure and the shearing forces generated by this strategy may be
harmful (Slinger 2006b). Modern strategies for OLV have adopted
the use of a smaller tidal volume (5–6 ml kg−1) and the application
of PEEP in individuals with little or no intrinsic PEEP. This has
led to a reduction in post-lung resection acute lung injury (Licker
et al. 2003; Fernandez-Perez et al. 2006; Jeon et al. 2009; Marret
et al. 2010).
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Pressure-controlled ventilation may offer a slight advantage over
the more traditional volume-controlled ventilation. During OLV,
peak airway pressures are lower with pressure-controlled ventilation compared with volume-controlled ventilation with the same
tidal volume (Unzuetaet al. 2007; Pardos et al. 2009). Patients with
COPD appear to benefit from pressure-controlled ventilation,
shown by an increase in arterial oxygenation (Tugrul et al. 1997).

Anaesthesia for specific surgical procedures
Trachea
Bronchoscopy: diagnostic and therapeutic
Bronchoscopy can be a diagnostic or part of a therapeutic procedure. Flexible FOB can be performed in awake patients under
topical local anaesthesia with or without sedation. Under general
anaesthesia bronchoscopy may be undertaken during spontaneous or mechanical ventilation. The laryngeal mask airway allows
the patient to breathe spontaneously and aids the surgeon in visualization of the vocal cords and sub-glottic structures. During ventilation, the flexible FOB may be passed through a conventional
tracheal tube or a rigid bronchoscope. Anaesthesia options include
TIVA or inhalation anaesthesia. Invasive monitoring is reserved for
high-risk patients with severe cardiac disease.
Rigid bronchoscopic procedures create a different challenge for
the anaesthetist. The ‘shared airway’ necessitates good communication with the surgeon. Ventilation options include spontaneous
breathing; apnoeic oxygen insufflation with intermittent ventilation; IPPV via a side-port connector to the rigid bronchoscope;
and jet ventilation. The patient breathing spontaneously requires
excellent topical local anaesthesia and a deep plane of general
anaesthesia, which may compromise haemodynamics in some
patients. Short periods of apnoea allow only intermittent surgical
intervention and this technique is best suited to shorter procedures. Attachment of a connector to the bronchoscope allows IPPV
with delivery of inhalation anaesthetic agents, but significant air
leaks can occur, especially when a smaller bronchoscope is used
in a relatively large airway. Jet ventilation can be delivered via the
handheld ‘Sanders’ injector (Sullivan and Neff 1979) or by a high-
frequency jet ventilator (HFJV). This technique allows for adequate
oxygenation, but hypercapnia occurs with prolonged procedures
(Fernandez-Bustamante et al. 2006). TIVA is used in conjunction with jet ventilation to maintain anaesthesia. Neuromuscular
blocking drugs are often required to facilitate tracheal intubation
with the rigid bronchoscope, but successful techniques involving
remifentanil with the avoidance of neuromuscular blocks have
been described (Natalini et al. 1999). Remifentanil has also been
shown to obtund the pressor response to tracheal intubation and
provide haemodynamic stability during this stimulating procedure
(Prakash et al. 2001). Antisialagogues are often administered to
reduce secretions, but their clinical benefit is unclear (Cowl et al.
2000). There may be a role for the administration of dexamethasone, both as an antiemetic and to reduce post-bronchoscopy airway oedema (Abdelmalak 2011).
Interventional procedures include endobronchial ultrasound-
guided transbronchial needle aspiration (Yasufuku 2010), tracheal
dilatation, stent or T-tube insertion, and tumour debulking, with
or without laser.
The neodymium-doped yttrium aluminium garnet (Nd-YAG)
laser is used for tracheobronchial pathology. Standard laser safety
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precautions must be followed (Dumion et al. 1984). Both O2 and
N2O are combustible. Recommendations advise delivery of an oxygen/air mixture with a FIO2 of 0.3 (McRae 2001).
Complications of bronchoscopy and interventions include
hypoxaemia, hypercapnia, haemorrhage, retention of stent pieces
during extraction, barotrauma secondary to HFJV, pneumothorax,
tracheal rupture, and laser fire (Abdelmalak 2011). Loss of tracheal
integrity is more common during stent removal and dilatation. Risk
factors include increased age, previous tracheal procedure, COPD,
and current steroid therapy (Luna et al. 1993).

Tracheal resection
Major tracheal surgery is indicated for patients with significant tracheal obstruction secondary to tumour, post-intubation stenosis,
congenital abnormalities, and vascular pathologies. The majority of
resections involve reconstruction with a primary anastomosis.
Preoperative assessment should involve examination of the
CT scan to define the exact location and extent of the lesion.
Collaboration between anaesthetist and surgeon is essential to formulate a plan to provide adequate ventilation throughout the procedure. It is prudent to devise alternate ‘back-up’ strategies for each
stage of the surgery. Knowledge of the proposed surgical approach
is key. Invasive arterial monitoring is routine. The use of CVP lines
is reserved for high-risk cases. The use of internal jugular CVP catheters may not be possible because of the close proximity to the surgical field. Subclavian and femoral veins provide alternative sites.
Induction of anaesthesia should only be performed with the surgeon present and prepared to intervene with a rigid bronchoscope
if necessary (Pinsonneault et al. 1999). Inhalation induction with
spontaneous ventilation is recommended (Slinger and Campos
2009). When an adequate depth of anaesthesia is achieved, topical local anaesthesia is applied to the upper airway before a tracheal tube, with FOB guidance, is passed through the stenotic
region. Neuromuscular blocking agents are only given once the
airway is secured. For the patient with a very narrow stenosis, an
endotracheal catheter may be passed through the stenosis and
HFJV used (Watanabe et al. 1988). The addition of helium to the
inspired gas mixture may facilitate ventilation (Buczkowski et al.
2005). However, care must be taken to ensure the adequate exhalation of gases. ‘Cross-field’ intubation is often used during major
tracheal surgeries. The surgeon is able to intubate the airway distal to the stenosis, which is then attached to a sterile anaesthesia
circuit to provide ventilation (McRae 2001). A combination of
several techniques may be utilized at different phases of the operation, frequently with periods of apnoea. Cardiopulmonary bypass
is reserved for large carinal resections and inability to oxygenate the
patient adequately by alternate means.
After resection, a suture is often placed from the patient’s sternum to chin to limit tension on the tracheal anastomosis. Early
tracheal extubation is desirable and, although challenging, can be
achieved by using remifentanil (Saravanan et al. 2006) or by the use
of a laryngeal mask airway.

Tracheo-oesophageal fistula
Malignancy is the main aetiology of tracheo-oesophageal fistula in
the adult and fistulae can occur anywhere in the respiratory tract
(Hindman and Bert 1987). Surgical management is typically palliative in nature, but resections can be successfully performed (Picone
et al. 1989). The main anaesthetic consideration is to ventilate the
airway beyond the level of the fistula. EBTs can be inserted into the
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distal trachea or even into the main stem bronchi (Chan 1984; Au
et al. 1999).

Lung parenchyma
Lung resection
Resection of lung tissue runs the gamut from a small wedge biopsy
to an extrapleural pneumonectomy. Although the less invasive
VATS procedures produce less surgical stimulation and quicker
patient recovery (Seder et al. 2009; Leshnower et al. 2010), they also
present the anaesthetist with the challenge of older, more debilitated patients, deemed suitable for surgery (Linden et al. 2005). The
anaesthetist should be prepared for conversion to open thoracotomy at any time or the extension of surgery from a lobectomy to
bi-lobectomy or pneumonectomy.
Lung isolation and OLV is a standard requirement. Small resections in otherwise healthy patients do not require routine use of
invasive monitoring. Surgical lobectomy warrants the insertion of
invasive arterial monitoring. The use of CVP lines is not routine,
but should be considered in high-risk patients, or where infusions
of potent vasoactive agents are expected. The surgical approach will
determine the mode of analgesia: VATS procedures can usually be
managed with intercostal nerve blocks, inserted by the surgeon
under thoracoscopic vision, combined with patient-controlled
analgesia intravenous opiate (Taylor et al. 2004). Open thoracotomies require either epidural or paravertebral blocks to provide
adequate postoperative analgesia (Savage et al. 2002; Conlon et al.
2008; Joshi 2008). Intrathecal morphine may be an effective alternative (De Cosmo et al. 2009).
Sleeve (bronchoplastic) resections are typically performed for
tumours located at the origin of a lobar bronchus, precluding a
simple lobectomy, but not infiltrating enough to warrant a pneumonectomy or in patients with borderline lung function not able
to tolerate pneumonectomy. Lung isolation is achieved with a
contralateral DLT or EBT. Patients undergoing angioplastic procedures, in addition to bronchoplasty, involving reconstruction of
major pulmonary vessels, will require some degree of heparinization. The anaesthetist must be prepared for conversion to a pneumonectomy and insert monitoring accordingly.
Thoracotomy for pneumonectomy is usually undertaken
through a posterolateral incision. Lung isolation may be achieved
with a contralateral DLT or EBT, or via the insertion of an EBB
into the ipsilateral side. Communication with the surgeon is
paramount, as the device must be withdrawn from the bronchus
immediately before stapling. Careful perioperative fluid management is essential because excessive fluid administration can lead
to postoperative acute lung injury (Slinger 2006a). Insertion of a
CVP catheter is standard. Risk factors for the development of post-
pneumonectomy acute lung injury include excessive fluid administration, high intraoperative airway pressures, intraoperative tidal
volume greater than 8 ml kg−1, and preoperative alcohol abuse
(Licker et al. 2003; Fernandez-Perez et al. 2006; Ramnath et al.
2007; Jeon et al. 2009). Postoperative acute lung injury is associated with a mortality of 25% (Alam et al. 2007). Early extubation
is desirable to avoid barotrauma to the bronchial stump and risk of
fistula formation (Pomerantz et al. 1988). RV function is another
important consideration in the postoperative period. After pneumonectomy, pulmonary vascular resistance increases causing the
RV to dilate, resulting in significant tricuspid regurgitation, and
potential for RV failure (Foroulis et al. 2004; Venuta et al. 2007).

A rare but potentially fatal complication of pneumonectomy is cardiac herniation or strangulation, where the heart prolapses through
any surgically created defects in the pericardium, leading to immediate cardiovascular collapse. In situations where the pericardium
has been breached, the patient should be nursed with a slight tilt to
the non-operated side (Shimizu et al. 2003).
Extrapleural pneumonectomy is offered to patients with malignant mesothelioma, although the evidence is controversial (Treasure
et al. 2011). It involves extensive surgery, with resection of lung,
pleura, pericardium, and diaphragm. Anaesthetic management for
extrapleural pneumonectomy is similar to a pneumonectomy with
the additional risk of massive blood loss. Some patients will require
a short period of postoperative ventilation because of the extensive
surgery and large fluid shifts (Slinger and Campos 2009).
Patients with severe emphysema often develop bullae, caused by
loss of normal alveolar architecture. Anaesthetic considerations for
a bullectomy are similar to those for a patient with COPD: avoid
high airway pressures and PEEP, allow for an adequate expiratory
phase to reduce ‘gas-trapping’, and maintain a high vigilance for
bulla rupture and the development of bronchopleural fistula and
subsequent tension pneumothorax. The extension of bullectomy is
lung volume reduction surgery. This can be performed via sternotomy, thoracotomy, or the VATS approach and is usually bilateral.
The VATS approach offers a quicker recovery, which may in part be
as a result of a reduced inflammatory response to the less invasive
procedure (McKenna et al. 2004; Friscia 2007). Invasive monitoring
is recommended and there is a low threshold for epidural insertion,
even with VATS approach. The incidence of postoperative air leak
is high (Moser 2008), so early extubation is advantageous.

Empyema and abscess
A lung abscess is an infection where an area of necrosis forms in the
lung parenchyma, often secondary to aspiration of gastric contents
or distal to an obstruction. An empyema is the accumulation of pus
in the pleural cavity (pyothorax), typically complicating a pneumonia or post surgery. Treatment of an empyema involves drainage of
the pus, either by thoracostomy or decortication. Patients should be
on appropriate antimicrobial therapy, but may have signs of sepsis
at the time of surgery. Decortication is associated with significant
blood loss and invasive monitoring is advised.
Lung abscess is generally treated with antimicrobial agents, but
surgery is indicated when there is failure to respond to intensive
medical therapy or with the development of severe haemoptysis
(Philpott et al. 1993; Hirshberg et al. 1999). The role of the thoracic anaesthetist is to achieve lung isolation without dissemination of infection to non-infected regions of the lung. This may
involve induction of anaesthesia with the patient in the sitting of
lateral position (Pfitzner et al. 2000). Insertion of a DLT allows
for suctioning and drainage of the infected lung, whilst protecting
the contralateral lung. An EBB can provide selective blockade of
the infected lobe (Campos 2009b), protecting the remainder of the
ipsilateral lung, but does not facilitate suctioning and drainage of
infected secretions.

Pleura
Biopsy
Pleural biopsy can be generally be performed under local anaesthesia (Sakuraba et al. 2006). Patients that present for surgical biopsy
may have had a failed attempt at biopsy under local anaesthesia or
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may have large pleural effusions requiring drainage. Thoracoscopic
visualization will assist the surgeon in evaluating the extent of the
underlying disease process. The patient frequently presents with
dyspnoea, presumed to be related to the pleural collection. The
anaesthetist must be alerted to the potential presence of an undiagnosed pericardial effusion, particularly where an underlying cancer
is suspected (McKenna et al. 1985).

Pleurodesis/pleurectomy
Recurrent pleural effusions or pneumothoraces are typically
treated by either partial pleurectomy (stripping of the parietal
pleura) or pleurodesis (obliteration of the pleural cavity). Although
frequently performed via the VATS approach, both procedures
can be extremely painful to the patient in the postoperative period
(Walker-Renard et al. 1994). In addition to standard opiates, analgesic options include epidural and intrathoracic spray of local
anaesthesia (Kempen 1998; Lee and Colt 2007).

Bronchopleural fistula
A bronchopleural fistula (BPF) is an abnormal connection between
the pleural space and the bronchial tree. It may result from infection, rupture of bullae, tumour erosion of bronchial wall, post
radiotherapy, or, most commonly, post surgery. Risk factors for the
development of post-pneumonectomy BPF are residual tumour
in the stump, long bronchial stump, preoperative steroid use, and
postoperative ventilation (Lois and Noppen 2005).
The initial step in the management of a patient with a BPF is
the insertion of a functioning chest tube. The size of the BPF
can be evaluated by the volume of air leak bubbling through the
chest drainage system (Slinger and Campos 2009). Lung isolation
is imperative. Although FOB awake intubation with a DLT provides the safest method of achieving lung isolation, this technique
requires excellent topical anaesthesia and a cooperative patient
(Patane et al. 1990; Salazar et al. 2010). The second option is inhalation induction and maintenance of spontaneous ventilation until
the lung is isolated. This requires a relatively deep level of anaesthesia and may cause haemodynamic compromise in some patients.
The third method is to use high-frequency oscillatory ventilation
with permissive hypercapnia to avoid barotrauma and reduce air
leak through the BPF (Tietjen et al. 1997; Poulin et al. 2009). Most
anaesthetists opt for a modified rapid sequence induction and
placement of a DLT, guided by FOB, with avoidance of IPPV until
lung isolation is secured (Ross and McCormick 2011). The final
approach includes regional anaesthesia, with the use of a thoracic
epidural catheter (Williams and Kay 2000). After surgical repair of
the BPF, early extubation is advisable to avoid any barotrauma.

Mediastinum
Mediastinoscopy
Cervical mediastinoscopy is the most common method for the
evaluation and biopsy of lymph nodes in the staging of lung cancer. It involves a small transverse incision in the suprasternal region
of the neck. The majority of cases are performed under general
anaesthesia with a single-lumen tracheal tube. The patient’s head
is usually extended by the placement of a shoulder roll, to facilitate surgical access. It is necessary to monitor the pulse in the right
upper limb as the surgeon may compress the innominate artery
with the mediastinoscope. This can be achieved with the pulse
oximeter and routine insertion of invasive arterial monitoring is
not indicated. The surgeon should be alerted when there is loss of
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the pulse oximeter signal as the innominate artery also supplies the
right common carotid artery and prolonged periods of occlusion
put the patient at risk of cerebral ischaemia. A non-invasive blood
pressure cuff should be placed on the patient’s left arm to provide
blood pressure measurements during periods of innominate artery
compression.
Complications of mediastinoscopy include reflex arrhythmias,
recurrent laryngeal nerve injury, pneumothorax, haemorrhage, tracheobronchial rupture, stroke, and air embolism (Ahmed-Nusrath
and Swanevelder 2007; Benouaich et al. 2009).
Anterior mediastinoscopy involves a small, parasternal incision
in the second intercostal space to facilitate surgical access to subaortic lymph nodes. It can also be used to biopsy anterior mediastinal masses. An additional complication includes bleeding from the
internal mammary artery (Ahmad and Blum 2009).

Mediastinal tumours
The mediastinum lies between the left and right pleurae and
extends from the sternum to the vertebral column. It is divided into
superior and inferior portions, with the inferior part further subdivided into anterior, middle, and posterior parts. It contains the
heart, major vessels, lymphatics, nerves, oesophagus, trachea, and
thymus gland.
Masses in the mediastinum may be benign or malignant.
Anterior mediastinal tumours include lymphomas, thymomas,
germ cell tumours, and thyroid goitres (Slinger and Karsli 2007).
Perioperative risks are increased when the patient is unable to
lie supine, because of the development of orthopnoea, cough, or
syncope. Initial anaesthetic evaluation requires assessment of
the imaging (chest X-ray and CT scan) to ascertain the size, site,
and involvement of important mediastinal structures. Biopsies of
lesions to obtain tissue for diagnosis can frequently be performed
under local anaesthesia. Resection of masses will require general
anaesthesia.
Before induction, large-bore intravenous access must be established. In cases where superior vena cava flow is compromised by
tumour, lower limb access is essential. Invasive arterial monitoring is
also advocated. Inhalation induction, often in the semi-recumbent
position, with maintenance of spontaneous ventilation, is the safest strategy (Gothard 2008; Blank and de Souza 2011), although
not totally risk-free (Gardner and Royster 2011). Adequacy of
ventilation with assisted manual ventilation should precede the
administration of neuromuscular blocking drugs. Rigid bronchoscopy must be readily available. Cardiovascular collapse may
be relieved by repositioning the patient, but immediate institution
of cardiopulmonary bypass (CPB) may be necessary (Slinger and
Karsli 2007). Some advocate the insertion of CPB cannulae under
local anaesthesia before induction (Gardner and Royster 2011). In
very high-risk cases, CPB can be established in the awake patient
(Tempe et al. 2001).

Thymectomy for myasthenia gravis
Myasthenia gravis is an autoimmune disorder caused by circulating antibodies that block acetylcholine receptors at the postsynaptic neuromuscular junction. Patients are resistant to depolarizing
neuromuscular blocking agents, but extremely sensitive to non-
depolarizing neuromuscular blocking drugs. Thymectomy, even
in the absence of thymoma, offers substantial improvements in the
disease (Bachmann et al. 2008). Surgical approaches include full or
partial sternotomy, thoracotomy, transcervical, and VATS.
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Attention must be paid to the perioperative pyridostigmine dosing. Ideally, at the time of intubation, the patient should have some
muscle weakness to facilitate tracheal intubation, whilst full muscle
tone is desirable at the end of the procedure. This can be achieved
by holding the morning dose of pyridostigmine until immediately
before surgery. The anticholinesterase action should be working
by the end of surgery. The use of neuromuscular blocking drugs is
associated with prolonged postoperative ventilation (Chevally et al.
2001), and should be avoided. Intubation can be achieved with
topical anaesthesia, propofol, and remifentanil. If necessary, small
doses of neuromuscular blocking drugs can be given, with monitoring of the level of neuromuscular block. The choice of monitoring will depend on the invasiveness of the surgical approach.
Patients may be on corticosteroid therapy or have had recent plasmapheresis. In the immediate postoperative period, anticholinesterase therapy should be continued. Minimally invasive approaches
allow for immediate extubation and reduced hospital length of stay
(de Perrot et al. 2003).

Vascular
Massive haemoptysis
Massive haemoptysis is defined by the volume of blood expectorated. Several definitions exist, ranging from 100 ml to 1000 ml in
24 h (Ibrahim 2008). However, quantification of blood loss is frequently inaccurate and may not be as important as the degree of
haemodynamic instability and hypoxia (Jean-Baptiste 2000). The
risk of death correlates with both the volume of blood lost and the
rate of bleeding (Chun et al. 2010). Causes include tuberculosis,
lung abscess, bronchial carcinoma, trauma, and iatrogenic.
Anaesthetic considerations include resuscitation, localization of
the bleeding point to provide appropriate lung isolation, and definitive treatment. Initial assessment with clinical examination, chest
X-ray, bronchoscopy, and CT scan is useful in localizing the site
of bleeding. Lung isolation can be achieved by DLT, EBB, or EBT.
After induction of anaesthesia, the surgeon may initially perform
rigid bronchoscopy in an attempt to visualize the source of bleeding. This provides an opportunity to place an EBB with selective
lobar or segmental blockade. Bronchial artery embolization is now
considered the most effective procedure for massive haemoptysis
(Chun et al. 2010).

Pulmonary endarterectomy
Pulmonary endarterectomy is the treatment of choice for patients
suffering from chronic thromboembolic pulmonary hypertension
(Hoeper et al. 2006). Patients presenting for surgery have severe pulmonary hypertension. Premedication is generally avoided because
of the risk of precipitating hypercapnia and RV failure. Full invasive
monitoring is required, including PAC and TOE. Trendelenburg
position is avoided as the increase in preload may induce RV failure (Roscoe and Klein 2008). The combination of midazolam, fentanyl, and a neuromuscular blocking agent is the most common
and safest drug combination for induction of anaesthesia (Manecke
2006). Ketamine is an alternative agent. Vasoactive support is often
necessary during induction. The surgical procedure requires CPB
and deep hypothermic circulatory arrest. Mannitol, methylprednisolone, and thiopental are administered in an attempt to provide
cerebral protection. Weaning from CPB requires a balance between
RV contractility and pulmonary vasoconstriction. Sufficient inotropy is needed to support RV function, but an excessive cardiac

output is undesirable as it may cause reperfusion injury to the lungs.
Inotrope and vasoconstrictor doses are titrated based upon cardiac
output measurements. In the postoperative period, the patient usually remains sedated for the initial 24 h. Severe reperfusion pulmonary oedema can be managed successfully with extracorporeal
membrane oxygenation (Thistlethwaite et al. 2006).

Lung transplantation
Lung transplantation is the treatment of choice for selected
patients with end-stage respiratory failure or pulmonary hypertension (Christie et al. 2009). Recipient pathologies include
COPD, α1-antitrypsin deficiency, idiopathic pulmonary fibrosis,
cystic fibrosis, bronchiectasis, sarcoidosis, and primary pulmonary hypertension. Patients are listed when life expectancy after
transplantation exceeds that without lung transplantation (Oren
et al. 2006). Surgical lung transplantation procedures include single-lung transplantation (SLT), bilateral sequential-lung transplantation (BSLT), heart–lung transplant, and living-related lobar
transplant, and depend on the patient’s underlying pathology.
Survival is better with BSLT compared with SLT. However, one
donor could potentially offer organs to two SLT recipients in contrast to one BSLT recipient.
Full invasive monitoring is advocated, including PAC and TOE.
In patients with copious secretions (cystic fibrosis), a single-lumen
tracheal tube is initially inserted to facilitate bronchoscopic suctioning and lavage, before insertion of a DLT. Induction of anaesthesia can precipitate RV failure and cardiopulmonary collapse in
patients with significant pulmonary hypertension. Emphysematous
patients are prone to dynamic hyperinflation when IPPV is commenced and subsequent ‘pulmonary tamponade.’ Recipients with
idiopathic pulmonary fibrosis often require high ventilatory pressures, leading to reduced venous return and cardiac output. The
underlying pathophysiology should guide the anaesthetist to the
most appropriate ventilatory and haemodynamic management
(Roscoe 2011). Elective use of CPB is indicated in patients with
severe pulmonary hypertension and undergoing heart–lung transplant. Routine use of CPB may be associated with worse outcomes
(Dalibon et al. 2006; Ferrer et al. 2007). The anaesthetist should
be prepared for the urgent institution of CPB if the patient develops severe instability, hypoxaemia, or hypercapnia. When BSLT
is performed off-pump, the lung with the least perfusion (by V̇/Q̇
scan) is explanted first, with OLV of the contralateral lung. Once
the initial donor lung is implanted, OLV is applied to the new lung
during pneumonectomy of the remaining native lung. Once both
donor organs are implanted TLV can be resumed. The transplanted
lungs do not possess lymphatics, so any excess alveolar fluid results
in pulmonary oedema. A restrictive fluid strategy is adopted.
Ischaemia–reperfusion injury can lead to pulmonary oedema,
hypoxaemia, pulmonary hypertension, and RV failure. Patients
may require inhaled nitric oxide or extracorporeal membrane oxygenation therapy in the initial postoperative period until the lungs
recover (Della Rocca et al. 2002; Hsu et al. 2008). Early extubation
in the operating theatre is possible in selected patients, particularly
with SLT (Hansen et al. 2003).

Bronchopulmonary lavage
Pulmonary alveolar proteinosis is a rare disorder characterized by the
accumulation of abnormal lipoprotein in the alveoli. It may be primary (idiopathic) or secondary to haematological malignancies (Xue
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et al. 2010). Bronchopulmonary lavage provides symptomatic relief
for patients suffering from idiopathic pulmonary alveolar proteinosis.
The most impaired lung is lavaged first. This can be determined
by radiological imaging, although questioning the patient may provide this information.
The procedure necessitates precise lung isolation with a DLT. An
arterial cannula is inserted for intermittent measurement of blood
gases and electrolytes. A urinary catheter is inserted and a dose
of diuretic is commonly given. TIVA is typically used to maintain
anaesthesia and FIO2 1.0 is administered. The most impaired lung
is then lavaged with 500–1000 ml aliquots of 0.9% saline at 37°C.
Lavages are continued until the outflow fluid is clear (Bussieres
2011). The patient remains supine for the majority of the procedure
apart from an episode of full lateral position for one lavage cycle.
Chest percussion is used to facilitate efficacy of the lavage. After
completion of the first side there is a period of TLV. A chest X-ray is
performed to exclude hydrothorax, which may be suspected if the
patient’s lavage balance exceeds 10% (Bussieres 2011). The lavaged
lung is allowed time to recovery before proceeding with lavage of
the second lung. If arterial hypoxaemia is unacceptable, lavage of
the second lung may be carried out at a later date. After the procedure, the patient remains sedated until arterial blood gases are
acceptable for extubation. Observation for the initial 24 h in an
intensive care unit is the standard (Bussieres 2011).

Postoperative care
Postoperative analgesia
Post-thoracotomy analgesia should be multimodal. Thoracic epidural analgesia (TEA) has traditionally been designated the ‘gold
standard’ in thoracotomy analgesia (Joshi 2008). The use of TEA
has consistently been shown to reduce postoperative pulmonary
morbidity after thoracic surgery (Ballantyne et al. 1998; Popping
et al. 2008). However, TEA can be associated with significant hypotension. The combination of low-dose local anaesthetic and opiate
has a synergistic action, reducing the risk of hypotension and leading to a reduction in overall opiate consumption (Wiebalck et al.
1997; Joris et al. 2003). An alternative to TEA is paravertebral block
(PVB, see Chapter 53). The thoracic paravertebral space is a wedge-
shaped area, lateral to the vertebral bodies, anterior to the transverse processes of the vertebrae and posteromedial to the parietal
pleura. Multiple studies have shown the efficacy of PVB for post-
thoracotomy analgesia (Davies et al. 2006; Joshi 2008). Other local
anaesthesia techniques include intercostal nerve blocks and intrapleural analgesia. Neither appears to be as effective as TEA or PVB.
Systemic opiates have been shown to provide inferior analgesia to TEA and PVB after thoracotomy, but mat be considered for
patients with contraindications to the aforementioned techniques
or in VATS procedures.
Non-steroidal anti-inflammatory drugs and paracetamol provide
useful adjunctive analgesia. Ketamine provides excellent postoperative analgesia and the use of low-dose infusions is associated with
significantly less opiate requirement, reduced nausea and vomiting,
and with very few psychotomimetic side-effects (Bell et al. 2006).

Respiratory failure
Respiratory failure is the most common cause of morbidity and
mortality after lung resection, occurring in up to 16% of cases
(Lefebvre et al. 2009). Risk factors include advanced age, extent
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of lung resection, cardiac comorbidity, and inadequate postoperative analgesia (Slinger and Campos 2009). Chest physiotherapy
and early ambulation help to reduce the risk. Non-invasive ventilation should be considered as first-line therapy and may be
successful in 85% of patients. Failure to respond to non-invasive
ventilation necessitates tracheal intubation and IPPV, with a significant increase in mortality (Freynet and Pierre-Emmanuel
2008; Lefebvre et al. 2009).
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CHAPTER 58

Anaesthesia for
vascular surgery
Jonathan P. Thompson
Introduction
The last two decades have seen changes in many aspects of vascular
surgery, largely because of advances in radiological and cardiological practice. Examples include improvements in the treatment of
myocardial infarction (MI) and coronary artery disease, and the
development of endovascular aortic surgery and lower limb angioplasty; such progress is likely to continue (EVAR Trial Participants
2005a; Goodney et al. 2009).
The principles of preoperative preparation and perioperative care
for vascular surgical patients are similar to any other major procedure. However, vascular surgical patients are at higher risk than other
surgical patients from cardiovascular morbidity and death (Fleisher
et al. 2007). There is a high prevalence of other coexisting medical disease, in particular ischaemic heart disease, hypertension, heart failure, diabetes mellitus, pulmonary disease, and renal disease (Fleisher
et al. 2009; Poldermans et al. 2009). In addition to these risk factors
for perioperative cardiac events, other important preoperative factors
in patients undergoing major vascular surgery are advanced age and
obesity (Back et al. 2004; Beck et al. 2009; Kheterpal et al. 2009). Only
some of these are reversible but as the risks are high, it is vital that
all aspects are assessed preoperatively and appropriate steps taken in
order to optimize perioperative outcome. This requires meticulous
attention to detail (especially to fluid management, maintenance of
normothermia, and provision of effective analgesia), teamwork, and
communication with surgical or radiological colleagues.

Preoperative risk assessment, investigations,
and management
Previous recommendations on preoperative stress testing, referral
for possible coronary revascularization, and management of medications (in particular β-blockade) have changed: it is now appreciated that non-invasive cardiac tests are relatively poor at predicting
perioperative risk, and that the benefits of preoperative coronary
revascularization are limited (McFalls et al. 2004; Fleisher et al.
2007, 2009). Testing in patients presenting for major vascular surgery should be reserved for those with:
◆
◆

◆

active symptoms of coronary artery disease
known coronary artery disease and poor functional exercise
capacity
more than three clinical risk factors for cardiovascular disease
(age > 70 years, a history of current or previous angina, MI,
stroke, or heart failure) and poor or unknown functional capacity

It is important to remember that testing should only be performed
if it would change management (i.e. the patient is a candidate for
and would benefit from coronary revascularization) (Fleisher et al.
2007; Poldermans et al. 2009).
Functional exercise capacity relates to poor short-and long-term
outcomes after major surgery but may be difficult to assess in vascular patients if exercise tolerance is limited by peripheral vascular
insufficiency, respiratory disease, or other disease. Simple clinical
assessment, graded walking tests (Struthers et al. 2008; Ross et al.
2010), or cardiopulmonary exercise (CPX) testing may be used; the
latter allows quantification of a patient’s oxygen uptake and utilization. Data have shown that CPX testing is reasonably reliable
(Kothmann et al. 2009a), can be used to stratify patients according to perioperative risk, and correlates with outcome in patients
undergoing vascular surgery (Carlisle and Swart 2007; Snowden
et al. 2010), and it is recommended that CPX be used where facilities are available. Though it is intuitive that improved physical fitness is associated with improved perioperative outcome, most of
the data showing that exercise training improves cardiopulmonary
performance comes from studies of athletes: this may not be relevant to the vascular surgical population. However, a recent report
describes improvements in variables measured by CPX testing in
patients with abdominal aortic aneurysm (AAA) who underwent
a supervised, tailored exercise regimen before surgery (Kothmann
et al. 2009b), though this is not without risk in patients with cardiovascular disease. Further data on the role of CPX testing and the
effects of interventions to improve physical fitness on postoperative
outcome are required.
Preoperative risk assessment is best performed in a dedicated
preoperative assessment clinic at least 2 weeks before surgery
(Vascular Society of Great Britain and Ireland 2009; Wijeysundera
et al. 2009). The clinic environment provides the best scenario for
assessment and discussion of risks and allows the opportunity for
general advice regarding nutrition, graded exercise, and modification of alcohol intake. The clinic should be led by a consultant
anaesthetist experienced in anaesthesia for vascular surgery. There
must be significant cooperation from both vascular surgeons and
anaesthetists, with agreed pathways for investigations and referral. It is also helpful to identify consultant colleagues in other
specialties (cardiology, respiratory, and renal medicine) to act
as a point of contact for referrals. Referral to a cardiologist may
be required to determine whether or not cardiac disease is optimally treated or whether coronary revascularization is indicated
before AAA repair (Moll et al. 2011). Patients should be advised
and helped to stop smoking, and prescribed antiplatelet drugs
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(if not contraindicated) and statins to reduce their long-term cardiovascular risks. β-blockade may be indicated in selected patients
(Fleisher et al. 2007).
The likely outcomes of preoperative assessment are deferral for
further investigations or other specialist opinion, a recommendation to proceed to surgery at a variable interval, to recommend
a less invasive surgical procedure, or to advise against vascular
surgery completely. It is also important to appreciate that some
patients may not benefit from vascular interventions. The EVAR-2
study and other registries demonstrated no benefit from endovascular AAA repair in those with a limited life expectancy because of
coexisting disease (Buth et al. 2002; EVAR Trial Participants 2005b)
and therefore risk assessment must be realistic. Furthermore, the
relative risks of surgery or some coexisting medical conditions
(e.g. recent MI or coronary intervention) will change over time.
Therefore, deferral for review (e.g. to reassess AAA size over several months and reconsider surgery if it increases significantly, or
to allow an appropriate interval after coronary revascularization)
can be the most appropriate course of action. An important part
of preoperative assessment is advising against surgery where the
risks outweigh the potential benefits. In practice, the highest-risk
patients often decline surgery themselves when the estimated risks
and benefits are explained.

Aortic surgery
Abdominal aortic aneurysm
An aortic aneurysm is defined as a permanent dilatation (of >3 cm)
anywhere within the aorta (ascending, arch, thoracic, or abdominal
sections). The prevalence of AAA in the population is estimated
at 1.5–9.9% (Lederle et al. 1997; Vardulaki et al. 1999; Multicentre
Aneurysm Screening Study Group 2002). The incidence is lower in
women, though the risk of rupture is higher (UK Small Aneurysm
Trial Participants 1998), and lower in patients of Asian or black ethnic origin (Metcalfe et al. 2011). Risk factors for the development of
AAA include a positive family history, older age, and tobacco use,
with the highest incidence in men aged more than 65 years. There
is a weaker association with hypertension, though poorly controlled blood pressure may predispose to AAA rupture (UK Small
Aneurysm Trial Participants 1998). Similarly, diabetes is associated
with a decreased prevalence and expansion rate of AAA but an
increased risk of rupture (Shantikumar et al. 2010; Metcalfe et al.
2011). Recent data have suggested that the prevalence of AAA may
be decreasing, perhaps related to a reduction in cigarette smoking,
better treatment of hypertension, and an increasing use of statin
therapy.

Pathophysiology
Several factors are associated with aneurysm formation and development. There is a reduction in the number and quality of collagen and elastic fibres within the aneurysmal segment of the aorta,
increased activity of elastase and protease enzymes, and other
local inflammatory changes including plasminogen activation
and thrombus formation. These combine to reduce the aortic wall
strength and lead to progressive expansion over time (Sakalihasan
et al. 2005). Inflammatory aneurysms comprise 3–10% of all AAAs
and are characterized by a thickened aneurysm wall with marked
peri-aneurysmal or retroperitoneal fibrosis and dense adhesions to
adjacent organs. Many patients are asymptomatic but may present

with a palpable pulsatile abdominal mass; symptoms of distal
embolization; back, loin, or abdominal pain; or cardiovascular collapse if rupture has occurred.

Natural progression
The risk of rupture increases with aneurysm size, continued cigarette smoking, poorly controlled hypertension, a family history of
AAA, and female sex (Fig. 58.1) (Brewster et al. 2003). The overall
mortality from ruptured AAA is more than 80% (Holt et al. 2007).
Many patients die before surgery can be performed and operative
mortality is 37–45% (Bown et al. 2002; Lederle et al. 2002). Hence
there have been initiatives to detect asymptomatic AAA in the population and intervene before rupture is likely. Large studies in the
United Kingdom and the United States have shown that there is no
long-term benefit in performing elective surgery unless the AAA
diameter exceeds 5.5 cm (UK Small Aneurysm Trial Participants
1998; Lederle 2002). Currently, population screening has been
introduced to detect and offer surgery to patients with asymptomatic AAA greater than 5.5 cm diameter and to allow smaller
AAAs to be kept under surveillance. A meta-analysis of four large
studies including 127 891 men and 9342 women found that screening is associated with a reduction in both AAA rupture and aneurysm-related mortality in men aged more than 65 years, but not in
women (Cosford et al. 2007). The long-term benefits of screening
and intervention for men aged 65–74 years have been confirmed
(Thompson et al. 2012).
The current UK National Health Service AAA screening programme is targeted at men aged more than 65 years and accepts self-
referrals from older patients. Males with an asymptomatic aneurysm
of greater than 5.5 cm diameter or any symptomatic AAA should
be referred rapidly for surgery. Data are limited but it has been recommended that the threshold for female patients should be slightly
lower, and urgent referral for possible intervention considered at
60
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Figure 58.1 Annual risk of rupture according to abdominal aortic aneurysm
(AAA) diameter. The error bars represent the mean range of mean values for
the annual risk of rupture in published series, connected by a line indicating the
polynomial trend of these values.
Adapted with permission from Al-Hashimi M, and Thompson J, Anaesthesia for elective open
AAA repair. Current Education in Anaesthesia & Critical Care, 2013, Volume 13, Issue 6, pp. 208–212,
by permission of the British Journal of Anaesthesia.
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an aneurysm diameter of 5.2 cm (Moll et al. 2011). Perioperative
mortality after elective AAA repair is approximately 5–8% though
with the introduction of a quality improvement programme in the
United Kingdom, mortality has reduced to 4.3% after open AAA
repair (Vascular Society of Great Britain and Ireland 2010, 2012).
Recent data have clearly shown that morbidity and mortality are
reduced in larger units with higher caseloads (Holt et al. 2007) and
it is recommended in the United Kingdom and the United States
that services are concentrated in fewer centres with a higher caseload (Chaikof et al. 2009; Metcalfe et al. 2011).
Elective AAA repair is indicated for asymptomatic AAAs
greater than 5.5 cm diameter in men and 5.2 cm diameter in
women, providing that the patient is judged fit for intervention
and that medical conditions have been optimized. In patients with
aneurysm-related symptoms (back or abdominal pain, embolic
events), the risk of rupture is thought to be higher so intervention on the next available operating list is advocated (Chaikof et al.
2009; Moll et al. 2011). The two main options for intervention are
open surgery and endovascular aneurysm repair (EVAR), and the
choice depends on the morphology of the aneurysm (i.e. its site,
shape, angulation, involvement of renal arteries, and the size of the
iliac arteries), the patient’s age and life expectancy, and the presence and severity of coexisting medical conditions. It is important
that the patient is fully informed of the risks of either technique
and is involved in the decision-making process (Brewster et al.
2003; Moll et al. 2011). Though EVAR is increasingly becoming the
preferred technique (Metcalfe et al. 2011), the aneurysm morphology is unsuitable in a significant proportion of patients and open
surgery will be required.

Preoperative assessment
Morbidity and mortality of AAA repair are high (Table 58.1); most
patients are elderly and surgery is prolonged with the potential for
major haemorrhage and fluid shifts. Cardiovascular complications
are the leading cause of early and late mortality after surgery but
several other factors are associated with worse outcomes, including open surgery, increased age, respiratory and cerebrovascular
disease, renal dysfunction, female sex, increased ASA grade, and
diabetes (Brewster et al. 2003; Beck et al. 2004; Moll et al. 2011).
Several attempts have been made to produce risk prediction models to inform decision-making before intervention. Of these, the
Glasgow Aneurysm score, which includes cardiovascular disease
(MI, angina), cerebrovascular disease, and renal disease, is perhaps the most well known but its predictive value is limited, particularly in the era of endovascular surgery (Patterson et al. 2011).
The Medicare and Vascular Governance North West models both
incorporate many of the established risk factors and have been
shown to correlate well with outcome after open or endovascular
AAA repair (Grant et al. 2012).
All patients presenting for AAA repair should undergo a formal
assessment of cardiac risk before surgery and any coexisting medical conditions should be optimized before elective surgery (Moll
et al. 2011; Vascular Society of Great Britain and Ireland 2012) (see
Chapter 41). Hypertension and diabetes should be well controlled.
All patients should be advised to stop smoking because by doing
so the rate of aneurysm expansion and the incidence of cardiovascular, pulmonary, and wound-related complications are reduced
(Metcalfe et al. 2011). Patients should be started on antiplatelet
drugs (if not contraindicated) and statins to reduce their long-term
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Table 58.1 Postoperative complications after open repair
of infrarenal AAA
Respiratory complications (8–18%)

Pneumonia (5%)
Respiratory failure
Atelectasis
Pulmonary thromboembolism

Cardiovascular complications
(5–8%)

Myocardial ischaemia
Myocardial infarction (1–8%)
Dysrhythmias (3%)
Congestive heart failure

Cerebrovascular complications
(1–5%)

Stroke/transient ischaemic
attack (1–2%)
Postoperative cognitive dysfunction
Carotid insufficiency
Confusion/delirium

Renal complications (5–11%)

Acute kidney injury (5–11)%
Chronic renal failure (<1%)
Renal vascular injury
Dialysis (0.5%)
Ureteric injury (<1%)

Gastrointestinal complications
(5–11%)

Bowel ischaemia (1–2%)
Paralytic ileus (up to 11%)
Abdominal compartment syndrome
Incisional hernia (1–5%)

Neurological complications (<1%)

Spinal cord ischaemia
Paraplegia

Surgical complications (5–25%)

Bleeding (primary and secondary)
Wound infection (<5%)
Wound dehiscence
Leg ischaemia (1–4%)
Graft thrombosis (<1%)
Graft infection (<2%)
Aortoenteric fistula (<1%)
Incisional hernia
Graft infection (<1%)
Deep vein thrombosis (5–8%)
Amputation (0.1%)

Data from Al-Hashimi M, and Thompson J, Anaesthesia for elective open AAA repair.
Current Education in Anaesthesia & Critical Care, 2013, Volume 13, Issue 6, pp. 208–212,
Oxford University Press.

cardiovascular risks. There is some evidence that statins and
angiotensin-converting enzyme (ACE) inhibitors may also reduce
the rate of aneurysm growth. Graded moderate exercise may also
be helpful (Chaikof et al. 2009; Moll et al. 2011). Poorly controlled
heart failure, renal dysfunction, chronic obstructive pulmonary
disease (COPD), and anaemia are associated with increased perioperative complications and should be addressed (Brewster et al.
2003; Chaikof et al. 2009). Patients with significant renal dysfunction should be referred to a nephrologist before surgery. Patients
with moderate or severe COPD may benefit from admission to
hospital for preoperative optimization of respiratory function
(Lawrence et al. 2006).
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Open surgery for abdominal aortic aneurysm
Open AAA repair involves sewing a prosthetic graft into the aortic
lumen above and below the aneurysm. It can be performed through
a transperitoneal (via a transverse or a longitudinal abdominal incision) or a retroperitoneal approach (usually via an incision in the left
flank) (Chaikof et al. 2009). The transperitoneal approach provides
the most rapid and easiest surgical access but is associated with a
more prolonged postoperative ileus. The retroperitoneal approach
is usually preferred in patients with a juxtarenal AAA, or a ‘hostile’ abdomen (previous abdominal surgery, presence of a stoma,
inflammatory aneurysm, or horseshoe kidney). Laparoscopic-
assisted AAA is reported but not widely practised. In most AAAs
the origin is situated below the renal arteries (infrarenal AAA); in
juxtarenal AAA the aneurysm begins close to the renal arteries
but can often be isolated with a clamp at the neck of the aneurysm
and below the renal arteries. However, there is a higher risk that
embolization of atheromatous material may be dislodged into the
renal arteries and cause renal damage. In a suprarenal or supracoeliac aneurysm, a clamp must be placed above the renal arteries
(or coeliac axis) and re-implantation of one or several arteries into
the graft may be required. The more proximal the aneurysm, the
greater the complexity and duration of surgery and there is a corresponding increase in postoperative complications and mortality.
Once the aorta has been exposed, a cross-clamp is applied above
the aneurysm to facilitate the insertion of a straight or bifurcated
graft, depending on whether the iliac arteries are involved. If the
aneurysm involves or is close to the renal arteries, the proximal
clamp may be applied above the renal vessels; this significantly
increases the overall morbidity. Cross-clamping of the aorta has a
number of physiological effects. The extent of these depend on the
level of the clamp in relation to the main branches of the aorta, and
are more marked with more proximal (supracoeliac or suprarenal)
clamp application. Changes are less marked if an extensive collateral
circulation has developed, for example in the presence of aortoiliac
occlusive disease. Clamp application leads to a sudden increase in
afterload and left ventricular wall tension, with increases in arterial pressure and blood flow proximal to the clamp. Effects on
preload are variable. Increased myocardial contractility and oxygen
demand increase and are usually met by increased coronary blood
flow but myocardial ischaemia, arrhythmias, and left ventricular
failure may occur (Gelman 1995). During the period of cross-
clamping, distal blood flow is via collateral vessels but is insufficient
to meet oxygen demands so renal, mesenteric, pelvic, and lower
limb ischaemia occur to a variable degree. Renal vascular resistance
increases by up to 30% with decreased renal blood flow and perfusion pressures, related partly to turbulent flow within the aorta.
These changes occur even with an infrarenal clamp, and may be
worse in the presence of renal artery atherosclerosis. Inflammatory
mediators (including reactive oxygen species, cytokines, and neutrophil proteases) and products of anaerobic metabolism accumulate. The extent of this may be reduced by minimizing the duration
of cross-clamp application, but an ischaemia-reperfusion type
injury with metabolic acidaemia occurs when the cross-clamp is
released and these mediators are released into the systemic circulation. Peripheral vascular resistance decreases markedly (by up to
80%), related to myocardial depression and direct effects on the
vasculature. Arterial pressure and coronary blood flow decrease,
and myocardial ischaemia can occur. The cardiovascular effects
of aortic unclamping are often greater in the presence of reduced

circulating volume. They usually resolve within a few minutes but
can be severe and cause cardiovascular collapse. Other complications of aortic clamping include distal embolization from dislodgement of atherosclerotic plaque within the aorta. Bleeding may
occur at any time during the procedure and may be sudden; insidious back-bleeding from lumbar arteries after the aorta is opened
is also common. Open AAA repair also has profound effects on
respiratory function in the early postoperative period and transient
acute kidney injury (AKI) is common. The overall incidence of
postoperative complications is 27–40% (Table 58.1).

Anaesthesia for open aortic aneurysm repair
Anaesthesia for AAA repair is challenging because of the profound
and widespread pathophysiological effects of the procedure in
high-risk patients. The anaesthetist should aim to maintain cardiovascular stability and circulating volume, protect against organ
dysfunction, and provide effective pain relief. Maintenance of normothermia, metabolic homeostasis, normal haematocrit blood
coagulation, and gas exchange are all required. Some patients
will benefit from a period of postoperative artificial ventilation.
Probably the most commonly used technique is to provide balanced general anaesthesia with a volatile agent, opioid (fentanyl,
remifentanil, morphine), and positive pressure ventilation. A thoracic epidural catheter is usually sited to provide postoperative
analgesia. High-dose opioids may also be used. At least two large-
bore i.v. cannulae, central venous access, a urinary catheter, and a
nasogastric tube are needed. Minimal monitoring includes direct
arterial pressure, central venous pressure, core body temperature,
continuous ECG with ST-segment analysis, and urine output. Serial
measurements of arterial blood gases and haematocrit are useful
during surgery. Other monitors of cardiac output (including pulse
contour analysis) may be used but there are few data on their use in
AAA repair. Oesophageal Doppler readings are unreliable when the
aorta is clamped and with the exception of transoesophageal echocardiography, most other cardiac output monitors may respond
slowly to cardiovascular changes at aortic clamping and unclamping. All measures should be taken to maintain body temperature,
using warmed i.v. fluids, forced air warming devices,,a heated mattress, and warmed humidified inspired gases, and all exposed areas
should be covered. Active warming of the lower body distal to the
cross-clamp is not encouraged while the clamp is still applied.
Specific measures should be taken to minimize the cardiovascular changes at aortic clamping. Available strategies include deepening of anaesthesia or administration of i.v. opioids, but vasodilator
drugs such as glyceryl trinitrate (GTN) are often required, as an
infusion from shortly before aortic clamping until before clamp
release. Sodium nitroprusside is an alternative that is now used less
frequently. Fluids should be administered to maintain circulating
volume (or even produce mild hypervolaemia) during the period
of clamping. The limitations of central venous pressure as a measure of intravascular volume status are recognized but it is common
practice to titrate i.v. fluids to keep the central venous pressure at
greater than 15 mm Hg before clamp release and by doing this,
subsequent hypotension is reduced (Al-Hashimi and Thompson
2013). Other strategies should be used to prevent and manage cardiovascular changes at unclamping the aorta, including gradual
or sequential cross-clamp release, and vasoconstrictor or positive
inotropic drugs (e.g. ephedrine, phenylephrine, or metaraminol).
Occasionally other drugs (noradrenaline, dobutamine, or adrenaline) may be required. Another important consideration is to avoid
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producing sympathetic blockade with epidural local anaesthetic
until the cross-clamp has been released and it is established that the
patient is stable. It is important to maintain mean arterial pressure
within the range of autoregulation throughout surgery to ensure
perfusion of vital organs and ameliorate organ dysfunction.
Bleeding can be brisk especially when the aortic sac is opened,
when anastomoses are tested or when the cross-clamp is released.
Continued back-bleeding from lumbar arteries into the aortic
sac during graft placement may be insidious but considerable.
Occasionally massive blood loss occurs. A rapid infuser device
for administration of warmed blood and fluids should be available. A cell saver or other device should be used to re-transfuse
washed autologous red blood cells, but homologous red blood cells
are usually required. Other blood products such as fresh frozen
plasma, platelets, and cryoprecipitate may be needed but are usually reserved until surgical haemostasis has been secured and the
cross-clamp removed. Management of coagulopathy and requirements for transfusion should be determined by near-patient testing
such as thromboelastography.

Organ protection during aortic surgery
The potential for marked cardiovascular changes during aortic
surgery in patients with underlying cardiovascular disease renders
several organs at risk of ischaemic damage, especially the kidneys
and heart, and to a lesser extent the other abdominal viscera, gut,
and the brain. Measures to minimize myocardial ischaemia include
maintaining haemoglobin concentration greater than 100 g litre–1,
preventing tachycardia, hypotension, and attenuating the responses
to aortic clamping and unclamping. ST-segment analysis allows
early detection and treatment of ischaemia. Renal function during
aortic surgery is harder to monitor and intraoperative urine output
is a poor indicator of adequate or impaired renal function. Some
degree of AKI is very common after aortic surgery. The causes of
renal complications after AAA repair are reduced renal blood flow
during aortic clamping, ischaemic–reperfusion injury, imbalance
in intrarenal prostaglandins, and increased activity of the renin–
angiotensin system (Sear 2005). Renal blood flow decreases by
approximately 40% even after infrarenal clamping, with a reduction in renal vascular resistance of 75% (Gamulin et al. 1984).
Myoglobin released from ischaemic muscles may also contribute to
AKI. In many cases, AKI resolves spontaneously after a few days but
renal replacement therapy may be required, and is associated with a
worse outcome (Braams et al. 1999). Several drugs have been used
to prevent AKI in patients undergoing aortic surgery. Mannitol
and dopamine, or its analogue fenoldopam, may increase renal
blood flow during cross-clamping; mannitol and acetylcysteine
have theoretical scavenging effects on reactive oxygen species and
other effects. Furosemide decreases renal tubular oxygen demand.
However, none of these has been shown to be very effective and
the most important interventions are to maintain extracellular fluid
volume and renal perfusion pressure throughout the perioperative
period (Sear 2005; Zacharias et al. 2008).
Patients are transferred to a critical care environment after surgery, but the trachea may be extubated at the end of surgery in low-
risk patients undergoing uncomplicated surgery, providing they
are stable, with normal cardiovascular and respiratory function, are
normothermic, and have effective analgesia in place. Postoperative
pain management is best provided with effective epidural analgesia
via a catheter sited at the dermatome of the upper part of the incision (usually T6–T10). Patient-controlled analgesia with opioids
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can also be effective though a meta-analysis found epidural techniques provided better analgesia, a lower incidence of cardiorespiratory complications, and allowed earlier mobilization (Nishimori
et al. 2006). Mortality, however, was not reduced. Heparin is administered during surgery, and so there is a potential risk of epidural
haematoma, especially in the presence of coagulopathy. Five-year
survival after successful AAA repair is approximately 75% (Lederle
et al. 2012). Most deaths are unrelated to the aneurysm and are
caused by cardiovascular disease or cancer.

Aortoiliac occlusive disease
Aortoiliac occlusive disease is a manifestation of generalized atherosclerosis and usually presents with symptoms of intermittent
claudication, though disease can be present for many years before
symptoms develop. Hence the incidence is hard to determine but
population-based studies have found peripheral arterial disease
in 4–5% of those aged more than 40 years, the incidence rising
with increased age (Fowkes et al. 1991; Selvin and Erlinger 2004).
Similar to patients with occlusive vascular disease of the lower
limbs, there is a high incidence of diabetes, smoking, hypertension, hyperlipidaemia, coronary artery disease, and cerebrovascular disease, though patients are often younger than those with
more peripheral disease. Because exercise capacity is limited by
intermittent claudication, significant cardiorespiratory disease
may be present without causing symptoms. The term critical limb
ischaemia is defined as chronic ischaemic rest pain, ulcers, or gangrene attributable to objectively proved arterial occlusive disease,
with symptoms present for more than 2 weeks. The natural history
of occlusive arterial disease is that collateral vessels develop over
time to supply the lower limbs. Hence critical limb ischaemia is less
common in patients with aortoiliac disease compared with more
distal disease. However, distal embolization from atherosclerotic
plaques can occur. All patients should undergo lifestyle modification (cessation of smoking, weight loss) and cardiovascular risk factors treated with antihypertensive, lipid lowering, and antiplatelet
drugs. Specific drugs such as cilostazol or naftidrofuryl may also be
used (Norgren et al. 2007). Symptoms improve with graded exercise programmes, but intervention is considered earlier in patients
with proximal (aortoiliac) disease compared with arterial occlusive
disease in the femoral or distal arteries.

Aortobifemoral bypass
Aortoiliac disease may be treated using endovascular or open surgical techniques, depending on the anatomical site and length and
severity of the lesions. The main surgical options are aortobifemoral bypass, or extra-anatomical graft placement including femorofemoral cross-over or axillobifemoral bypass. Aortic, iliac, and
aortoiliac endarterectomy are occasionally used but have largely
been replaced by endovascular techniques. Aortobifemoral bypass
surgery is indicated for aortic occlusive disease or diffuse disease of
the aorta and iliac arteries, with 5-year patency rates of 90%, and
5-year survival rates of 80–90%. Isolated or short iliac stenoses or
occlusions are treated by percutaneous angioplasty with or without stenting, with patency rates of approximately 70% at 5 years
(Norgren et al. 2007).
Aortobifemoral bypass and other open aortic procedures are
usually performed through a midline transabdominal approach;
iliac procedures may be performed through a lower retroperitoneal
approach. The general considerations for preoperative assessment,
anaesthesia, and postoperative management are similar to those for
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patients undergoing aortic aneurysm repair. Procedures involving
the aorta are best performed under general anaesthesia with supplementary epidural anaesthesia, both to attenuate stress responses
and provide postoperative analgesia. For procedures involving
the iliac arteries performed through a retroperitoneal approach,
regional anaesthesia alone (using a catheter-based technique) can
be used. The cardiovascular and metabolic consequences of aortic cross-clamping are less than during AAA repair because a considerable collateral circulation has usually developed. In addition,
the graft is often placed on the aorta rather than the aorta being
opened and the graft placed within. Hence the aorta can be often
side-clamped (rather than cross-clamped), maintaining distal flow
while the graft is attached, and blood flow to the legs is restored
sequentially.

Axillobifemoral bypass
Axillobifemoral bypass surgery is an alternative to aortic bypass
procedures in patients considered unfit for open abdominal surgery. Long-term outcome is poor (1-and 5-year survival rates are
60% and 40% respectively) and graft patency rates in survivors
are low (50–75% at 5 years) so it is only indicated in patients with
critical limb ischaemia rather than claudication. It may also be performed in patients with an infected aortic graft. Patients are a particularly high-risk group, with perioperative mortality rates of 20%
(Liedenbaum et al. 2009). During the procedure, a subcutaneous
tunnel is created using a graft tunnelling device from the axillary
artery area to the groin, and another tunnel formed between the
two femoral arteries. Though the anastomoses between graft and
axillary and femoral arteries can be performed under local anaesthesia, the tunnelling is painful and general anaesthesia is required,
at least for this part of the procedure. Postoperative pain is modest, but patients may require postoperative monitoring in a high-
dependency environment because of associated co-morbidities.

Thoracoabdominal aortic aneurysms
Thoracoabdominal aortic aneurysms (TAAAs) are classified
according to their anatomical location (Fig. 58.2). The risk factors
are similar to AAAs but differ in a number of respects. Although
approximately 50% are associated with atherosclerosis, almost all
patients are hypertensive. Other causes are trauma, previous repair
of aortic coarctation, and congenital conditions such as Marfan’s
or Ehlers–Danlos syndrome. Most are asymptomatic until impending rupture, which is usually catastrophic. In patients presenting for
elective surgery, renal impairment and old age are associated with
worse outcome.
The principles of anaesthesia for open TAAA surgery are similar
to those for infrarenal AAA repair, though the risks and morbidity are greater, and specific considerations apply for surgical access,
ventilatory management, and spinal cord and organ protection.
Some of these are circumvented by the use of endovascular or
hybrid techniques (e.g. open infrarenal AAA repair with endovascular repair of a proximal thoracic aneurysm). Open thoracotomy
and collapse of the left lung are required for surgical access, with
one-lung ventilation using a double-lumen endobronchial tube or
endobronchial blocker. Cardiovascular changes at aortic clamping
and unclamping are more marked with proximal aortic clamping
and vasoactive or positive inotropic drugs are always required.
Intraoperative transoesophageal echocardiography may be useful to assess ventricular function and guide fluids and inotrope

therapy. The surgeon may need to place separate grafts or implants
to renal and other visceral arteries to maintain organ perfusion,
though the overall clamp time is increased. Visceral ischaemia and
metabolic acidaemia are common, even with the use of surgical
bypass or re-implantation techniques. Mannitol is often used in an
attempt to attenuate ischaemia–reperfusion injury. Blood loss can
be rapid and enormous; specific wide-bore i.v. access with a rapid
infusion device is needed. Near-patient testing should be used to
monitor coagulation, haematocrit and acid–base status during
surgery. Epidural catheters may be placed for postoperative analgesia, but local anaesthetics are often avoided as motor block may
delay or confuse the diagnosis of spinal cord ischaemia. In contrast
to infrarenal AAA surgery, all patients undergoing open TAAA
require postoperative ventilation and possibly other organ support
in the ICU.

Spinal cord protection
The blood supply to the spinal cord is derived from a single anterior
and two posterior spinal arteries, with little overlap in the parts of
the cord they supply. The anterior spinal artery arises from the vertebral arteries and runs down to supply the anterior two-thirds of
the spinal cord. It receives multiple contributions from segmental
arteries arising from the intercostal, lumbar, iliac, and other arteries. The most important of these segmental branches is the arteria
radicularis magna (the artery of Adamkiewicz) which arises from
between T5 and L3, but most commonly between T9 and T12.
During aortic cross-clamping, spinal perfusion depends on the
aortic pressure distal to the clamp and this may become critical
when the clamp is placed more proximally, above the coeliac axis.
Significant ischaemia of the spinal cord results in anterior spinal
artery syndrome with motor weakness or paralysis and loss of distal
pain and temperature sensation. Vibration, touch, and proprioception are maintained as their pathways are supplied by the posterior
spinal arteries. The part of the spinal cord most at risk is the ‘watershed’ lower thoracic and high lumbar areas. Risk factors for spinal
cord ischaemia are clamping on the proximal aorta, increased duration of clamping (especially > 60 min), intraoperative hypotension,
ligation of spinal arteries, emergency surgery, old age, hyperglycaemia, diabetes, and severe atherosclerosis. The incidence of paraplegia after TAAA repair has been reported to be up to 25% in some
series, but is 0–4% after elective type IV TAAA repair (Wahlgren
and Wahlberg 2005) and has reduced with the introduction of endovascular procedures and specific preventative measures.
Spinal cord perfusion pressure (SCPP) is estimated as:
Mean arterial pressure (in the distal aorta ) −
cerebral spinal fluid (CSF) or central venous pressure
( whichever is greater )
Spinal cord ischaemia is thought to cause cord oedema, which
will increase CSF pressure, decrease SCPP, and exacerbate cord
ischaemia. This is the rationale for CSF drainage during thoracic
aortic surgery. Methods to monitor spinal cord function during
surgery include somatosensory or motor-evoked potentials (see
Chapter 44).
The other cause of spinal cord ischaemia during repair of a
descending thoracic aortic (or supracoeliac) aneurysm is that the
segmental arteries are often excluded from the circulation permanently by the graft. Several techniques are available to maintain
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Figure 58.2 Thoracoabdominal aortic aneurysm classification. Type I, from below the left subclavian artery to above the coeliac axis, or opposite the superior mesenteric
and above the renal arteries. Type II, from below the left subclavian and including the infrarenal abdominal aorta to the level of the aortic bifurcation. Type III, from the
sixth intercostal space tapering to just above the infrarenal abdominal aorta to the iliac bifurcation. Type IV, from the 12th intercostal space, tapering to above the iliac
bifurcation. Type V, from the sixth intercostal space, tapering to just above the renal arteries.
Reprinted from Annals of Thoracic Surgery, Volume 67, Issue 6, Safi HC, Miller CC., Spinal cord protection in descending thoracic and thoracoabdominal aortic repair. pp. 1937–9, Copyright © 1999
with permission from The Society of Thoracic Surgeons and the Southern Thoracic Surgical Association.

spinal cord perfusion during surgery. These include augmenting
distal perfusion using bypass techniques such as atriofemoral bypass
with sequential clamping or partial left heart bypass, with or without
identification and preservation or selective re-implantation of segmental arteries (Jacobs et al. 2007). Cooling the spinal cord by infusion of cold fluid into the epidural space may be beneficial, though
this is controversial, and many anaesthetists allow core temperature
to decrease to 34–35°C. Barbiturates, steroids, and other drugs are
not of proved benefit. In all cases, cross-clamp times, blood loss, and
hypotension should be kept to a minimum. CSF drainage, using a
standard epidural catheter and a purpose-made closed drainage system, is used to maintain the CSF pressure at approximately 10 mm
Hg during surgery and for up to 72 h after surgery (Safi and Miller
1999). Mean arterial pressure should also be sustained at greater
than 65 mm Hg to maintain SCPP throughout this period. Excessive
CSF drainage may cause intracranial hypotension and haemorrhage
in addition to other complications (Fedorow et al. 2010). However,
when used in combination with other measures, CSF drainage has
been shown to decrease the incidence of spinal cord ischaemia during thoracic aortic surgery (Coselli et al. 2002).

Endovascular aortic aneurysm repair
EVAR was first described in humans in 1991. It involves the placement of a self-expanding stent-graft within the lumen of the AAA
to exclude the aneurysm sac from the circulation from within. The
stent-graft is usually constructed from impervious graft material
over an internal nickel–titanium skeleton; the device is compressed
within a delivery device of approximately 7 mm diameter that is

passed percutaneously through one or both femoral arteries and
positioned within the aorta under fluoroscopic control. Once in
position (usually with the proximal end just below the renal arteries and the distal end in the common iliac arteries) the device is
deployed by retracting the delivery system and allowing the stent
graft to emerge and expand to seal against the aortic wall just above
the AAA. A balloon is expanded within the stent graft at proximal and distal ends to ensure full expansion. Multiple stent grafts
are used to create bifurcated grafts into the iliac arteries (Fig. 58.3)
More recent techniques include the use of fenestrated grafts that
can be placed to allow perfusion of the renal and other visceral
arteries. Deployment of the graft requires a short period of apnoea.
Cardiovascular changes at deployment are modest.
In order that EVAR can be performed, the AAA must have certain characteristics including that the neck of the aneurysm (where
the proximal part of the stent is deployed) should be of a minimum
length (>10 mm), without excessive angulation and have a maximum diameter of 32 mm. To enable passage of the delivery system, the iliac vessels should be of greater than 7 mm diameter and
not ectatic or tortuous (Moll et al. 2011). Developments in stent
technology are permitting EVAR to be performed in an increasing
number of cases, but approximately 20% will be unsuitable.
EVAR avoids the complications associated with a major abdominal incision and aortic cross-clamping. It has lower morbidity, hospital stay, and short-term mortality compared with conventional
surgery (Cao et al. 2004; Schouten et al. 2007). Risk factors for
patients undergoing EVAR are similar to those for open surgery
and include significant cardiovascular disease, old age, COPD,
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Figure 58.3 Deployment of an endovascular stent. A transfemoral guidewire is passed across the lumen of the abdominal aortic aneurysm (a) and both proximal (b)
and distal (c) ends are deployed by balloon angioplasty. For bifurcated grafts, the first component enters through the original puncture site (d) before a second guidewire
is introduced on the contralateral side (e) to facilitate deployment of the second component (f).
Reproduced from British Medical Journal, Metcalfe D, Holt PJE, Thompson MM, The management of abdominal aortic aneurysms. Volume 342, pp. 1384, Copyright © 2011 with permission from
BMJ Publishing Ltd.

renal dysfunction, and increased ASA grade (Moll et al. 2011).
As postoperative HDU or ICU care is not usually required after
EVAR, late cancellations and overall hospital stay may be reduced.
The main disadvantages of EVAR are that initial costs are higher
and continued surveillance with computed tomography (CT) scanning is required to confirm the position of the graft. Leaks around
or through the graft (endoleaks) may occur, requiring further
or repeated radiological re-interventions (van Marrewijk 2002;
Sampram et al. 2003). Furthermore, the long-term survival benefits of EVAR compared with open surgery are not clear, mainly
because of late deaths from cardiac disease, cancer, or rupture of
another aneurysm (Prinssen et al. 2004; Schermerhorn et al. 2008;
UK EVAR Trial Investigators 2010; de Bruin et al. 2010; Lederle
2012). Postoperative renal function declines in the longer term to
a greater extent after EVAR compared with open surgery (Mills
et al. 2008). In addition, long-term outcome after EVAR in patients
considered unfit for open repair is considerably worse than anticipated: 4-year survival in the EVAR-2 study was only 34% (EVAR
Trial Participants 2005b). The lack of survival benefit from endovascular AAA repair in those with significant coexisting disease has
been confirmed in other studies (Buth et al. 2002) and it remains
uncertain whether EVAR improves life expectancy in patients unfit
for open repair (Chaikof et al. 2009). Hence it should not be seen as
a simple alternative in patients unfit for open surgery.

Anaesthesia for EVAR
EVAR is performed via groin incisions, usually below the inguinal
ligament under local, regional, or general anaesthesia (Pichel and

Serracino-Inglott 2008). Practice varies in respect of where endovascular surgery is performed—in the radiology suite or the operating theatre—and the choice is determined largely by local facilities
and the preference of the operating practitioner. However, there are
recommendations for the provision of adequate facilities including minimal standards for provision of anaesthesia (Medicines
and Healthcare products Regulatory Agency 2010; Thompson and
Danjoux 2014). Many centres are developing dedicated endovascular facilities where high-quality imaging is available within an
environment equipped to operating theatre standards.
Outcome is more closely related to preoperative risk factors than
to particular anaesthetic technique (Karthesalingam et al. 2012).
The choice of anaesthesia should be determined by the presence and
severity of co-morbidities, surgical factors (including type and anticipated duration of EVAR), local facilities, and expertise. Blood loss
during EVAR is usually modest but may be significant. Large-gauge
i.v. access should be secured and direct arterial pressure monitoring used. Imaging during the procedure may involve the use of high
doses of radiocontrast with the potential to cause contrast-induced
nephropathy, especially in patients with pre-existing renal dysfunction. The main measures to obviate this are to use the minimum
dose of iso-osmolar contrast and to maintain hydration throughout the perioperative period (see ‘Contrast-induced nephropathy’).
Accurate deployment of the graft requires short periods of apnoea to
avoid the effects of respiratory movements on the aorta.
EVAR can be performed entirely under local anaesthesia but leg
ischaemia (caused by the insertion of the large delivery system into
the iliac arteries) can be troublesome. Movements of gas within
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the bowel may also obscure the quality of imaging and this is more
likely with local anaesthesia; an antispasmodic (hyoscine) may
be needed. Neuraxial blocks are suitable for many patients in the
absence of contraindications. General anaesthesia is also an option
and avoids the difficulties some patients have in lying immobile
and in breath-holding during the procedure. Postoperative pain
requirements are modest and in the absence of severe coexisting
diseases, most patients can return to the vascular ward after a few
hours in the postoperative care unit.

i.v. twice daily for 24 h pre-and post-procedure) may be used in
high-risk groups. Theophyllines and statins may also be beneficial
though the evidence is conflicting. Other drugs or interventions
(dopamine, calcium channel blockers) are not effective and furosemide may be harmful (Kwok et al. 2013). In all cases, urine output
should be monitored for at least 4 h after administration of contrast
and oral hydration encouraged.

Thoracic EVAR and hybrid procedures

Stroke is the second most common cause of death in Europe, causing 1.1 million deaths each year, accounting for 10% of all deaths
in men and 15% of all deaths in women. Worldwide, the annual
incidence of stroke is approximately 15 million. Approximately
150 000 strokes occur in the United Kingdom each year with an
annual incidence of 178 per 100 000 in men and 139 per 100 000
in women. In England and Wales, there are approximately 60 000
deaths each year from stroke. Though more common in the elderly,
25% of strokes occur in those aged less than 65 years. Stroke is a
leading cause of disability and the majority of stroke survivors are
dependent on others for everyday activities, with significant economic costs to society (Stroke Association 2013).
The majority (>70%) of strokes are ischaemic in aetiology, caused
by atheroembolism arising from atheromatous plaques in the large
arteries, particularly the common carotid bifurcation and internal
and external carotid arteries. The other main causes are primary
intracerebral or subarachnoid haemorrhage. In patients who have
suffered a transient ischaemic attack (TIA) or minor stroke, the incidence and severity of major strokes or other events in the first few
days relate to clinical features (Table 58.2); the risk of major stroke
within 5 years depends on the degree of carotid stenosis (Table 58.3).
Carotid endarterectomy (CEA) is performed to prevent
disabling or fatal embolic strokes in patients with significant
carotid stenosis (>50%). It has well-defined indications based
on the results of large-scale randomized prospective studies
(North American Symptomatic Carotid Endarterectomy Trial

Thoracic EVAR (TEVAR) is increasingly used for the management of isolated thoracic aortic aneurysms as it avoids many of
the complications associated with open TAAA surgery (Scharrer-
Pamler et al. 2003; Desai et al. 2012). Where the aneurysm involves
the abdominal aorta and stenting would occlude major abdominal vessels (coeliac, renal or mesenteric), a ‘hybrid’ procedure is
needed, involving anastomosis of these visceral arteries to distal
vessels through an open surgical approach (Hughes and McCann
2009). Anaesthesia for TEVAR is similar to that for EVAR, with the
exceptions that some surgeons may request a period of controlled
hypotension during proximal stent placement. The other main
consideration is that the brachial artery may be used for access; in
this case it often leads to ischaemic pain in the arm and so general anaesthesia is preferable; alternatively an additional brachial
plexus block can be used. Anaesthetic considerations for hybrid
TEVAR are similar to those for open TAAA, except that one-lung
ventilation is not required. Spinal cord ischaemia is less common
than during open surgery, but spinal cord protection measures are
often needed if the stent graft is long and likely to cause occlusion
of multiple intercostal or segmental arteries. Long-term outcome
after successful TEVAR is similar to open TAAA repair, with 5-year
survival rates of 60%, though re-interventions may be required in
15% of patients after TEVAR (Desai et al. 2012).

Contrast-induced nephropathy
Contrast induced nephropathy (CIN) is defined as an increase in
serum creatinine concentrations of greater than 44 µmol litre–1
within 48–72 h after administration of i.v. radiocontrast, in the
absence of other causes. CIN is a potential complication after endovascular surgery where large volumes of iodinated radio-contrast
have been administered during the procedure. It may also occur
after diagnostic contrast-enhanced CT scanning, angiography, or
angioplasty. The aetiology is unknown but apoptosis of renal tubular cells and renal medullary hypoxia occur with the production of
reactive oxygen species. Possible mechanisms include direct toxic
effects of radio-contrast on tubular cells, ischaemia–reperfusion
injury or reduced renal blood flow, or both. Although usually
transient and self-limiting, permanent kidney damage has been
reported. Risk factors include pre-existing chronic kidney disease,
diabetes, hypertension, heart failure, dehydration, old age, the concurrent administration of other nephrotoxic drugs, and the use of
hyper-osmolar contrast. Measures to prevent CIN are to maintain
hydration before contrast administration with i.v. crystalloids [e.g.
0.9% saline or isotonic (1.26%) sodium bicarbonate at 1.5 ml kg–1
h–1 for 4–12 h pre-procedure and up to 48 h post-procedure (Hoste
et al. 2010)], minimize the volume of contrast to less than 150 ml,
use iso-osmolar (290 mOsm) contrast agents (e.g. iopamidol),
and avoid vascular surgery or repeated administration of contrast
within 48 h. Acetylcysteine (600 mg orally twice daily or 500 mg
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Table 58.2 ABCD2 score
Points
A

Age >60 years

1

B

Blood pressure >140/90

1

C

Clinical features
Unilateral weakness
Speech impairment without weakness

2
1

D

Duration >60 min
Duration 10–59 min

2
1

D

Diabetes mellitus

1

The ABCD2 score can predict the incidence and severity of major strokes or
other events in the first few days after TIA. A low score (<4) is associated with 2
and 7 day risks of major stroke of 1% and 1.2% respectively but also a higher 7 day
risk of recurrent TIA. A high score (>5) is associated with 2 and 7 day risks of
major stroke of 8.1% and 11.7% respectively.
Reprinted from The Lancet, Volume 369, Issue 9558, Johnston SC, Rothwell PM,
Huynh-Huynh MN, Giles MF, Elkins JS, Sidney S, Validation and refinement of
scores to predict very early stroke risk after transient ischemic attack, pp. 283–292,
Copyright © 2007 Elsevier.
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Table 58.3 Long-term risks of major stroke after transient ischaemic attack or minor stroke in patients with stable neurological symptoms
5-year risk of stroke after TIA or minor stroke without surgery

% 5-year risk reduction for stroke or death conferred by CEA

>70% carotid stenosis

>70% carotid stenosis

50–69% stenosis

<50% stenosis

33%

28%

25%

50–69% stenosis

30–49%

Absolute risk reduction

16%

Relative risk reduction

48%

Numbers needed to treat

6

Absolute risk reduction

8%

Relative risk reduction

28%

Numbers needed to treat

13

Absolute risk reduction

<30% stenosis

2.6%

Relative risk reduction

10%

Numbers needed to treat

38

Risks of CEA outweigh the benefits

The risks in patients not undergoing surgery may improve with continuing advances in medical therapy (dual antiplatelet therapy, high-dose statin therapy, aggressive multi-agent
antihypertensive therapy). Note that the benefits of CEA are greatest in patients with more severe carotid stenosis, and rely on low perioperative morbidity (30-day stroke or death rate <6%).
Adapted with permission from ‘Carotid Artery Surgery and Stenting’, in Thompson JP, Telford RJ, Howell SJ (eds) Oxford Specialist Handbook of Vascular Anaesthesia, 2014, Pages 377–378,
with permission from Oxford University Press.

Collaborators 1991; Executive Committee for the Asymptomatic
Carotid Endarterectomy Study 1995; European Carotid Surgery
Trialists Collaborative Group 1998; MRC Asymptomatic Carotid
Surgery Trial Trial Collaborative Group 2004). Patients have usually suffered a TIA or minor stroke but the carotid stenosis may
be asymptomatic. CEA reduces the incidence of major disabling
stroke after minor stroke or TIA, in patients with stable neurological symptoms. The approximate 5-year risks of stroke with medical
therapy alone depend on the presence of symptoms, and in symptomatic patients the benefits are greatest in patients with the most
severe carotid stenosis (Table 58.3). Paradoxically, the main risk of
surgery is the production of a new neurological deficit (which may
be fatal or cause permanent disability) and so the potential benefits
of CEA are only realized if the overall perioperative risks of stroke
or death are low (30-day stroke or death rate <6% in symptomatic
patients and <3% in asymptomatic patients). In some patients who
have had a TIA or minor stroke, CEA is not indicated, that is, the
stroke was unrelated to carotid atherosclerosis, or the degree of
carotid stenosis was less than 50% when assessed.
It is also important to recognize that the trials on which current practice and recommendations are made were performed
10–20 years ago. Stroke mortality has decreased over the last two
decades and with the advent of thrombolysis for acute stroke, and
further advances in medical therapy, the risks of stroke with medical therapy alone are likely to decrease. This is particularly relevant
to asymptomatic patients in whom the risk:benefit ratio is lower
(Table 58.4), and there have been calls for new trials in asymptomatic patients comparing CEA, carotid artery stenting, and medical therapy alone.

Timing of carotid surgery
Recent data have shown that the risks of major stroke are highest
in the first few hours or days after TIA or minor stroke (Rothwell
et al. 2006). The risks depend on the initial neurological event and
increase in the order monocular amaurosis fugax < TIA < hemispheric stroke. The risks of major stroke after TIA at 7, 30, and
90 days are 8%, 12%, and 17% respectively (Lovett et al. 2003; Coull

et al. 2004); the risks after minor stroke are 11.5%, 15.0%, and
18.5%, respectively. The highest absolute risk (up to 5%) is within
the first 24 h. Within these groups, age greater than 60 years, duration of symptoms, and aetiology of stroke all contribute to increased
risk of early stroke. Large artery atherosclerosis (mainly carotid
disease) is associated with a 20% risk of stroke at 30 days after
minor stroke (Fairhead et al. 2005). The EXPRESS study (Rothwell
et al. 2007) showed that outcome after TIA and minor stroke was
improved after investigations performed and medical therapy
initiated urgently. Furthermore, the benefit of CEA is greatest in
patients undergoing surgery within 2 weeks after TIA or minor
stroke, with a number-needed-to treat of 5 to prevent 1 ipsilateral
stroke in 5 years (Rothwell et al. 2006) (Table 58.5). Together these
data have led to a change in philosophy and practice so that minor
stroke or TIA is now treated without delay and if indicated CEA
should be performed as soon as possible after the last event (Furie
et al. 2011; Brott et al. 2011; Rothwell et al. 2011). The UK National
Stroke Strategy states that ‘carotid intervention for recently symptomatic severe carotid stenosis should be regarded as an emergency
procedure in patients who are neurologically stable’. Interventions
should be performed within 2 weeks of a TIA or minor stroke with
the aim of reducing this to 2 days by 2017 (Department of Health
2007), though the benefits of performing surgery within 48 h are
not clear. Adoption of this approach means that there is less time
to optimize coexisting medical conditions before CEA, particularly hypertension or ischaemic heart disease. It is well established
that cerebral pressure autoregulation is impaired early after TIA or
minor stroke, but despite increased pressures for the anaesthetist,
the available data suggest that outcome is not worse when carotid
surgery is performed as an urgent procedure after the neurological
event (Rerkasem and Rothwell 2009; Rantner et al. 2011; Lesech
et al. 2012).

Preoperative assessment
In general, preoperative assessment should focus on identifying and optimizing reversible coexisting conditions before surgery. Many patients with carotid stenosis have coronary artery
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Table 58.4 Long-term risks of major stroke in asymptomatic patients with carotid stenosis.Overall, the
benefits are greater in men compared with women. However, the risks of stroke with medical therapy alone are
likely to decrease in the future with improvements in treatment
5-year risk of stroke after TIA or minor
stroke without surgery

5-year % risk reduction for stroke or death conferred by CEA

5%, irrespective of the degree of stenosis

Carotid stenosis >60%

Carotid stenosis <60%

Absolute risk reduction

5%

Relative risk reduction

46%

Numbers needed to treat

19

Risks of CEA outweigh the benefits

Adapted with permission from ‘Carotid Artery Surgery and Stenting’, in Thompson JP, Telford RJ, Howell SJ (eds) Oxford Specialist Handbook
of Vascular Anaesthesia, 2014, Pages 377–378, with permission from Oxford University Press.

disease, either occult or symptomatic. Most are elderly and there
is a high prevalence of atrial fibrillation, hypertension, congestive heart failure, hyperlipidaemia, diabetes, and smoking-related
respiratory disease. Patients presenting for CEA are therefore at
increased risk for cardiovascular death and perioperative cardiovascular morbidity, principally MI. The major risks of CEA are
stroke (3–4%), MI (0.5–1%), and death; cardiovascular complications account for 50% of the overall morbidity and mortality. As
CEA is now considered an urgent procedure there is often limited
time available for optimizing coexisting medical conditions, but
surgery should be deferred if there is significant aortic stenosis,
significant arrhythmias, uncompensated heart failure, or unstable
angina. Wherever possible, other conditions (diabetes, hypertension, renal dysfunction) should be addressed and optimized (see
Chapter 41).
Standard preoperative investigations include full blood count,
biochemistry, ECG, and chest X-ray; others are determined by the
presence of other coexisting conditions (see Chapters 41 and 42). In
patients scheduled for CEA after recent TIA or minor stroke, these
will already have been performed, and in addition, CT or magnetic
resonance imaging (MRI) of the brain and Doppler ultrasound of
the carotid arteries. After a recent neurological event, airway reflexes
and swallowing may be impaired; these should be assessed formally
(e.g. by nasendoscopy) if suspected on clinical evaluation. An algorithm for decision-making in patients after TIA or stroke presenting
for CEA or other surgery is presented in Table 58.5. Most patients
will be able to proceed to CEA with the exception of those requiring
urgent cardiology interventions (e.g. coronary revascularization or
urgent pacemaker insertion) (Thompson 2000a, 2000b, 2014). These
patients should be referred to a cardiologist for consideration of
interventions such as percutaneous coronary intervention (PCI), or
in some cases combined CEA and coronary artery bypass grafting.
Diabetic control is important because hyperglycaemia occurs
frequently after stroke and can worsen cerebral ischaemic damage;
conversely, hypoglycaemia may mimic acute stroke and cause difficulties with diagnosis in the perioperative period. In all diabetic
patients (except those controlled by dietary measures alone), an
infusion of glucose with a variable rate insulin infusion should be
started before CEA and continued after surgery until the patient
resumes oral intake; a target blood glucose of 6–10 mmol litre–1 is
recommended.
Almost all patients will be taking aspirin, clopidogrel, or both;
and many will be receiving statin therapy. These medications
should all be continued up to the day of surgery and restarted as
soon as possible thereafter. In patients receiving warfarin (e.g. for

Table 58.5 Suggested algorithm for decision-making in patients
after stroke or TIA
Scenario

Management

Recent non-disabling stroke or TIA
not considered for CEA because mild
or no carotid atherosclerosis or stroke
not related to carotid disease

Evaluate and proceed to non-CEA
surgery. Probably defer for 3 months
to allow cerebral autoregulation to
normalize, and correction of other
medical risk factors, though there are
few data to guide this

Postpone non-carotid surgery for
Recent disabling stroke, not
considered for CEA but presenting for at least 3 months and re-evaluate
extent of stroke and urgency of
other surgery
surgery. If reasonable recovery and
life expectancy, evaluate. If benefits of
surgery outweigh the risks, proceed
with increased care and monitoring
Distant non-disabling stroke or TIA
and not considered for CEA at the
time

Reassess for CEA (? degree of carotid
stenosis) and perform CEA first
if indicated. If CEA not indicated,
evaluate for non-carotid surgery

Recent stroke or TIA and candidate
for CEA, no major cardiac risk factors
but other disease process requiring
urgent surgery, e.g. coexisting aortic
aneurysm or critical limb ischaemia

Correct other medical problems and
perform CEA first

Recent stroke or TIA and candidate
for CEA with major cardiac risk
factors (urgent treatment of cardiac
risk factors, e.g. antiarrhythmic drugs,
pacemaker, untreated heart failure

If cardiac revascularization indicated,
consider PCI or combined CEA/
CABG. Correct major cardiac risk
factors first; proceed to CEA

Recent non-disabling stroke or TIA
and has undergone successful CEA

Defer non-urgent surgery for at least
6 weeks

Reproduced from ‘Management after recent stroke or TIA’, in Thompson JP, Telford RJ,
Howell SJ (eds), Oxford Specialist Handbook of Vascular Anaesthesia, 2014, Table 4.12,
Page 194, with permission from Oxford University Press.

atrial fibrillation), bridging therapy with heparin should be used.
Some patients presenting with crescendo TIAs will also be receiving heparin; this should be continued up to a few hours before surgery. These decisions should be made in consultation with a stroke
physician and a haematologist.
Control of blood pressure is often difficult in patients presenting for CEA because arterial baroreceptor function and cerebral
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autoregulation are impaired after TIA or stroke in addition to the
effects of other factors that impair baroreflex sensitivity (Stoneham
and Thompson 2009). Furthermore, haemodynamic instability is
common during and after CEA, caused by the direct effects of surgery and anaesthesia. Hypertension occurs in 80% of patients in the
first few days after TIA or minor stroke, though it usually decreases
spontaneously. Conversely, hypotension could potentially worsen
cerebral ischaemia, particularly in patients with uncorrected
carotid stenosis. For these reasons routine, aggressive antihypertensive treatment is not currently recommended by stroke physicians
early after ischaemic minor stroke or TIA. Trials are ongoing, but
a target blood pressure of less than 180/110 is currently suggested.
Untreated hypertension has historically been considered a risk factor for worse outcome after CEA (Table 58.6) but in symptomatic
patients, it is now considered that the potential benefits of deferring
urgent CEA to normalize blood pressure are outweighed by the
increased risks of further stroke caused by the delay. Hence patients
may present for CEA with blood pressures higher than those normally considered optimal before elective surgery. Wherever possible, however, it remains that blood pressure should be controlled
before surgery and most vascular anaesthetists would aim for a
systolic blood pressure less than 180 mm Hg before urgent CEA,
and less than 160 mm Hg before elective CEA. There is no good
evidence for the benefits of any particular antihypertensive drugs in
this situation. ACE inhibitors and angiotensin II receptor blockers
may cause refractory hypotension after induction of general anaesthesia and in this situation it is reasonable to omit them for 24 h
before carotid surgery.

Anaesthesia for carotid endarterectomy
The principal aims of anaesthesia for carotid surgery are to maintain cerebral perfusion and oxygen delivery; to maintain cardiovascular stability before, during, and after surgery to minimize any
stress to the myocardium; and to minimize the risk of postoperative complications such as hypertension, wound haematoma, or
Table 58.6 Perioperative risk factors for patients undergoing CEA
Clinical/radiological
features

Ipsilateral hemispheric symptoms > ocular
symptoms only > asymptomatic
Ipsilateral ischaemic lesion on CT
Urgent surgery in the presence of current
neurological deficit
Crescendo TIAs

Medical

Age > 75 years
Angina
Surgery immediately before CABG
Hypertension (diastolic pressure >115 mm Hg
or systolic pressure >180 mm Hg, or both)
Chronic kidney failure

Surgical

Contralateral carotid occlusion
Intraluminal thrombus
Ulcerated or irregular plaque
Stenosis near the carotid syphon

Adapted with permission from ‘Principles of anaesthesia for Carotid Surgery’, in Thompson
JP, Telford RJ, Howell SJ (eds), Oxford Specialist Handbook of Vascular Anaesthesia, 2014,
Box 9.1, Page 382, with permission from Oxford University Press.

cerebral hyperperfusion syndrome. Postoperative recovery should
be rapid to allow prompt detection of any new neurological deficits.
General, local, or regional anaesthetic techniques can be used to
achieve these goals.

General anaesthesia
General anaesthesia with controlled ventilation has a number of
theoretical advantages. These include definitive airway control, the
ability to maintain oxygenation and manipulate arterial Pco2, cerebral protection, and reduced cerebral metabolic rate for oxygen
(CMRO2) by volatile or i.v. anaesthetic agents, and some monitoring modalities (such as transcranial Doppler) are easier. It also
avoids problems of patient discomfort or movement during prolonged surgery, and positioning may be easier. However, the ‘gold
standard’ for monitoring during CEA is the awake patient (see
‘Monitoring’) with surgery under local or regional anaesthesia.
General anaesthesia can be provided using balanced volatile or
total i.v. anaesthesia. Cardiovascular instability is common, especially during induction of anaesthesia, manipulation of the carotid
sheath during surgery, emergence from anaesthesia, and in the
early postoperative period. Hypotension is common after induction of anaesthesia, caused by the cardiovascular effects of anaesthesia and artificial ventilation. This should be anticipated: drugs
to treat hypotension should be prepared before induction of anaesthesia and be immediately available. An arterial catheter should be
placed before induction of anaesthesia to monitor direct arterial
pressure. Induction of anaesthesia must be smooth. The arm–brain
circulation time is prolonged in the elderly and anaesthetic drugs
must be titrated carefully to effect. It is preferable to secure the airway with tracheal intubation but a second-generation supraglottic
airway device could be used. Coughing should be avoided as it can
increase intracranial pressure; useful techniques include spraying the vocal cords or tracheal tube cuff with lidocaine 1%, and
ensuring deep neuromuscular block before tracheal intubation. The
pressor response to laryngoscopy and tracheal intubation should be
attenuated using drugs such as alfentanil (15 μg kg–1), remifentanil
(slow bolus of 0.1–0.25 μg kg–1 or an infusion of 0.1–0.2 μg kg–1
min–1, or both), or esmolol (1.0–1.5 mg kg–1). Artificial ventilation
is necessary to maintain normal Pa CO2 , as hypo-or hypercapnia can
cause unpredictable changes in cerebral blood flow. Anaesthesia
can be maintained using volatile or i.v. anaesthetic agents. The former impair cerebral autoregulation at concentrations greater than 1
MAC so lower concentrations are used. Sevoflurane has theoretical
beneficial effects on CMRO2 but desflurane or isoflurane are also
suitable. Nitrous oxide is often avoided because it increases cerebral
metabolic rate and middle cerebral artery blood flow in the presence of both volatile agents and propofol. A low-dose remifentanil
infusion (0.1–0.2 μg kg–1 min–1), or incremental doses of fentanyl
50 μg may be used as adjuncts during surgery. CEA is not particularly painful and requirements for analgesia are modest. I.V. paracetamol and non-steroidal anti-inflammatory drugs (NSAIDs)
(if not contraindicated) are usually adequate, in conjunction with
either a superficial cervical plexus block or local anaesthetic infiltration of the wound.
Cardiovascular instability is common during carotid surgery.
This relates to pre-existing baroreceptor dysfunction, the effects of
antihypertensive medications, anaesthesia, and the surgery itself.
Manipulation of the carotid sheath by the surgeon can cause hypertension or vagally mediated bradycardia. The latter may be sudden
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and severe, especially when using a propofol/remifentanil anaesthetic technique and atropine should be immediately available.
Infiltration of the carotid sinus with local anaesthetic has not been
shown to improve perioperative cardiovascular stability. It is often
stated that blood pressure should be maintained during surgery to
within 10–20% above preoperative values, though there is little evidence to support this. Cerebral blood flow is likely to be impaired
in the presence of a carotid stenosis and particularly during cross-
clamping of the carotid artery, but in the presence of good cerebral
blood flow documented by transcranial Doppler or other monitoring, lower values may be preferable. Nevertheless, it is advisable to
maintain a systolic pressure greater than 90 mm Hg at all times
during general anaesthesia. Many anaesthetists augment blood
pressure during closure of the carotid artery, so any minor bleeding
(e.g. through suture holes) can be stopped by the surgeon before
wound closure. A gentle ‘Valsalva’ manoeuvre may also make any
venous oozing apparent before final closure of the wound. Minor
oozing is often noticeable in patients receiving dual antiplatelet
therapy and can usually be tamponaded with gentle pressure, but
patience may be required.
Emergence from anaesthesia and tracheal extubation should be
smooth and attempts made to prevent coughing, as this can be associated with increases in venous and arterial pressures, predisposing
to postoperative haematoma. Titrated doses of i.v. β-blockers [e.g.
atenolol 1–5 mg, labetalol (increments of 10 mg up to 100 mg), or
metoprolol 2–15 mg] can be given before emergence from anaesthesia if hypertension is anticipated. Alternatively, esmolol 50–100
mg i.v. can be given shortly before extubation. Postoperative pain is
modest, but a small proportion of patients may require increments
of morphine 2–5 mg i.v. postoperatively.

Local/regional anaesthesia
Local or regional anaesthesia has a number of potential advantages
for carotid surgery. It allows definitive (real-time and awake) monitoring of cerebral function, systemic and cerebral autoregulation
is maintained, and it allows the selective use of surgical shunts,
depending on the surgeons preferred technique. Furthermore, it
avoids the adverse effects of general anaesthesia and mechanical
ventilation on the cardiovascular system, and allows monitoring
for symptoms of angina or hypoglycaemia. Disadvantages include
potential patient discomfort (especially if the patient suffers from
orthopnoea, if surgery is prolonged or technically difficult, e.g. in
obese patients, or the carotid bifurcation is anatomically high).
Discomfort from submandibular retractors is common and even
with an apparently effective cervical plexus block, supplementary
injections of local anaesthetic by the surgeon are usually required.
Ipsilateral phrenic nerve palsy with diaphragmatic paralysis occurs
commonly after deep cervical plexus block; this technique is best
avoided in patients with severe COPD.
The pattern of blood pressure is different when CEA is performed
under local/regional anaesthesia. Hypertension is much more
common, especially during carotid cross-clamping, and hypotensive agents should be available. Intraoperative hypotension is less
common and vasopressor requirements are lower (Stoneham and
Thompson 2009).
Options for local or regional anaesthesia for CEA are superficial, intermediate, or deep cervical plexus block; local anaesthetic infiltration by the surgeon; or cervical epidural anaesthesia.
Superficial cervical plexus block is performed by infiltration of
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local anaesthetic along the entire length of the posterior border of
the sternomastoid muscle with 15–20 ml of local anaesthetic (e.g.
levobupivacaine 0.25%). Intermediate cervical plexus block is performed by inserting a regional block needle perpendicular to the
skin at the midpoint of the posterior border of sternomastoid until
a loss of resistance is felt as the needle penetrates the investing layer
of cervical fascia at a depth of 1–2 cm. Larger volumes (30 ml) of
local anaesthetic solution are used to produce spread between the
superficial and deep layers of cervical fascial layers, allowing spread
to the cervical nerve roots. Deep cervical plexus block is performed
as a single or separate injections at C2–4. Smaller volumes of local
anaesthetic (5 ml) are used. Complications associated with deep
cervical plexus block include epidural, subarachnoid, or vertebral
artery injection, and phrenic nerve palsy.
The debate over whether local or regional anaesthesia improves
outcome after CEA has been ongoing for a number of years and the
GALA trial was performed in an attempt to address this (GALA
Trial Collaborative Group 2008). Part of the rationale for this study
was that local or regional anaesthesia can be used to determine
aspects of surgical technique (specifically whether or not to use a
shunt to maintain cerebral blood flow during carotid clamping),
and that shunting is associated with morbidity by causing atheroembolism from a carotid plaque. The planned sample size in the
GALA trial was 5000 patients, based on a predicted one-third
reduction in risk of a primary outcome (30-day stroke MI or death)
under local compared with general anaesthesia (from 7.5% to 5%).
The trial recruited 3526 patients with symptomatic or asymptomatic carotid disease from 94 hospitals in 24 countries between
1999 and 2007, before recruitment stopped. The incidence of the
primary outcomes in the trial population was lower than anticipated and no differences were found in the incidence of stroke,
death, or MI between patients receiving local and general anaesthesia (GALA Trial Collaborative Group 2008). The study was a pragmatic trial with no standardization of technique, and some centres
may not have engaged with the study because of a lack of equipoise
about the superiority of local or regional anaesthesia. The GALA
trial also found a non-significantly increased incidence of MI at 30
days in the local anaesthetic group, but conversely a non-significant
trend towards fewer events (stroke, MI, or death) in the local anaesthetic group at 1 year. The trial concluded that ‘The anaesthetist
and surgeon, in consultation with the patient, should decide which
anaesthetic technique to use on an individual basis’. Inclusion of the
GALA results into a meta-analysis of the effects of anaesthetic technique on outcome after CEA confirms there is no effect of anaesthesia on stroke, death, or MI (Rerkasem and Rothwell 2008). This has
been confirmed in recent large series and registry data (Menyhei
et al. 2011; Schechter et al. 2012); medical and surgical factors are
probably more important determinants of outcome.
Cervical epidural block at the level of C6–C7 or C7–T1 has been
described for carotid surgery but almost always impairs respiratory
function and may cause overt respiratory failure. There is also a
theoretical risk of epidural haematoma as heparin is given during
surgery and patients may be receiving dual antiplatelet therapy.

Monitoring
Although there is good collateral circulation to the brain via the
circle of Willis, patients undergoing CEA often have generalized
vascular disease and so some form of monitoring for cerebral
ischaemia is required during surgery, especially during the period
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of carotid cross-clamping. Monitoring can be used to determine
the need for insertion of an artificial shunt during the endarterectomy, or to monitor the adequacy of the shunt. Options include
transcranial Doppler of middle cerebral artery blood flow velocity,
EEG, and ‘stump’ pressure (pressure in the proximal carotid artery).
Cerebral microdialysis has also been described. The ‘gold standard’
is considered to be the awake patient when surgery is performed
under local/regional anaesthesia. All these monitoring techniques
have advantages and disadvantages and are described in more
detail in Chapters 44 and 59.

Postoperative care
Patients should be observed in a recovery or post-anaesthesia
care unit (PACU) for at least 1–4 h after surgery as the majority of postoperative complications occur during this time. Close
neurological and cardiovascular monitoring are required. Arterial
pressure is often labile and direct pressure monitoring is indicated
until blood pressure is stable. Postoperative hypertension is common. It predisposes to neck wound haematoma, haemorrhagic
stroke, and myocardial ischaemia. In some cases it may herald
the onset of cerebral hyperperfusion syndrome. After exclusion
of simple remediable causes (pain, urinary retention), a systolic
pressure greater than 170 mm Hg (or >30% of preoperative values) should be monitored closely and treated promptly if it persists for longer than 10–15 min (Box 58.1). In the presence of
neurological symptoms, a lower threshold is used (aim for systolic pressure <140 mm Hg). Invasive arterial pressure monitoring should be continued for 2 h after administration of i.v. agents
to observe for rebound effects. If drug infusions are needed to
control arterial pressure, prolonged monitoring in a HDU environment is required.
Neck haematoma is a potentially dangerous complication after
CEA. It is caused by arterial or venous bleeding after surgery and
the onset may be insidious, leading to venous and lymphatic congestion, soft tissue oedema, and airway obstruction. Predisposing factors include early postoperative hypertension, coughing, vomiting,
and dual antiplatelet therapy. The degree of external haematoma
may not reflect the soft tissue oedema and possible airway obstruction. If airway compromise is suspected, surgical re-exploration of
the wound should be arranged as soon as possible. This is best done
under local anaesthesia as tracheal intubation is often very difficult.
If surgery has been performed under local or regional anaesthesia,
then the residual blocks may still sufficient; alternatively, further
infiltration of local anaesthetic may be needed. After drainage of
the haematoma, tissue oedema usually resolves but if tracheal intubation has been performed, the airway should be assessed carefully
before extubation (Shakespeare et al. 2010). If there is any doubt,
ventilation should be continued in the ICU until the residual
oedema has subsided.
Cerebral hyperperfusion syndrome
Cerebral blood flow increases after CEA, usually by 20–40% of
preoperative values and for up to several hours. In some cases,
the increase in cerebral blood flow is greater and may persist for
several days. Cerebral hyperperfusion is defined as an increase in
cerebral blood flow to greater than 100% of preoperative values.
Cerebral hyperperfusion syndrome (CHS) is defined as severe ipsilateral migraine-like headache with transient focal neurological
deficits or seizures, associated with cerebral hyperperfusion. These
clinical features are similar to hypertensive encephalopathy, and

Box 58.1 Management of early postoperative hypertension in a
PACU or HDU

1. Systolic pressure remains greater than 170 mm Hg
despite simple measures. Patient unable to swallow tablets
(early postoperative period)
First line: labetalol 10mg slow boluses every 2 min, up to 100 mg.
If blood pressure remains elevated after 20 min, move to second line agent.
If blood pressure decreases and does not rebound, continue
regular blood pressure observations.
If blood pressure decreases initially but increases again, start
infusion at 50–100 mg h–1, titrating dose to blood pressure.
Second-line drugs: hydralazine or GTN.
Invasive arterial pressure monitoring should be continued for 2 h
after parenteral agents to observe for rebound effects.

2. Systolic pressure remains greater than 170 mm Hg
despite simple measures. Patient is able to swallow tablets
a. Patient not normally on antihypertensive therapy

First line: nifedipine retard (10 mg), repeated after 1 h if
no change in blood pressure. DO NOT use crushed nifedipine capsules. If no reduction in blood pressure, move to
second-line agent.
Second line: bisoprolol 5 mg.
Third line: ramipril 5 mg, repeated at 3 h if necessary.
b. Patient is normally on antihypertensive therapy

First line: administer patient’s usual medication.
Second line: if patient is on ACE inhibitor or diuretic (or both),
nifedipine LA 10 mg. If patient is on calcium channel blocker,
ramipril 5 mg.

Other points
◆

◆

If hypertension persists, contact hypertension specialists for
clinical review. Observe closely for neurological signs or symptoms and treat immediately if these occur.
Monitor and treat hypertension more aggressively in patients
with risk factors for CHS. Aim to maintain systolic blood pressure in these patients below 140 mm Hg.

Adapted from University Hospitals of Leicester NHS Trust Guidelines
for Blood Pressure Management after Carotid Endarterectomy. This is
intended as a guide to treatment and other units may have their own
policies. Adapted with permission from Stoneham MD, Thompson JP,
Blood pressure management and carotid endarterectomy. British Journal
of Anaesthesia, 2011, Volume 102, Issue 4, pp. 442–52, by permission
of the Board of Management and Trustees of the British Journal of
Anaesthesia.

are caused by ipsilateral vasogenic cerebral oedema in parts of the
brain that were previously under-perfused. CHS typically develops
within the first week after CEA. Predisposing factors include recent
ipsilateral stroke, marked increases in cerebral perfusion during surgery, and severe postoperative hypertension. If suspected,
CHS should be treated as an emergency and investigations (transcranial Doppler, CT, or MRI of the brain) performed. Blood pressure must be stabilized to systolic pressure less than 140 mm Hg
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or lower, dexamethasone 8 mg i.v. administered, and any seizures
controlled promptly (Box 58.2). Admission to the HDU or ICU
is usually required for invasive arterial pressure monitoring and
management.

◆

Second line: bisoprolol 5 mg.

◆

Third line: ramipril 5 mg, repeated at 3 h if necessary.
b. Patient is normally on antihypertensive therapy

◆
◆

Box 58.2 Management of patient with suspected cerebral
hyperperfusion syndrome. Systolic blood pressure greater than
160 mm Hg with headache/other neurological symptoms/deficit
Treatment should start immediately on the ward using non-
invasive monitoring.
On-call surgical SpR/SHO must:
◆

◆

Inform on-call consultant vascular surgeon of increase in
blood pressure associated with seizure/headache or onset of
neurological deficit.
Contact on-call ICU team to arrange urgent transfer to HDU,
or PACU for invasive arterial blood pressure monitoring.

◆

Administer 8 mg dexamethasone i.v.

◆

Check for and treat pain, urinary retention.

◆

◆

Aim to reduce blood pressure gradually to <140 mm Hg systolic, and lower if symptoms persist.
Seek expert advice early.

First line: labetalol 10 mg slow i.v. boluses every 2 min, up to
100 mg.
◆

◆

◆

If blood pressure remains elevated after 20 min, move to
second-line agent.
If blood pressure decreases and does not rebound, continue
regular blood pressure observations.
If blood pressure decreases initially but increases again, start
labetalol infusion at 50–100 mg h–1, titrating dose to blood
pressure

Second-line drugs: hydralazine (2–10 mg slow i.v. injection) or
GTN infusion (0–50 mg h–1).
◆

◆

◆

If blood pressure remains elevated after 25 min, move to
third-line agent.
If blood pressure reduces and does not rebound, continue regular blood pressure observations.
If blood pressure reduces but increases again, move to
third-line agent.

Third line: GTN 50 mg in 50 ml 0.9% sodium chloride
(i.e. 1 mg ml–1)
◆

Start infusion at 5 ml h–1 (5mg h–1), increasing rate to 12ml h–1
(12 mg h–1), titrated to blood pressure.

When blood pressure stable (in HDU/ICU), commence oral
medication.
a. Patient not normally on antihypertensive therapy
◆

◆

First line: nifedipine LA (10 mg), repeat after 1 h if no change
in blood pressure.
Do not use crushed nifedipine capsules. If no reduction in
blood pressure, move to second-line agent.

anaesthesia for vascular surgery

First line: administer patient’s usual medication.
Second line: if patient is on ACE inhibitor or diuretic (or both),
nifedipine LA 10 mg. If patient is on calcium channel blocker,
ramipril 5 mg.

After transfer, patient should remain in PACU or HDU while
antihypertensive treatment ongoing. After cessation of treatment, the patient should remain in PACU, or HDU for a minimum of 6 further hours to minimize rebound hypertension.
Data from University Hospitals of Leicester NHS Trust Guidelines for
Blood Pressure Management after Carotid Endarterectomy. This is
intended as a guide to treatment and other units may have their own
policies. Data from Stoneham MD, Thompson JP (2009). Blood pressure
management and carotid endarterectomy. British Journal of Anaesthesia,
102, 442–52. Data from Thompson JP. Cerebral hyperperfusion
syndrome in Thompson JP, Telford RJ, Howell SJ (eds) Oxford Specialist
Handbook of Vascular Anaesthesia, OUP 2013.

Carotid artery stenting
Carotid angioplasty with stenting (CAS) is a less invasive alternative to CEA which is performed by radiologists, cardiologists, and
vascular surgeons. It involves the endovascular placement of a
stent across a carotid artery stenosis, usually accessed via a catheter passed via the femoral artery and into the carotid artery under
fluoroscopic guidance. It is an alternative to CEA in patients with
some surgical or anatomical considerations (e.g. previous radical
neck dissection or irradiation, the presence of a tracheostomy, and
restenosis after previous CEA) or in patients at particularly high
medical risk for CEA. A meta-analysis including data from 16 randomized trials with long-term follow-up data showed that the risks
of minor MI or cranial nerve injuries are lower with CAS, but the
30-day incidence of stroke is almost twice as high after CAS, with
higher short-term mortality (Bonati et al. 2012). Hence the benefits
of CAS compared with CEA are still not yet established, particularly
in younger or asymptomatic patients. CAS is usually performed
under local anaesthesia in the radiology or endovascular suite.

Carotid body tumours
A carotid body tumour (or chemodectoma) is a rare, glomus
tumour arising from paraganglion cells in the carotid body.
Paragangliomas are derived from chromaffin cells in ganglia and
can occur at several sites including paravertebral ganglia, the adrenal gland (phaeochromocytoma), aortic body, tympanic membrane, vagus, jugular vein, ciliary ganglion, and the bladder. The
incidence of carotid body tumours is 1–2 per 100 000 population
and they account for 60–70% of head and neck paragangliomas,
but only 0.5% of head and neck tumours overall. Patients are usually aged 40–60 years at presentation and usually asymptomatic,
presenting with a slow-growing mass in the anterior triangle of
the neck. In some cases, cranial nerve palsies (typically vagus or
hypoglossal nerve) occur, leading to dysphonia, dysphagia, or other
symptoms. In a small proportion (<3%) of cases, secretion of catecholamines leads to symptoms similar to phaeochromocytoma,
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including hypertension, flushing, and palpitations. Approximately
10% are bilateral; some may be familial and associated with other
endocrine neoplasias. Most are benign but 3% metastasize. Carotid
body tumours are located at the carotid bifurcation and cause characteristic splaying of the internal and external carotid arteries (the
lyre sign).
Diagnosis is usually made by Doppler ultrasound, CT, or MRI
scanning. Angiography is usually performed to determine the vascularity of the tumour and relationship to other vessels. Indirect
laryngoscopy may be required to assess vocal cord function before
surgery as the recurrent laryngeal nerve may be affected. If hormone secretion is suspected, urinary catecholamine concentrations
should be determined.
The mainstay of treatment of a carotid body tumour is surgical resection, though radiotherapy may be used. Surgery involves
resection of the tumour, but in some cases carotid bypass may be
required. The surgical incision is usually more extensive than for
CEA and occasionally the surgeon may need to access the skull base
to gain access to the carotid canal. There is a significant risk of complications including cranial nerve damage, stroke (5%), or major
haemorrhage. Anaesthetic considerations for carotid body tumour
resection are similar to those for CEA, though most patients are
younger with a lower incidence of cardiovascular and respiratory
disease. General anaesthesia using a balanced technique is preferred; the airway is best secured using a tracheal tube and in some
cases a nasotracheal tube may be requested to improve surgical
access. Transcranial Doppler is useful to monitor for emboli and to
assess shunt flow during cross-clamping. Some surgeons may use
nerve stimulators to test the location and integrity of cranial nerves
and so short-acting neuromuscular blocking agents are preferable.
Continuous direct intra-arterial pressure monitoring and large-
bore i.v. access are required.

Thoracic outlet syndrome
Thoracic outlet syndrome is caused by compression of the brachial
plexus and subclavian artery between the uppermost rib and the
scalenus anterior muscle or the clavicle within the thoracic outlet. The aetiology is usually a cervical rib, an abnormal first rib,
or fibrous bands, but it may also follow a fracture of the clavicle.
Symptoms mainly arise from compression of the nerve roots of C8
and T1, but subclavian artery stenosis with post-stenotic dilation
and aneurysm formation, or subclavian vein thrombosis may occur.
Surgery may be required for excision of fibrous bands or cervical
rib, or subclavian artery reconstruction. Most patients are young
and otherwise healthy. The main anaesthetic considerations are the
potential for significant haemorrhage and pneumothorax as the
pleura is often breached during procedures involving the first rib.
These procedures are painful and multimodal analgesia, including
local anaesthetic infiltration, NSAIDs, and opioids, should be used.
Patient-controlled i.v. morphine is often needed.

Thoracoscopic sympathectomy
Surgery to the thoracic sympathetic chain is usually performed to
treat palmar or axillary hyperhidrosis. Other less common indications are for complex regional pain syndromes affecting the upper
limb, facial flushing or hyperhidrosis, and congenital long QT syndrome. The sympathetic chain runs below the posterior parietal
pleura and is accessed using a thoracoscope. Surgical techniques

include resection, electrocautery, or clipping. Patients are usually
young and healthy. Visualization of the surgical field requires collapse or compression of the lung, with the intrathoracic insufflation
of CO2. Although thoracoscopic sympathectomy has been reported
under local/regional anaesthesia, general anaesthesia with artificial
ventilation is usually required, using one-lung ventilation via a double-lumen endobronchial tube or two-lung ventilation via a conventional tracheal tube. The latter avoids the difficulties of one-lung
anaesthesia but continued insufflation of CO2 is required and surgical access may be more difficult. Excessive intrathoracic pressures
during thoracoscopy impair venous return and cardiac output and
vasoactive drugs should be immediately available. One-lung ventilation causes a significant shunt in healthy patients and hypoxaemia is common. Measures to alleviate hypoxia are to increase FIO2 ,
the application of continuous positive airway pressure and insufflation of oxygen to the non-ventilated lung, and maintenance of
normal arterial pressure. In some cases, temporary re-inflation of
the lung may be required. Large-bore i.v. access is needed to facilitate treatment of hypotension or haemorrhage, which is rare but
may be catastrophic (Ojimba and Cameron 2004). Thoracoscopic
sympathectomy is painful and instillation of local anaesthetic to
the sympathetic chain and thoracoscope sites under direct vision
are recommended, in addition to NSAIDs and morphine. Despite
meticulous re-inflation of the lung at the end of surgery, almost
all patients have a residual postoperative pneumothorax but these
resolve over time and rarely require intervention. Routine chest
X-ray is therefore often unhelpful and many clinicians rely on close
observation for a significant pneumothorax using clinical signs.

Lower limb bypass surgery
Peripheral arterial disease causes symptoms progressing from
cold extremities to paraesthesiae, intermittent claudication, rest
pain, and gangrene. It affects 5–7% of the middle-aged and elderly
population in the United Kingdom. Risk factors for peripheral
arterial insufficiency are smoking, old age, diabetes, and hypertension. Many patients are elderly, frail, and relatively immobile.
Approximately 90% of patients presenting for surgery have coronary artery disease (Hertzer et al. 1984) and many have COPD.
However, because exercise tolerance is limited by intermittent claudication, many patients have no overt symptoms of respiratory or
ischaemic heart disease. The poor overall condition of patients with
critical limb ischaemia is shown by mortality rates of 15–25% at
12 months and 60% at 5 years after diagnosis. At 1 year, 30% will
have undergone amputation, and only 45–50% will remain alive
with both limbs (Hirsch et al. 2005; Norgren et al. 2007).
Symptoms may improve with cessation of smoking, moderation
of alcohol intake, graded exercise programmes, and antiplatelet and
statin therapy. If conservative measures fail, the primary treatment
in many centres is radiological treatment such as percutaneous
angioplasty (Goodney et al. 2009). However, studies have shown
that though early morbidity is greater, long-term overall outcome
after infra-inguinal bypass surgery using autologous vein grafting is
better than angioplasty (Beard 2008).
The main indications for lower limb arterial reconstruction are
ischaemic pain at rest, tissue loss (ulceration or gangrene), or failure of non-surgical treatment. Other indications include severe
claudication with disease at certain sites (popliteal aneurysm or
distal atherosclerosis). Peripheral arterial reconstructive surgery is
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often prolonged and patients with peripheral arterial disease are at
high risk for perioperative morbidity and mortality. It is not always
appreciated by anaesthetists that the overall perioperative risks of
lower limb revascularization are similar to open aortic surgery (MI
or cardiac death > 5%) (Fleisher et al. 2007).
Preoperative assessment is as for other major arterial surgery (see
Chapter 41), with the important provisos that significant asymptomatic cardiac or respiratory disease may be present but the patient
may be unable to undergo investigations which require exercise (e.g.
CPX testing, exercise ECG). Surgery is usually performed on a semi-
elective or urgent basis: major cardiac risk factors (unstable coronary
syndromes, decompensated heart failure, significant arrhythmias,
or valve disease) should be investigated and treated before surgery
(Fleisher et al. 2007). The value of other invasive cardiological investigations is limited and should be reserved for those in whom the
results would change management (Monahan et al. 2005). If surgery
is urgent (e.g. to salvage a limb) or the patient is not a candidate for
coronary interventions, further investigation is not appropriate. Pre-
existing medical conditions should be optimized as far as possible
before surgery. Patients are usually taking antiplatelet medications
and statin therapy if there are no contraindications. If a patient is
taking warfarin, the indications for this should be reviewed as in
some cases (e.g. where the indication is atrial fibrillation with no
other risk factors), warfarin may be omitted to lessen surgical bleeding and the consideration of regional anaesthesia.

Anaesthesia for lower limb revascularization
The main considerations are to maintain cardiovascular stability, normothermia, normal circulating volume, and provide good
perioperative pain relief. These can be provided using regional
anaesthesia, general anaesthesia, or a combination of techniques.
Neuraxial anaesthetic techniques (subarachnoid or epidural) that
provide sympathetic blockade have been shown to improve lower
limb muscle blood flow, but they probably have no effect on surgical outcome (see ‘Regional or general anaesthesia for lower limb
revascularization surgery?’).
Surgery is often prolonged (typically 2–6 h), and though blood
losses are not usually large, they may be insidious. Minimum monitoring requirements include multilead ECG monitoring with ST-
segment analysis, body temperature, and for procedures lasting
more than 3 h, direct arterial pressure monitoring is recommended.
The need for other monitors (cardiac output, central venous pressure) is determined by the presence and severity of coexisting diseases (Thompson and Smith 1999).
Balanced general anaesthesia can be provided using a volatile or
total i.v. technique. Artificial ventilation is usually preferred via a
tracheal tube or supraglottic airway. Fluids, vasopressors or positive
inotropic drugs, or both, may be required to maintain cardiovascular stability. Heparin (5000 IU i.v.) is usually administered before
the arterial supply is interrupted during surgery. When blood flow
to the ischaemic limb is restored, vasoactive metabolites entering
the systemic circulation can cause transient myocardial depression
and hypotension requiring active treatment. It is essential that the
patient remains normothermic during surgery, because hypothermia causes vasoconstriction (which may impair postoperative graft
perfusion) and predisposes to myocardial ischaemia and dysrhythmias. Active warming devices (forced air warming, thermal mattress) should be used, exposed areas should be covered, i.v. fluids
should be warmed, and pressure areas should be protected.

anaesthesia for vascular surgery

The surgical incision is often extensive and painful. If neuraxial
anaesthesia is not used, i.v. morphine in combination with local
anaesthetic infiltration is often required. Alternatively, femoral
nerve or lumbar plexus blocks may be used. Patient-controlled
analgesia is useful after surgery. Some patients may have been
receiving chronic opioid medication and may be tolerant of opioids
so may need higher doses. Postoperative care in stable uncomplicated patients may be provided on the ward, but a high-dependency
environment may be required if the patient has significant comorbidities. Supplemental oxygen should be administered for at least
the first postoperative night.

Regional or general anaesthesia for lower limb
revascularization surgery?
A series of papers in the early to mid 1990s suggested that epidural
analgesia resulted in a lower incidence of thrombotic complications and improved surgical outcomes after lower limb revascularization surgery (Breslow et al. 1993; Christopherson et al. 1993;
Rosenfeld et al. 1993). These received much attention at the time,
because they suggested that general anaesthesia impaired fibrinolysis and therefore contributed to a hypercoagulable state and perioperative thrombosis. However, the data in these three papers
actually involved the same patient group, and the original study was
designed to compare cardiac morbidity between regional and general anaesthesia. Several important surgical and other confounding
factors were not included, and the incidence of primary graft failure
was unusually high (13%). In a later, less cited paper, the authors
re-analysed their data and found that poor run-off at operation was
noted more frequently in the general anaesthesia group, and that
after surgical re-exploration when needed, the secondary patency
rates were similar between groups, suggesting that technical errors
had been more frequent in the general anaesthesia group (Perler
et al. 1995). Subsequent retrospective and randomized prospective
trials have confirmed no difference in graft patency, mortality, or
cardiac complications after lower limb vascular surgery performed
under general or regional anaesthesia, suggesting that the potential
benefits of regional anaesthesia are insignificant in the context of
graft survival or cardiac outcomes (Bode et al. 1996; Pierce et al.
1997; Schunn et al. 1998). One of these also found a significantly
higher mortality in a subgroup with inadequate regional anaesthesia (Bode et al. 1997).
It is important to note that lower limb revascularization procedures are associated with a lower stress response than major
abdominal surgery and so the beneficial effects of regional anaesthesia on the stress response and perioperative thrombosis are
probably limited. In terms of graft function after lower limb revascularization surgery, the most important considerations are disease
severity and complexity, case selection, operator experience, and
surgical technique rather than the effects of any single anaesthetic
technique.
Nevertheless, regional anaesthesia (either alone, with sedative
adjuncts, or light general anaesthesia) often works well as a technique for lower limb revascularization surgery. Because of the
extended duration of surgery, continuous catheter techniques (epidural, combined spinal/epidural) are often preferred to single-shot
regional methods. Contraindications to neuraxial anaesthesia are
systemic anticoagulation and patient refusal; if the patient is unable
to lie flat while awake for prolonged periods (e.g. in the presence of
severe of cardiorespiratory disease or arthritis), general anaesthesia
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may be better. Current guidelines suggest that the administration of
unfractionated heparin more than 4 h before or 1 h after neuraxial
block is safe.

Vascular emergencies
Ruptured abdominal aortic aneurysm
The prognosis from rupture of an AAA is very poor. Free rupture into the peritoneal cavity results in cardiovascular collapse
and almost certain death; if the aorta ruptures into the retroperitoneal space then haemorrhage may be limited by a tamponade
effect and the outcome is better. However, despite improvements
in many aspects of medical care over the last five decades, overall
mortality is 80–90%. There has been no improvement in outcome
for those patients who reach hospital and undergo surgery (Bown
et al. 2002). In those who initially survive surgery, there is a high
incidence of complications and both ICU and hospital stay are prolonged. In an attempt to stratify patients and improve emergency
decision-making, scoring systems have been developed, similar
to those used for elective surgery, but both the Hardman Index
and the Glasgow Aneurysm Score are limited, especially for the
highest-risk patients. The Vascular Study Group of New England
developed a system based on age greater than 76 years (2 points),
preoperative cardiac arrest (2 points), loss of consciousness, and
the need for suprarenal cross-clamping (both 1 point). The predictive value of this score for in-hospital mortality was 8%, 25%,
37%, 60%, 80%, and 87% for scores of 0, 1, 2, 3, 4, and 5 or higher,
respectively (Robinson et al. 2013) but further validation is needed
in different populations. As rapid death is inevitable without treatment after ruptured AAA, intervention should be considered even
in those patients who have been judged unfit for elective surgery or
endovascular treatment, and many surgeons feel that the only firm
contraindication to intervention is cardiac arrest. Many patients
die without reaching hospital but the majority of those admitted to
hospital survive for more than 2 h and it is now agreed that there
is time to arrange imaging before intervention (Lloyd et al. 2004).
Similarly, outcome is not worsened if patients are transferred to a
specialist regional vascular unit (Adam et al. 2004).
Baseline investigations should be performed and blood cross-
matched while resuscitation is ongoing. It is well established that
the excessive administration of i.v. fluids is associated with clot disruption, dilution of clotting factors, hypothermia, further bleeding,
and increased mortality after ruptured AAA (Hardman et al. 1996;
Dick et al. 2013). Few prospective data are available but it is recommended that i.v. fluid resuscitation should be limited to maintain a
systolic blood pressure of 50–100 mm Hg providing that the patient
is conscious, until the patient is undergoing surgery and an aortic
cross-clamp has been applied (Moll et al. 2011).

Open repair of ruptured AAA
Two anaesthetists are required to manage ruptured AAA.
Catastrophic hypotension may occur at induction of anaesthesia
because in addition to the cardiovascular effects of anaesthesia in
the elderly hypovolaemic patient, relaxation of abdominal muscles
reduces any tamponade effect. Therefore induction of anaesthesia
should not occur until the patient is positioned on the operating table, fully prepared for surgery, and with blood immediately
available for transfusion. Group-specific or group O blood may
be required if cross-matched blood is not available. The hospital’s

major haemorrhage protocol should be activated, to allow release of
packed red cells and other coagulation products without delay; the
ratio of these may vary according to local policies. Direct arterial
pressure monitoring is advisable before induction of anaesthesia
but should not significantly delay surgery. Anaesthesia is induced
using a rapid sequence technique with minimal doses of i.v. agents.
General anaesthesia for surgery is then provided with a balanced
technique aiming for cardiovascular stability with maintenance of
circulating volume: high-dose opioids (fentanyl 5–20 μg kg–1) with
an oxygen/air/volatile agent are often used. Central venous access
is required to administer inotropic and vasopressor drugs. Acid–
base status and coagulation should be checked regularly during
surgery; other monitors including cardiac output monitoring may
be required.
It is common practice to withhold blood and coagulation products until early after the aortic cross-clamp has been applied.
Massive transfusion requirements are common and should be
guided by near-patient testing (e.g. thromboelastography) in conjunction with laboratory testing and advice from a haematologist. Hypocalcaemia may occur and require the administration of
i.v. calcium salts. A rapid transfusion device and cell saver device
should be used. It is difficult to maintain normothermia but all
attempts should be made including the warming of all i.v. fluids.
I.V. fluids are usually titrated to achieve a central venous pressure
greater than 15 mm Hg before release of the aortic clamp. The main
consideration is that aortic unclamping should be predicted and
managed proactively in conjunction with the surgeon.
Some degree of renal and visceral ischaemia is almost inevitable
after aortic rupture and intraoperative urine output is an unreliable
guide to renal function. Circulating volume should be maintained,
with a mean arterial pressure greater than 80 mm Hg after aortic
clamping. Mannitol 0.5–1 g kg–1 may be given before aortic clamping, though there are few good data to show an effect on outcome
and postoperative renal replacement therapy is often required (Sear
1995). Ruptured AAA is commonly associated with the development of a retroperitoneal haematoma, which contributes to prolonged postoperative ileus, abdominal distension, intra-abdominal
hypertension, and abdominal compartment syndrome. The surgeon
may leave the abdomen open for 48–72 h. If not, intra-abdominal
pressure monitoring should be used after surgery.
At the end of surgery the patient should be transferred to the ICU
for further management. Artificial ventilation is continued until
the patient is stable; this is usually at least 24 h. In contrast to elective surgery, there is no particular advantage in siting an epidural
catheter at the time of ruptured AAA surgery and there are added
risks as coagulopathy is often present.

Endovascular repair of ruptured AAA
Despite the logistical issues in provision of an emergency EVAR
service (including the requirement for extensive experience with
elective EVAR, and the rapid availability of dedicated equipment,
facilities, and expertise), there is increasing enthusiasm for EVAR in
the treatment of ruptured AAA. Several retrospective studies have
shown good outcomes after EVAR compared with open surgery
but are likely to have been affected by selection and performance
bias and no firm conclusions can yet be made (Moll et al. 2011).
However, randomized prospective trials of EVAR compared with
open repair for ruptured AAA have shown no difference in 30-day
mortality (Badger et al. 2014; IMPROVE Trial Investigators 2014).
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The general considerations for anaesthesia for EVAR in ruptured AAA are similar to elective surgery and it can be performed
under local, regional, or general anaesthesia. Advantages of local
anaesthesia are that peritoneal tamponade is maintained, the
adverse cardiovascular effects of general anaesthesia are avoided,
and immediate postoperative recovery is quicker. Disadvantages
include patients’ difficulty in tolerating the procedure because of
pain from an expanding retroperitoneal haematoma, iliac artery
occlusion, or lower limb ischaemia. A femoro-femoral crossover graft may also be required to obviate distal ischaemia when
an aorto-uni-iliac stent device is used (Moll et al. 2011). Despite
adjunctive sedative or analgesic drugs, some patients require conversion to general anaesthesia (Leonard and Thompson 2008).

Acute limb ischaemia
Lower limb ischaemia
Acute limb ischaemia is a sudden reduction (<2 weeks’ duration) in
limb perfusion that threatens limb viability. The main causes are acute
rupture and thrombosis in situ of a pre-existing atherosclerotic lesion,
or embolization from a proximal arterial thrombus (spontaneously
or after arterial surgery). Less commonly, acute limb ischaemia may
occur after trauma, arterial aneurysm thrombosis (usually popliteal),
after iatrogenic arterial damage or cardiac emboli in patients with
atrial fibrillation, or after MI. In contrast to chronic ischaemia, acute
ischaemia is often severe, because no collateral vessels have developed. Symptoms and signs may vary but it classically presents with
pain, paraesthesia, paralysis, and absent pulses; the limb or affected
part is cold and pale. The most important signs in the patient with a
pulseless limb are sensory and motor loss; in these cases intervention is required immediately to prevent limb loss. When symptoms
or signs are less severe, investigation and revascularization should
be performed urgently. In some cases, particularly if presentation is
delayed, the limb may not be salvageable. Indications of this include
fixed skin mottling, and tense muscle compartments that are painful
on passive movement. If there is uncertainty as to whether or not the
ischaemic limb is potentially viable, surgical fasciotomies and inspection of the muscle for signs of necrosis may be required. It is important to assess the possibility of limb salvage and patient fitness to
undergo possibly prolonged surgery, because attempts at revascularization may cause life-threatening reperfusion syndrome. In these circumstances the best option is primary amputation. In some patients
with severe coexisting or terminal disease, palliative care may be
appropriate. The 30-day mortality in patients with acute lower limb
ischaemia is approximately 20% (Norgren et al. 2007). This is mainly
related to coexisting cardiovascular or respiratory disease. Outcomes
are worse in the elderly, those with active cardiac symptoms, and in
the presence of proximal (e.g. aortoiliac) arterial occlusion (Hirsch
et al. 2005).
Treatment options for acute lower limb ischaemia include
embolectomy, thrombolysis, bypass procedures, radiological interventions, fasciotomies, or amputation. In many cases, diagnostic
angiography is performed under local anaesthetic in the operating
as a prelude to definitive treatment. Duplex imaging, CT, or MRI
cross-sectional angiography are alternatives.
Embolectomy, using a catheter passed via the femoral or popliteal artery, is indicated as a primary procedure for most cases of
acute limb ischaemia, to retrieve clot from the occluded artery.
The exception to this is when thrombosis of a peripheral aneurysm has occurred. Embolectomy can be performed under local
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or regional anaesthesia. Radiological interventions include aspiration of thrombus with subsequent angioplasty, but these are usually performed as adjuncts to surgery. Radiological interventions
alone can be performed in the radiology department under local
anaesthesia with or without sedative adjuncts. Surgical revascularization is required if embolectomy is unsuccessful, arterial inflow is
inadequate, or there is arterial trauma or thrombosis of a peripheral aneurysm. Common procedures include iliofemoral bypass or
cross-over, or femoropopliteal or distal grafting. The latter usually
involve a vein conduit from either the long saphenous or brachial/
cephalic vein. Surgical bypass procedures can be performed under
general or regional anaesthesia. General anaesthesia is preferred if
a vein from the arm is being harvested and avoids the potential
problems with regional anaesthesia and anticoagulation because
heparin or thrombolytic drugs are often given before, during, or
after the procedure.
Thrombolysis may be performed when acute lower limb ischaemia is thought to be caused by local thrombosis of a stenosed arterial segment, rather than distal embolism. However, it is usually
only used as an adjunct to surgical and radiological attempts at
revascularization. Fasciotomies are indicated to treat or prevent
compartment syndrome or reperfusion injury caused by revascularization of an acutely ischaemic limb.
With the exception of ischaemia caused by trauma in younger
patients, most patients with acute distal limb ischaemia have generalized cardiovascular disease and many are frail. Although emergency intervention may be required, the patient’s medical condition
must be assessed fully and appropriate investigations (including
urea, electrolytes, full blood count, and ECG as a minimum) performed. Active ongoing resuscitation may be needed to treat acute
conditions such as heart failure, atrial fibrillation, or electrolyte disturbances, but investigations to assess fitness should not be allowed
to delay emergency surgery or radiological interventions. I.V. opioids are usually required and may already have been given.
It is essential that an anaesthetist is present during procedures
performed under local anaesthesia to monitor the patient and to
administer analgesic or sedative drugs (e.g. midazolam 0.5 mg
increments or low-dose propofol infusion) as required. Oxygen
should be given by face mask and continuous cardiovascular and
respiratory monitoring is mandatory. Conversion to general anaesthesia may be required if the patient cannot tolerate the procedure
or a more extensive procedure is needed. General anaesthesia may
be required for surgical bypass procedures, fasciotomies, or prolonged procedures. A balanced technique is suitable, with measures to maintain circulating volume, cardiovascular stability, and
normothermia. The precise technique depends on coexisting conditions and invasive monitoring may be required. Surgical bypass
and fasciotomies are painful and local anaesthetic infiltration,
nerve block, and i.v. opioids may be required during and after
surgery. One of the main risks of surgical revascularization is the
development of systemic reperfusion injury, caused by the release
in to the systemic circulation of toxic metabolites (including lactic acid and potassium ions) on restoration of blood flow to the
ischaemic tissues. Severe hyperkalaemia, arrhythmias, lactic acidosis, myocardial depression, and cardiac arrest may ensue, and the
anaesthetist must be prepared to treat these complications. Release
of myoglobin from damaged muscle causes myoglobinaemia with
potential renal tubular damage and AKI. Systemic reperfusion syndrome can also cause systemic inflammatory response syndrome
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and occasionally multiorgan failure. It is important to maintain circulating volume and monitor urine output; forced alkaline diuresis
may be used in an attempt to attenuate myoglobin-induced AKI but
the evidence for its effectiveness is mixed. Where hyperkalaemia,
renal injury, or other signs of reperfusion injury occur, the patient
is best transferred to a HDU or ICU after surgery.

Upper limb ischaemia
Upper limb ischaemia is usually caused by cardiac emboli but may
arise from an aneurysm of the subclavian artery in patients with
thoracic outlet syndrome or cervical rib. Direct arterial injury from
brachial artery catheterization, or accidental injection of drugs are
rarer causes. Upper limb ischaemia is less common than lower limb
ischaemia and occurs more frequently in women. Patients are usually younger, with a lower incidence of severe cardiovascular disease. The mortality and amputation rates are lower, but acute upper
limb ischaemia is a surgical emergency because the upper limb
cannot tolerate ischaemia as much as the lower limb. Treatment
options are emergency brachial embolectomy or a bypass procedure using a vein graft from the saphenous vein. Compartment
syndrome may occur in the forearm muscles and fasciotomies are
occasionally needed. Embolectomy can be performed under local
infiltration anaesthesia or a brachial plexus block, either as a single shot or infusion by a nerve sheath catheter. As for lower limb
ischaemia, the anaesthetist should be present to monitor the patient
and administer sedative or analgesic drugs as required. General
anaesthesia may be needed for prolonged procedures, saphenous
vein harvesting, or if the patient is unable to tolerate the procedure.

Lower limb amputation
The annual incidence of major amputation is decreasing in the
United Kingdom but remains at approximately 5 per 100 000 population, which equates to more than 3000 amputations per year (Moxey
et al. 2010). Lower limb amputation for vascular disease is performed
in patients with acute or critical limb ischaemia, usually after failed
attempts at limb salvage with reconstructive surgery or angioplasty,
or in patients who are unfit to undergo lower limb revascularization.
Other indications are infected gangrene with loss of limb function
or the risk of systemic sepsis. In all cases, amputation is reserved for
those cases where it is expected to save or prolong life, or improve the
quality of life (Vascular Society of Great Britain and Ireland 2010).
The hospital mortality rate is approximately 21% after above-knee
amputation and 11% after below-knee amputation (Campbell et al.
2001; Moxey et al. 2010; Vascular Society of Great Britain and Ireland
2010) and the long-term outcome is poor: 1-year survival is 75–80%
after below-knee amputation and 60–65% after above-knee amputation. Corresponding 5-year survival rates are 45–60% and 30–45%
respectively (Nehler et al. 2003; Sandnes et al. 2004; Ploeg et al. 2005).
Patients presenting for amputation have additional risk factors to
other vascular surgical patients. They are usually frail, elderly, and
have severe, widespread vascular disease but also have been immobile and in some cases bed-bound with the risk of debilitation and
poor nutritional state. Approximately 40% have diabetes. Patients
have frequently been receiving high doses of opioids and may be
tolerant of these drugs. In acute limb ischaemia or the presence of
potential sepsis, amputation is performed as an urgent procedure.
It is now accepted that the outcome after lower limb amputation is poor, and concerted efforts are made to improve outcome.
Suggested measures including good pain control, involvement of a
consultant anaesthetist in preoperative assessment, and treatment

of modifiable conditions before surgery (Vascular Society of Great
Britain and Ireland 2010, 2016a,b). Amputation should be performed in routine working hours wherever possible. Anaesthesia
for lower limb amputation may be provided using general anaesthesia or neuraxial block. A balanced general anaesthetic technique
is suitable. Particular attention should be paid to maintaining circulating volume and normothermia.
Postoperative pain control may be problematic because patients
have frequently been receiving high doses of opioids and may be
tolerant of these drugs. Sciatic or femoral nerve blocks (or both)
are useful analgesic adjuncts and local anaesthetic infusions continued for several days via nerve sheath catheters. Patient-controlled
analgesia is also often required after surgery. Regional anaesthesia with subarachnoid, epidural, or a combined technique is also
useful. Some patients develop phantom limb pain or sensations
after amputation. The incidence is difficult to determine as previous studies have not distinguished between pain arising directly
from the stump (stump pain), non-painful phantom sensations, or
neuropathic-type phantom perceived to be arising from the amputated limb (phantom pain). Phantom pain is probably more common in younger amputees after trauma. Once established, treatment
of phantom pain may be difficult and amitriptyline, gabapentin, or
pregabalin should be used early. Data suggesting a reduction in the
incidence of phantom limb pain with regional anaesthesia or nerve
sheath infusions of local anaesthetic after amputation have not
been confirmed (Nikolajsen et al. 1997; Elizaga et al. 2004), though
intrathecal ketamine may be beneficial (Wilson et al. 2008).
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CHAPTER 59

Anaesthesia for
neurosurgery and
electroconvulsive therapy
Markus Klimek, Francisco A. Lobo,
Luzius A. Steiner, and Cor J. Kalkman
Introduction
Neuroanaesthesia is the subspecialty of anaesthesiology that deals
with patients undergoing surgical procedures in or close to the brain
and the spinal cord. Neuroanaesthesia can be challenging, because
sometimes apparently contradictory demands must be managed,
for example, achieving optimal conditions for neurophysiological monitoring while maintaining sufficient anaesthetic depth, or
maintaining oxygen delivery to neuronal tissue and simultaneously
preventing high blood pressure that might induce local bleeding.
Atypical patient positioning, management of increased intracranial
pressure (ICP), and the need for early postoperative neurological
evaluation are other typical challenges. This chapter addresses the
general principles of neuroanaesthesia and special aspects of the
most relevant procedures. A section on anaesthesia for electroconvulsive therapy (ECT) is also included.

Neuroanatomy, neurophysiology, and
general principles of neuroanaesthesia
including aspects of postoperative care
In neurosurgery, the surgeon and anaesthetist share the same target organ. Therefore, their mutual dependency is high and optimal
collaboration is crucial. Such high-level teamwork requires a basic
understanding of each other’s field, including knowledge of the relevant neurophysiology, neuropathology, neurosurgical techniques,
and neuroanaesthesia.
Weighing 1000–1500 g, the adult brain accounts for only 2–3%
of total body weight, yet it receives 12–15% of the cardiac output
and consumes 20% of all oxygen and 25% of all glucose. Thus, any
disturbance of circulation or oxygenation, or both, will induce
functional or even structural damage to the brain. ‘Time is brain’
is more than just a saying: the longer a disturbance lasts, the more
severe the impact. Structural damage, such as destruction of neurones by trauma, resection, or ischaemia, cannot be repaired, and
other neurones must take over the compromised functions. This
often requires a long rehabilitation process. In contrast, functional damage (e.g. paraesthesia from ulnar nerve compression

injury) can be reversible, but the recovery process may take a
considerable time.
Adequate cerebral blood flow (CBF) and sufficient blood oxygen
and blood glucose content are mandatory for normal brain function. CBF, however, cannot routinely be measured at the bedside or
in the operating theatre. Cerebral perfusion pressure (CPP) is the
driving force for CBF; it is defined as the difference between mean
arterial pressure (MAP) and ICP:
CPP = MAP − ICP (59.1)
Normal supine ICP is about 5–15 mm Hg. With normal blood pressure, CPP will be about 70–110 mm Hg. If ICP is increased as a
result of, for example, a tumour or a haematoma, even a relatively
minor decrease in MAP can result in cerebral ischaemia. Next to
hypotension, hypoxaemia is another serious threat for the brain,
as they both contribute to cerebral tissue hypoxia. Multiple studies have shown that preventing episodes of SpO2 less than 90% and
systolic arterial blood pressure less than 90 mm Hg are the most
important steps to take to achieve a good neurological outcome
for a patient with brain injury (Chesnut et al. 1993; Citerio et al.
2000; Manley et al. 2001). In other terms, adequate cardiac output
is required and sufficient oxygen delivery to the brain must be provided. This includes an appropriate haemoglobin concentration.
However, the optimal transfusion threshold in patients with intracranial pathologies is still under debate.
Another important feature of the healthy brain is cerebral
autoregulation. Cerebral autoregulation describes the ability of the
brain to maintain a relatively constant level of CBF independent of
current blood pressure. See Figure 59.1.
Contraction or dilation of cerebral blood vessels keeps CBF
stable over a MAP range of 60–160 mm Hg. In patients with arterial hypertension, the range of autoregulation can shift upwards,
which means that lower blood pressures are less well tolerated
and may cause ischaemia. Therefore, blood pressure reduction
in patients with cerebral pathologies and known hypertension
should be performed very carefully, and in such patients the use
of vasopressors or catecholamines, or both, to maintain arterial
blood pressure during anaesthesia should be liberal. Furthermore,

1010

Part 9

the conduct of anaesthesia by surgical specialty

100

CBF (ml 100 g−1 min−1)

1010

Normotensive patients

50

Hypertensive patients
20
Ischaemia
0
0

50

100
MAP (mm Hg)

150

200

Figure 59.1 Cerebral autoregulation in normo-and hypertensive patients.

it is important to realize that in the presence of intracranial
pathology (haematoma, tumour, etc.), cerebral autoregulation
may be disturbed. In these cases, increasing arterial blood pressure will increase CBF via pressure-passive vasodilation, and ICP
will increase via the increased cerebral blood volume. Regional
CBF is also influenced by the metabolic activity of the respective
parts of the brain. This flow–metabolism coupling enables functional magnetic resonance imaging (MRI) to image metabolically
active brain regions.
Several factors other than MAP influence cerebrovascular
tone: decreased pH, increased cerebral lactate, and, most importantly, hypercapnia will all induce cerebral vasodilation, which
increases both CBF and cerebral blood volume. In contrast,
hypocapnia induces vasoconstriction. Therefore, the neuroanaesthetist must be in control of arterial Pco2 and pay close attention to any changes in end-tidal CO2. Almost always the goal is
to maintain strict normocapnia. Cross-checking end-tidal CO2
with arterial blood gas analysis is standard practice. The regulative forces of the cerebral blood vessels should not be underestimated: pathological vasoconstriction from cerebral vasospasm
can cause ischaemia and infarction of the brain distal to the constricted vessel.
At the skull base, the circle of Willis connects the two carotid
arteries and the two vertebral arteries, providing communication
between the blood supplies to the two brain hemispheres. At the
cortical level, however, end-arteries provide the main blood supply,
and, unlike other organs such as the gut, there is very limited collateral perfusion. This puts the cortex at a relatively high risk of ischaemia, especially at the peripheries of the main vascular territories.
The internal jugular veins provide the major venous drainage of
the brain. Venous blood is the most important fluid component of
the intracranial volume (three to four times more than arterial),
and unobstructed venous drainage is important for haemostasis in
the surgical field. A catheter directed upwards near the jugular bulb
can be used to measure cerebral venous oxygen saturation SvjO2 ,
which is one way of monitoring the adequacy of cerebral perfusion.
Inadequate CBF will result in higher oxygen extraction and lower
SvjO2 . An SvjO2 of 60–70% is considered normal, even in patients
under general anaesthesia, illustrating the high oxygen extraction

of the ‘resting’ brain. In the presence of epileptic activity, SvjO2 can
decrease dramatically. However, the clinical relevance of measuring
SvjO2 in daily neuroanaesthesia practice is limited because of its low
sensitivity to detect focal ischaemia.
The cerebrospinal fluid (CSF) is the third relevant fluid component of the intracranial volume. An adult brain is surrounded by
120–150 ml of CSF, which acts as a type of protective ‘bumper’. The
daily production of CSF is around 500 ml. If this large amount of
fluid cannot flow freely, hydrocephalus may develop within hours.
CSF is produced in the ventricles, and reabsorbed into the venous
blood by arachnoid granulations in the cerebral sinuses and along
the spinal nerve roots. Epithelial cell layers with tight junctions
create the blood–brain barrier, allowing free passage of O2 and
CO2 but effectively shielding the brain from bacteria and larger
molecules. This also provides a barrier to some therapeutic agents
that must reach the brain to achieve their effects. In the presence
of intracranial pathology (tumour, bleeding, trauma), this barrier can fail locally because of, for example, ensuing interstitial
oedema.
Of the different fluid compartments in the brain, the volumes
of venous blood and CSF have the highest variability. They can be
displaced from the skull by an expanding intracranial mass. This
mechanism can compensate for the increasing mass and maintain
ICP in the normal range until they have been almost completely displaced from the cranium, when an abrupt increase in ICP occurs.
Clinical signs may include a reduced level of consciousness, nausea and vomiting, and signs of focal brain herniation. This explains
why intracranial mass lesions can often grow very large without any
clinical signs or symptoms (see Fig. 59.2). On the other hand, it
clearly highlights that symptomatic patients often require urgent
therapeutic intervention, because compensatory mechanisms are
exhausted. Infratentorial processes, in general, have an even higher
need of urgent treatment compared with supratentorial processes,
as the available space for compensation is smaller, and vital brainstem centres are close.

Figure 59.2 Frontal meningioma in a 57-year-old female patient without
neurological deficits, who was treated for perimenopausal depression for 4 years
before this scan was taken.
Courtesy: Erasmus MC, Rotterdam/NL.
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Dealing with an increased ICP is one of the routine challenges
of the neuroanaesthetist. Other than pharmacological measures,
such as the infusion of mannitol (0.5 g kg−1, approximately 200 ml
of mannitol 15% in an adult patient) or hypertonic NaCl, deep
anaesthesia, mild hyperventilation (intended Pa CO2 not lower than
4.7 kPa), and physical measures such as 30° head-up tilt (anti-
Trendelenburg) positioning are used to improve the drainage of
CSF and venous blood. However, it is important to be aware that
with head-up positioning, MAP must be maintained at a high
enough level to secure adequate cerebral perfusion.

Perioperative management of
the neurosurgical patient
The anaesthetist should be well informed about the patient’s preoperative neurological condition, as it predicts postoperative performance, the need for planned intensive care unit (ICU) admission,
and suitability for fast-track protocols. The eyes should be examined
carefully, as the recognition and documentation of pre-existing anisocoria from previous eye surgery can prevent unnecessary postoperative emergency computed tomography scans. Many patients are
understandably anxious before a neurosurgical procedure. Sedative
agents must be used cautiously, however, because of their ‘unmasking’ effect. For example, a benzodiazepine may cause a patient in a
‘compensated’ neurological state to exhibit more serious neurological symptoms.

Positioning
Optimal access to the brain region of interest is essential for a safe
and successful procedure. Therefore, neurosurgeons frequently use
alternatives to the supine position. The long duration of neurosurgical procedures and the need for absolute immobility both increase
the risk of pressure sores. Careful positioning with high-quality padding materials is mandatory. Flexion of the head is common and
the anaesthetist needs to avoid accidental endobronchial intubation during positioning. Furthermore, excessive flexion or rotation
restricts venous drainage of the brain. As a rule-of-thumb, at least
three fingers should fit between the mandible and the clavicle of the
patient. During the procedure, changes in table position are commonly requested: the patient must be well secured on the table to
avoid accidents arising from such movements. As the patient’s head
will often be out of reach, all connections must be firmly secured
and double-checked before the head is prepped and draped.
The brain itself has no nociceptors. Only craniotomy per se
and manipulation of the dura and the cerebral blood vessels
are painful. Critical phases of neurosurgery are frequently performed under the microscope, where inadvertent patient movement can be dangerous. Anaesthesia must therefore be deep
enough to avoid any movements or coughing, especially while
the patient’s head is fixated in the Mayfield clamp. In patients
who enter the operating theatre with a normal level of consciousness and undergo an uneventful procedure, a quick postoperative recovery is intended (fast-track neuroanaesthesia). Frequent
neurological evaluation is the best diagnostic tool to detect postoperative complications. Therefore, the typical neuroanaesthesia
regimen consists of short-acting agents for maintenance after an
i.v. induction. If not contraindicated [because, e.g. facial nerve or
motor-evoked potential (MEP) monitoring is to be performed],

continuous use of neuromuscular blocking agents is common in
neuroanaesthesia to prevent movement of the patient. However,
the depth of anaesthesia should be sufficient to avoid awareness.
The use of volatile anaesthetics for neurosurgical procedures is
safe up to concentrations of 1.0 minimum alveolar concentration
(MAC). However, total i.v. anaesthesia may be preferred when
ICP is severely increased.
In craniotomy patients, postoperative pain can be severe, and
sufficient postoperative pain therapy (including opioids with
paracetamol) is encouraged. Because of concerns for increased
risk of (intracranial) bleeding, non-selective non-steroidal anti-
inflammatory drugs are not recommended for postoperative pain
therapy in neurosurgical patients.
The most serious postoperative problems after craniotomy are
reactive brain oedema causing increased ICP, and (re)bleeding in
the surgical area. Therefore, most craniotomy patients have to be
monitored in a high dependency unit (HDU), post-anaesthesia
care unit (PACU), or ICU during the first postoperative night, and
neurological function should be checked frequently. A possible
exception is the patient who has undergone uncomplicated burr
hole surgery: their postoperative complication risk is small and
allows observation on a normal ward.
Postoperative hypertension is a risk factor for intracranial bleeding. Blood pressure must be monitored closely, preferably invasively, and systolic hypertension exceeding 140 mm Hg should be
treated immediately by i.v. agents that are not cerebral vasodilators
such as labetalol, nicardipine, or urapidil.
In all neurosurgical patients, special attention must be paid to
the prophylactic use of antithrombotic agents during the early
postoperative period. The risk of deep vein thrombosis is increased
in brain tumour patients, but the impact of postoperative intracranial bleeding with re-trepanation on neurological recovery can
be severe. Mechanical measures such as pneumatic stockings seem
to be safe and effective, but should be combined with heparinoids
when possible.
Because the brain reacts to the surgical trauma, the postoperative period is characterized by an increased risk of epileptic seizures. Patients who were treated with antiepileptic drugs before the
procedure should continue these drugs in the perioperative period.
Because some drugs are only available in an oral form, an alternative drug or application via the nasogastric tube must be used in
patients who are not yet cooperative enough in the early postoperative period. There is, however, no evidence that routine prophylactic use of antiepileptic agents is beneficial and this is no longer
practised in most centres. In the postoperative period, a non-
convulsive status epilepticus is also possible. In case of doubt, EEG
diagnosis of patients with a reduced level of consciousness should
be performed early.

Anaesthesia for brain tumour surgery
The overall incidence of primary brain and central nervous system
tumours is about 20 per 100 000 with most being non-malignant
lesions [14 vs 7 per 100 000 in 2009 (Dolecek et al. 2012)]; the commonest in adults are gliomas (36%), meningiomas (32.1%), and
pituitary adenomas (8.4%). The majority are located supratentorially (Fig. 59.3).
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Figure 59.3 Large right convexity meningioma with uncal herniation.

The preoperative evaluation should include a complete neurological examination with particular emphasis on the level of consciousness, signs of raised ICP, existence of focal deficits, and the
presence of seizures. Moreover, the knowledge of imaging data and
the discussion with the neurosurgical team regarding positioning,
surgical approach, risk of tumour bleeding, and vicinity of important cerebral structures such as vessels and cranial nerves are essential issues to address. In patients with poor cerebral compliance,
premedication with sedative drugs may produce hypercapnia and
must be used with caution.
Anaesthesia for brain tumour resection aims to optimize cerebral physiology already compromised by the intracranial mass.
The goals are haemodynamic stability without swings in MAP
and in CPP, and avoidance of drugs, techniques, and manoeuvres
that increase ICP. The final end-point should be a fast and smooth
emergence allowing an early neurological evaluation.
The search for an ideal neuroanaesthetic has remained inconclusive thus far. The cerebral vasodilating effect of volatile agents at
higher concentrations (>1 MAC) is well known. In patients with
relevant intracranial hypertension, many anaesthetists prefer to use
an i.v. technique. Nitrous oxide is used increasingly less often for
several reasons. Besides the known increases in cerebral metabolism, CBF, and ICP, and the increased risk of developing pneumocephalus, there is evidence for neurotoxic effects of nitrous oxide
and increased postoperative nausea and vomiting (PONV), but initial fears for increased cardiac risk (Leslie et al. 2011) were not confirmed in a subsequent large randomized controlled trial (Myles
et al. 2014). Propofol better maintains normal coupling between
the cerebral metabolic rate of oxygen and CBF. However, in long

procedures with high-dose propofol, one should consider the risk
of the propofol infusion syndrome (Liolios et al. 2005).
As mentioned previously, the influence of Pa CO on CBF neces2
sitates maintenance of strict normocapnia. Failure to do so may
either result in a bulging brain—when high Pa CO2 causes cerebral
hyperaemia—or increased risk of cerebral ischaemia when Pa CO2 is
low from inappropriate hyperventilation.
A slack brain will facilitate tumour resection, reduce the need
for excessive retractor pressure, and reduce the incidence of ischaemic complications. If the general principles previously described
are insufficient to decrease brain swelling, special measures may be
needed. These include correcting head position to facilitate venous
drainage, transient hyperventilation to manage extreme swelling
and reduce the risk of brain herniation through the bone flap (realizing that excessive vasoconstriction in itself may produce cerebral
ischaemia), and the use of osmotic diuretics such as mannitol. The
use of hypertonic saline has gained renewed interest, providing
effective brain relaxation without increased urine output.
Standard anaesthesia monitoring supplemented with invasive
arterial blood pressure is standard practice. More advanced haemodynamic monitoring should be indicated by the patient’s cardiac
status. A second large-calibre peripheral or central venous line, or
both, may be selected when location, size, or vascularization of the
tumour represents a significant bleeding risk. The need for a central
line and its preferred location should be discussed with the neurosurgeon. Subclavian, femoral, and cubital vein approaches are common in neuroanaesthesia, but internal jugular vein catheters are
also possible without obstruction of the cerebral venous drainage
(Mills and Tomlinson 2001).
Temperature should be measured during surgery to help maintain normothermia. The additional value of non-invasive cerebral
oximetry monitoring or anaesthesia depth monitoring is limited by
interference as a result of the proximity of the surgical field.
During haemostasis, neurosurgeons frequently request an
increase of the blood pressure slightly above the normal awake
blood pressure of the patient to be sure that no possible bleeding
sources are missed. A small i.v. bolus of ephedrine or phenylephrine is sufficient in most cases.
Ideally, patients undergoing craniotomy for resection of a
supratentorial lesion should be awake and extubated in the operating theatre at the end of the procedure, allowing early neurological
evaluation. However, in some situations emergence may better be
delayed until the patient is stable on the PACU or ICU. These include
impaired preoperative consciousness, very large tumours, hypothermia, and the occurrence of surgical or anaesthetic complications
(major bleeding, uncorrected electrolyte or metabolic disturbances,
cerebral oedema, or seizures). The favourable pharmacokinetic
properties of total i.v. anaesthesia with propofol and remifentanil
allow predictable fast and smooth awakening. If the location of the
craniotomy allows placement of a forehead sensor, an EEG monitor
may be used to help titrate the i.v. anaesthetic. Remifentanil in combination with a low-dose volatile agent can also be used with similar
results. One suggested technique to blunt deleterious haemodynamic responses during head bandaging and extubation at the end
of the procedure is to keep a low-dose infusion of remifentanil [up
to 0.05 μg kg−1 min−1 (or if using target-controlled infusion: effect-
site concentrations up to 2 ng ml−1)] running during awakening and
extubation. Alternatively, low-dose infusions of esmolol, labetalol,
or lidocaine have been used for this purpose.
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Finally, pain control is essential and there are several options.
A preoperative scalp block with a local anaesthetic such as ropivacaine or levobupivacaine provides long-lasting analgesia when
combined with i.v. paracetamol or cyclooxygenase-2 inhibitors.
Nevertheless, many patients might need opioids for sufficient pain
relief: despite the theoretical risk of respiratory depression, they can
be given safely if titrated carefully on a HDU.

Surgery for infratentorial lesions
Neurosurgical procedures in the infratentorial compartment pose
several challenges because of the involvement and manipulation of
brainstem structures controlling regulation of respiration and the
cardiovascular system. In children, the most common lesions are
astrocytomas and neuroblastomas, while in adult patients, acoustic
nerve tumours, metastatic masses, and meningiomas are the most
common lesions, occurring in the cerebellar hemispheres, in the
vermis, in the cerebello-pontine angle, in the clivus, or in the brainstem (Fig. 59.4).
There is no consensus among neurosurgeons regarding the best
patient position for posterior fossa surgery, but sometimes the sitting position is requested and this constitutes a major challenge for
anaesthetists. Other positions include the prone position, the ‘park
bench’ position, and the lateral decubitus position (see Chapter 43).
The sitting position deserves special attention: although it provides
unrestricted mechanical ventilation of the lungs and access to the
airway, it is associated with significant haemodynamic changes
including decreased cardiac output and hypotension, pneumocephalus, venous jugular obstruction, peripheral nerve injury,
and impaired cervical spinal cord blood flow, possibly leading to

paraplegia. There is a high risk of venous air embolism from the
entry of air into non-collapsible venous structures, such as bone
and sinus. The occurrence of venous air embolism can be detected
in several ways (see later paragraph) including capnography. The
typical pattern is a rapid decrease of end-tidal CO2, followed by
a low-cardiac output state if large quantities of air have reached
the lungs.
Because of the risk of a paradoxical right-to-left air embolism
with serious cerebral complications in patients with a patent
foramen ovale, preoperative echocardiography with a Valsalva
manoeuvre is strongly recommended. Whether the surgery should
be performed in the sitting position in patients with a patent foramen ovale (20% of the population) must be discussed with the neurosurgeon and the patient.
The anaesthetic technique for infratentorial approaches should
be guided by the same principles as for the supratentorial approach.
If the sitting position is to be used, monitoring should be compatible with early detection of common complications. Invasive cardiovascular monitoring is essential in patients with heart disease.
A precordial Doppler or transoesophageal echocardiogram
can confirm the presence of air in the right atrium. The Doppler
probe should be placed along the right parasternal border between
the third and the sixth intercostal spaces. In the event of massive
venous air embolism, withdrawal of air can be attempted from a
properly positioned large-calibre, multiorifice central venous catheter, although it is unclear how often this has resulted in improved
outcomes. This catheter should be positioned about 3 cm above the
junction between the superior vena cava and the right atrium.
Venous air embolism is a neurosurgical emergency and the neurosurgeon should be informed immediately following detection so
they can irrigate the surgical field and apply bone wax to the craniotomy edges to prevent any further air entry. Lowering the head
to heart level will reduce the negative pressure gradient, while concomitant jugular vein compression may reduce the backflow of air
to the heart. Aspiration of air from the central venous catheter can
be attempted and administration of vasopressor drugs may help to
overcome the increased pulmonary arterial resistance.
Immediate or delayed awakening and extubation at the end
of the procedure again depend on the preoperative level of consciousness and on the occurrence of complications during surgery.
Postoperative care should be directed towards the detection and
treatment of complications resulting from perioperative manipulation of vital structures: airway patency may be decreased by
facial oedema or effective ventilation may be impaired by surgical
manipulation and oedema. The occurrence of a decreased level of
consciousness, hypertension, bradycardia, and irregular breathing
are signs of brainstem compression which requires reintubation
and emergency re-craniotomy. Swallowing and other caudal brain
nerve functions may be impaired. Because of these potentially life-
threatening complications, all patients should be admitted to an
ICU after infratentorial surgery.

Awake neurosurgery for brain tumour resection

Figure 59.4 Right cerebellopontine angle schwannoma.

Over the past decade, brain surgery that requires the patient to be
awake has gained renewed interest among neurosurgeons, especially when tumours grow close to eloquent cortex (Fig. 59.5). It
allows optimizing the extent of resection and minimizing the risk
of permanent deficit. Awake craniotomy requires active anaesthetic management. Often, a brief period of general anaesthesia or
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Figure 59.5 Functional MRI showing the close relation between a large brain tumour and a speech area.

sedation with an unprotected airway is used for craniotomy followed by the period of awake functional testing and lesion resection; a second period of general anaesthesia or sedation usually
follows for craniotomy closure. Alternatively, the entire procedure
is performed under conscious sedation.
The choice of the best combination of drugs and their optimum
delivery is determined by the requirement to achieve an adequate
level of anaesthesia and consciousness for each step of the procedure,
allied to the challenge of suitable airway management throughout.
Some authors who use the ‘asleep–awake–asleep’ technique use a
laryngeal mask during the craniotomy phase under general anaesthesia with propofol and remifentanil, using target-controlled
infusion, and Bispectral Index™ of the EEG (BIS™; Covidien, now
Medtronic Minimally Invasive Therapies, Minneapolis, MN, USA)
monitoring: this technique is associated with minimal incidence
of complications and fast intraoperative awakening. Recently, dexmedetomidine has been suggested to provide good sedation and
analgesia without ventilatory depression. Scalp block with local
anaesthetic constitutes an essential component, providing important additional analgesia (Fig. 59.6).
Preoperative evaluation should assess the ability of the patient
to cooperate (age and maturity, presence of psychiatric disorders
or impaired consciousness from the primary disease), the airway
(previous intubations, airway patency, ease of ability to perform
mask ventilation, laryngeal mask airway insertion and intubation),
presence and characteristics of seizures, and any clinical signs of
increased ICP. Anticipation of specific difficulties and complications is a core task during awake craniotomies; for example, there
is always the possibility of seizures occurring during the procedure.
The surgeon can control most seizures by irrigating the cortical
surface with iced saline; sometimes a small bolus (1–2 mg kg−1) of
thiopental might be necessary.
Positioning the patient is another essential issue when managing
a patient undergoing awake resection of a brain tumour. Patients
must be able to lie comfortably and be kept warm, with an adequate
mattress and padding of the limbs, and with proper head and neck
positioning avoiding excessive flexion or rotation. Communication

between the patient and all relevant team members (anaesthetist,
neurophysiologist, neuropsychologist, and neurosurgeon) must
be assured in a sometimes frightening and noisy environment and
enough space must be available in front of the patient (Fig. 59.7).
Monitoring is similar to that required for tumour surgery with general anaesthesia: invasive arterial blood pressure monitoring is recommended and allows arterial blood gas sampling. A central venous line
is only indicated if a specific co-morbidity is present or if significant
bleeding is anticipated. End-tidal CO2 should also be monitored, both
to detect hypoventilation and to help to control Pa CO2 if controlled
ventilation is used. Bladder catheterization is necessary, but the presence of the catheter may cause discomfort to the patient.
The increased extension of resection combined with a low incidence of complications and fast discharge home led some authors
to suggest that awake craniotomy for brain tumour resection
should be the rule, regardless of the lesion location and deficit risk
(Brown et al. 2013).

Anaesthesia for patients with hydrocephalus
A hydrocephalus can be congenital, but also acquired as a result of
intracranial haemorrhage or tumour in patients of all ages. A common feature is a mismatch between production and absorption
of CSF or an obstruction of the circulation of the CSF, or both.
Congenital hydrocephalus is frequently associated with other problems such as dysraphia, arachnoid cysts, or congenital tumours.
Patients with increased ICP as a result of hydrocephalus may
have a decreased level of consciousness. Incontinence, nausea, and
vomiting are common. Where there is severe intracranial hypertension, bradycardia and arterial hypertension will occur. This reflex
hypertension (Cushing reflex) maintains cerebral perfusion and
should not be treated with antihypertensive drugs, but indicates the
need for urgent surgical intervention.
The surgical options for patients with CSF circulation disturbances depend on the cause of the hydrocephalus and the urgency
of the problem. External drainage is a quick—but only temporary—
option, while a ventriculoperitoneal shunt is the most common
permanent solution. In the presence of abdominal infections or

1015

chapter 59

anaesthesia for neurosurgery and electroconvulsive therapy

6
2
1

3

5

4

4
3

2 1

2

4
2
3

6

4

6

a
5

b

5
c

Figure 59.6 Nerves (N) to infiltrate for a unilateral scalp block and their respective sensory area: 1 = N. supratrochlearis (V1), 2 = N. supraorbitalis (V2),
3 = N. zygomaticotemporalis (V2), 4 = N. auriculotemporalis (V3), 5 = N. occipitalis minor (C2/C3), 6 = N. occipitalis major (C2). V = branch of trigeminal nerve,
C = cervical spine nerve.
With kind permission from Springer Science+Business Media: Der Anästhesist, Kraniale Leitungsanästhesien. Volume 58, Issue 9, 2009, pp. 949–960, Kerscher, C. et al., Copyright © 2009 Springer
Science and Business Media.

cerebral tumours with a tendency to induce metastases, a ventriculoatrial shunt is an alternative. In some cases, an endoscopic ventriculostomy can restore CSF circulation and no shunt is necessary.
Unfortunately, all shunts are prone to infection and the need for
revision, and very few patients will be cured with one single procedure. Especially in growing children, shunt dysfunction and dislocation are common, which may necessitate frequent urgent revision.
Shunt procedures require a patient with a sufficient depth of
anaesthesia, especially during the tunnel manoeuvre of the shunt
(subcutaneously from the neck to the middle of the abdomen),
which is the most painful part of the procedure. In general, a first
ventriculoperitoneal shunt can be placed within 45 min. In revision
surgery, the procedure becomes much less predictable and can last
from 15 min to hours. In relieving acute intracranial hypertension,
severe brain-shifts are possible and these may cause bleeding as a

result of sheared veins or herniation of the midbrain. Therefore,
a careful reduction of the hydrocephalus is recommended. If the
neurosurgeon plans a ventriculo-atrial shunt, the right jugular area
should be kept free of other i.v. catheters to avoid contamination
or knotting catheters. As soon as ICP normalizes, reflex hypertension will disappear, and vasoactive agents may be necessary to re-
stabilize blood pressure.
If the level of consciousness is reduced, the risk of aspiration is
increased. If the patient has been vomiting, fluid balance and electrolytes should be corrected. As most patients have to undergo
several procedures, proper documentation of previous procedures
enables optimal care during the following ones. Most patients
with acute shunt dysfunction present in a much worse state and
require more urgent therapy than those undergoing a first (elective,
planned) shunt insertion.
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Figure 59.7 A patient undergoing resection of a tumour close to the speech area, talking with a neuropsychologist. Note the free space in front of the patient’s head
and how the transparent drapes contribute to a friendly environment.

Thiopental is frequently chosen as the induction agent for
hydrocephalus surgery, as most patients will require a rapid
sequence induction to prevent aspiration (Shapiro et al. 1973). In
the presence of severe intracranial hypertension, total i.v. anaesthesia might be preferred for maintenance, but a volatile agent
can also be used for these procedures. The response to acute noxious stimulation from tunnelling the ventriculoperitoneal shunt
can be obtunded by a bolus of remifentanil (1 µg kg−1) given
1–2 min before the manoeuvre. This requires a good interaction
between the anaesthetic and surgical teams. In all cases, a rapid
emergence is preferred to enable early assessment of neurological
function. Postoperative pain intensity is relatively minor and can
be reduced further by infiltration of the abdominal wound with
local anaesthetic by the surgeon. In general, postoperative care can
be provided on the ward, but in some cases ICU observation is
necessary. HDU or ICU admission should be considered for very
young patients and those who have a low level of consciousness or
a high ICP.

Anaesthesia for neurovascular procedures
An intact cerebral circulation is critical to maintain normal neuronal function. As the brain has no energy stores, any disruption of
CBF, for example during cardiac arrest, will result in dense global
ischaemia, immediate loss of ATP generation, and rapid neuronal
cell death.

Cerebral infarction
Cerebral infarction occurs after acute disruption of CBF as a result
of the rupture of a vulnerable atherosclerotic plaque or from emboli
originating upstream (left atrium, carotid arteries, paradoxical
embolization via open foramen ovale). It presents clinically as acute

ischaemic stroke, with neurological symptoms that represent loss
of function in the ischaemic brain area. Less frequently, cerebral
infarction results from prolonged cerebral ischaemia as a result
of hypotension. This typical ischaemic pattern is often labelled a
‘watershed’ infarction, because ischaemia is most prominent in
border zone areas of the main vascular territories. This stroke variant received new interest after a large randomized trial (POISE) of
metoprolol to prevent perioperative cardiac complications (POISE
Study Group 2008) found that patients receiving acute β-blockade
had fewer myocardial infarctions, but higher mortality and a
greater incidence of stroke. The latter might be related to perioperative hypotension.
Current treatment for acute stroke consists of revascularization by timely i.v. administration of recombinant tissue plasminogen activator. Apart from providing life support for comatose
patients, this form of stroke treatment typically does not require
active intervention by anaesthetists. However, the rapid development of interventional neuroradiology has renewed interest
in endovascular removal of the embolic material using various
retrieval devices. For these procedures, anaesthesia assistance
is requested more frequently. The anaesthesia goals here are to
maintain circulation and oxygenation and actively manage blood
pressure as needed for the procedure, in particular the prevention
of periprocedural hypotension. There is an ongoing debate about
the use of general vs local anaesthesia for these procedures. At the
time of writing, there are several ongoing studies on this topic
(Simonsen et al. 2016).

Cerebral aneurysms
Genetic disposition combined with lifestyle (hypertension, smoking) may result in the development of a cerebral arterial aneurysm, a bulging protrusion of the weakened cerebral arterial
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wall. Aneurysms are preferentially located at bifurcations of the
arteries originating from the circle of Willis (Brisman et al. 2006).
Figure 59.8 shows angiographic images and a three-dimensional
rendering of a large unruptured aneurysm of the anterior communicating artery.
Once the diameter of a cerebral aneurysm exceeds a critical
threshold, it may rupture either spontaneously or in response to a
stressful event that raises blood pressure. The resulting subarachnoid haemorrhage (SAH) typically causes immediate severe headache and can rapidly result in intense cerebral ischaemia as a result
of raised ICP and loss of consciousness. SAH occurs more often in
women (sex ratio: 2:1) and peaks between 40 and 60 years of age.
The incidence of SAH is approximately 1:10 000, which translates
to 74 000 new cases annually in all European countries combined.
Outcome after SAH is poor. Of patients that reach the hospital
alive, between 15% and 20% die within 6 months; another 20% survive with poor neurological outcome.
Symptoms of SAH vary from sudden headache only, to a life-
threatening neurological emergency with coma and focal neurological deficit. The sudden loss of CPP can trigger massive release

(A)

of adrenaline and noradrenaline which raises blood pressure. This
autonomic storm can produce ECG abnormalities suggesting myocardial ischaemia and release of troponin as a result of subendocardial injury, even in patients with normal coronary arteries. The
massive catecholamine release can also result in neurogenic pulmonary oedema.
The clinical severity of SAH is currently classified using the
World Federation of Neurological Surgeons (WFNS) scale, a simple
system to grade a patient with SAH that is less subject to interobserver variability than older scales (Table 59.1).

Treatment
Treatment of ruptured and unruptured aneurysms consists of
excluding the aneurysm from the circulation by surgical ligation
using small metal clips (‘clipping’: Fig. 59.9) or by percutaneous endovascular ‘coiling’. With coiling, a fine metal wire mesh is
inserted into the aneurysmal sac via the endovascular route. The
resulting coiled wire mesh slows blood flow in the aneurysm and
results in thrombus formation, effectively reducing the risk of (re)
bleeding (Fig. 59.10). However, not all aneurysms are accessible to

(B)

(C)

Figure 59.8 (a) and (b) Coronal and sagittal views of anterior communicating artery aneurysm. (c) Three-dimensional reconstruction of the same unruptured aneurysm.
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Table 59.1 World Federation of Neurological Surgeons Grading
System for Subarachnoid Haemorrhage (WFNS) scale
Glasgow Coma Score

Motor deficit

Grade

15

Absent

1

13–14

Absent

2

13–14

Present

3

7–12

Present or absent

4

3–6

Present or absent

5

Clip applied to
neck of aneurysm

Reproduced from Journal of Neurology, Neurosurgery, and Psychiatry, Teasdale, G.M., Drake,
C.G., Hunt, W., et al., A universal subarachnoid hemorrhage scale: report of a committee
of the World Federation of Neurosurgical Societies. Volume 51, p. 1457, Copyright © 1988
with permission from BMJ Publishing Group Ltd.

Aneurysm

coiling. In order for the wire coil to stay in place, the neck of the
aneurysm must be sufficiently narrow. Most ‘wide-neck’ aneurysms
are therefore primary candidates for surgical clipping.
The results of coiling are as good as those of surgical clipping
with less immediate postoperative neurological deficits. In a randomized trial of patients with ruptured intracranial aneurysms
who were eligible for either coiling or clipping, coiling resulted
in a better outcome than surgical clipping up to 7 years after the
procedure. Endovascular coiling of aneurysms has now surpassed
surgical clipping as the primary mode of treatment for ruptured
and unruptured cerebral aneurysms. After coiling there is a low, but
significantly higher risk of late rebleed or need for recoiling than
after clipping (Molyneux et al. 2005).
If the patient survives the initial SAH, there is a substantial risk
of rebleeding (15–20% in the first 2 weeks). Emphasis has shifted
from a delayed operation after the acute episode, to rapid initiation of definitive treatment by securing the aneurysm as soon as
possible. After surgery or coiling, there is a time window where the
patient remains at high risk for delayed cerebral ischaemia (DCI).

Figure 59.9 Cerebral aneurysm with permanent clip applied.
From New England Journal of Medicine, Ellegala, D.B. and Day, A.L., Ruptured cerebral
aneurysms, 352, 2, pp. 121–4, Copyright © 2005 Massachusetts Medical Society. Reprinted with
permission from Massachusetts Medical Society.

The cause of secondary ischaemia is incompletely understood, but
can be explained in part by the occurrence of cerebral vasospasm,
possibly as a result of nitric oxide scavenging by free haemoglobin
released from erythrocytes. Deliberately producing hypertension,
hypervolaemia, and haemodilution (triple ‘H’ therapy) has been
proposed to prevent DCI, but it requires invasive haemodynamic
monitoring and admission to an ICU. This therapy has never
been subjected to rigorous testing in randomized trials. It is also
unclear if all three components are necessary to improve cerebral
perfusion. As many patients become hypovolaemic after SAH, it is
conceivable that maintaining normovolaemia and (supra)normal
blood pressure will be sufficient to maintain cerebral perfusion,

Aneurysm

Coil
Microcatheter

Coil in place

Figure 59.10 Insertion of a wire coil into a cerebral aneurysm and final completed coil.
From New England Journal of Medicine, Ellegala, D.B. and Day, A.L., Ruptured cerebral aneurysms, 352, 2, pp. 121–4, Copyright © 2005 Massachusetts Medical Society. Reprinted with permission
from Massachusetts Medical Society.

1019

chapter 59

anaesthesia for neurosurgery and electroconvulsive therapy

without the attendant risks of pulmonary oedema from deliberate
overfilling.

Anaesthesia for aneurysm surgery
Basic neuroanaesthesia goals
The basic anaesthesia goals for cerebral aneurysm surgery are creating an environment that facilitates optimal surgical access to the
aneurysm, prevention of cerebral ischaemia, and dynamic maintenance of blood pressure at pre-agreed levels, according to the phase
of the procedure. A pre-briefing with the entire surgical team allows
clear communication about the surgical and anaesthesia goals and
joint setting of targets for blood pressure.

Preoperative preparation of the patient
Review the patient’s history and co-morbidity and identify the aneurysm’s size, shape, and location from the imaging data. The preoperative
ECG may be abnormal as a result of subendocardial injury resulting
from the sympathetic discharge at the time of initial bleeding. Isolated
ECG abnormalities are no reason to postpone surgery. Good-grade
patients who are extremely anxious may benefit from premedication with a benzodiazepine. Monitoring of the arterial blood pressure
waveform allows rapid intervention in case of imminent hypertension
or hypotension; an arterial line before anaesthesia induction is therefore essential. Central venous pressure monitoring is of limited value.
However, delivery of vasopressors via a central line will facilitate precise titration to the desired MAP values. Blood pressure targets should
be guided by the patient’s preoperative blood pressure values (if available) and the WFNS grade. Targeted blood pressure during temporary
clipping will usually be higher than during maintenance.

Induction
During anaesthesia induction it is essential to maintain strict control over blood pressure in order to prevent a blood pressure spike
that might result in rebleeding immediately before surgery. Make
sure that the patient has received an adequate opioid dose before
attempting intubation. A low dose of lidocaine i.v. (0.5 mg kg−1)
may help to mitigate the intense stimulation from laryngoscopy
and tracheal intubation. In case of anticipated difficult intubation,
it might be prudent to start a propofol infusion, with or without
(A)

a remifentanil infusion to prevent arousal because of inadvertent
return of consciousness when intubation takes longer than expected.
Further high-risk stages are the application of the head pins and
skin incision. Here, again, inadequate analgesia can increase blood
pressure and possibly result in rebleeding. Some centres infiltrate
the scalp with local anaesthetic to prevent this response.

Maintenance
Despite several comparative studies, including some randomized
controlled trials, there is no evidence for a superior anaesthesia
technique for cerebral aneurysm surgery. Most modern anaesthetic techniques allow the anaesthetist to achieve good surgical
conditions and good blood pressure control when combined with
a continuous vasopressor infusion via a syringe driver. Both sevoflurane and propofol are frequently used to produce unconsciousness. Continuous remifentanil infusions have become popular as
remifentanil’s predictable short duration of action allows stable
intraoperative opioid concentrations during infusion and rapid
recovery after discontinuation.

Temporary clipping
Once the aneurysm has been exposed, the surgeon can apply one
or more clips directly on the neck of the aneurysm. This is the ideal
situation. More often, it will be necessary to temporarily decrease
blood flow to the aneurysm by occluding two or more afferent vessels with temporary clips (Fig. 59.11). Depending on the location
of the aneurysm and the temporary clips, a smaller or larger brain
region will become ischaemic (Ellegala and Day 2005). Increasing
blood pressure during temporary clipping may restore some blood
flow to the ischaemic area by increasing flow in collateral vessels.
The surgeon will ask to record the time of temporary vessel occlusion. Several short episodes (2 min each) separated by a sufficient
reperfusion interval may be better tolerated than one initial longer
period of vessel occlusion.

Cerebral protection
Several strategies have been developed to increase cerebral tolerance
to ischaemia and prevent ischaemic brain injury. Neuroprotective
drugs either reduce cerebral metabolism or inhibit post-ischaemic
(B)

Trapped
perforating
branch

Collapsed
aneurysm

Temporary
clip

Permanent
clip
Temporary
clip

Skull base
removed

Neck of
aneurysm

Figure 59.11 (a) Three temporary clips exclude a ruptured aneurysm from the arterial circulation; the brain areas behind the perforating branches are now ischaemic.
(b) A permanent clip has been applied to the neck of the aneurysm.
From New England Journal of Medicine, Ellegala, D.B. and Day, A.L., Ruptured cerebral aneurysms, 352, 2, pp. 121–4, Copyright © 2005 Massachusetts Medical Society. Reprinted with permission
from Massachusetts Medical Society.
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injurious processes, but their effects in clinical studies have been
disappointing. Reducing body temperature is an established neuroprotective strategy. Deep hypothermic circulatory arrest (core
temperature 20°C) can extend ischaemic neuronal survival to
20 min. It has been applied in the treatment of complex basilar
artery aneurysms. However, there is no benefit from routinely
cooling all patients presenting for aneurysm surgery (Todd et al.
2005). Administering a bolus of thiopental, propofol, or etomidate
to decrease cerebral metabolic rate immediately before temporary
clipping or hyperoxygenation (FIO2 1.0) is also frequently performed, but there is no evidence that this results in better neurological outcomes (Hindman et al. 2010).

Disaster management
Immediate action is required when intraoperative haemorrhage
from the aneurysm occurs. It may be necessary to decrease MAP
transiently to 40–50 mm Hg and use temporary clips to regain control. This emergency situation requires optimal communication
between the surgeon and anaesthetist.

Extubation
Assuming that the aneurysm is secured, extubation can proceed
as after a regular craniotomy. To prevent an excessive blood pressure increase during emergence, one may decide to stop the volatile
agent or propofol after the last suture and continue a remifentanil
infusion until the head is bandaged and the patient is transferred to
a bed. Obviously, only good-grade [WFNS 1–2–(3)] patients, who
were awake and conversant before induction of anaesthesia should
have their trachea extubated in the operating theatre. In all other
cases it is safer to extubate after several hours in the ICU.

Postoperative care
Postoperative care will often be in the ICU or a HDU, depending on
the preoperative grade of the patient. Blood pressure control should
be continued after the operation and many patients will need antihypertensive medication to control post-craniotomy hypertension.
However, if the aneurysm is secured by a clip, blood pressure ranges
can be more liberal than before surgery.

Anaesthesia for epilepsy surgery
Epilepsy is a chronic and disabling neurological disorder, characterized by recurrent seizure activity and its consequences. It occurs
in 0.5–1% of the population and can be seen as a symptom, rather
than a disease, developing after several conditions (genetic, traumatic, tumours, metabolic), presenting either with a long-standing
course or de novo. The incidence is higher at the extremes of age
and in those with structural or developmental brain abnormalities.
Seizures can be seen as a failure of regulation of the electrical activity within the brain, resulting in an imbalance between excitatory
and inhibitory neuronal activity, which leads to burst discharges
and generation of hyper-synchronous firing of a large number of
cortical neurones.
Initial treatment is pharmacological, determined by seizure
type and history, age, and side-effects, and combination therapy is
often needed. Despite progress in pharmacological management,
in 20–30% of cases medication alone cannot control seizure activity. Patients with a localized focus and drug-resistant seizures, or
suffering from severe medication-related side-effects may benefit from ablation of the epileptogenic brain area in an attempt to
improve seizure control, cognitive and psychosocial outcomes, and

hence quality of life. Surgical treatment can be divided into curative (temporal lobectomy in temporal lobe epilepsy) or palliative
surgery to decrease seizure severity or frequency, or both (corpus
callosotomy in patients with disabling drop attacks, and vagal nerve
stimulation).
In order to assess potential surgical candidates and determine the
balance between risks and benefit for the individual patient, epileptogenesis must be determined by seizure characteristics (semiology), interictal and ictal EEG, and neuroimaging. Functional
examination may include functional MRI, intra-carotid amobarbital procedure or Wada test, neuropsychological testing, and transcranial magnetic stimulation.
Anaesthesia planning for these procedures must consider potential recording of cerebral electric activity, activation of epileptic focus,
and intraoperative cortical mapping with electrocorticography—
spike activity monitoring via a small electrode placed over the
cortex—in order to guide accurate definition of both seizure foci
and eloquent cortices, and the resection margins.

Anaesthetic management
Patient history must include a detailed characterization of
the disease including pattern, type, and frequency of seizures.
Perioperative management of antiepileptic drug therapy is vital
in maintaining seizure control. These are generally continued into
the perioperative period and doses should be adjusted in order
to keep adequate plasma concentrations (Perks et al. 2012). Side-
effects, drug interactions, and maintenance dosing of antiepileptic
drugs during periods of starvation are important considerations.
Coexisting medical problems may be present and must be evaluated. An important contribution of the anaesthetist in the presurgical evaluation of the patient referred for surgical treatment of
epilepsy is the anaesthetic management during performance of
the Wada test. Temporary anaesthesia of one cerebral hemisphere
with the patient awake, allowing the lateralization of language and
memory, is required mostly when temporal lobectomy and amygdalohippocampectomy are planned. Although functional imaging
has replaced this method for language mapping, it continues to be
essential for memory study. For this purpose, a short-acting i.v.
anaesthetic drug is administered into the internal carotid artery via
an endovascular catheter. The possibility of occurrence of common
side-effects of propofol or other drugs used for the Wada test such
as myoclonic movements and confusion must be recognized and
rapidly managed.
Routine monitoring is sufficient although invasive blood pressure measurement is suggested to avoid the discomfort of frequent
cuff inflation. As mentioned previously, raw or processed EEG may
help to titrate and guide anaesthetic dosing allowing fast intraoperative awakening if an ‘asleep–awake–asleep’ technique is used.
General anaesthesia management is similar to any other intracranial procedure, but anaesthetic agents that have minimal effects on
electrocerebral activity and electrophysiological recordings should
be used. The advantages of general anaesthesia include improved
operating conditions, by controlling Pa CO2 and MAP, and assurance
of immobility and unconsciousness of the patient. Disadvantages
include inability to assess speech and language. Benzodiazepines
should be avoided and before electrocorticography, anaesthesia
depth should be decreased. Burst suppression in the recordings
suggests excessive depth of anaesthesia that needs to be addressed.
During electrocorticography, neuromuscular blocking agents may
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be needed to avoid movement and several drugs may be used to
elicit epileptiform activity. When seizure activity is provoked by a
drug or by cortical stimulation, the cortical surface should be irrigated afterwards with iced saline to stop the epileptic activity.
In cases involving eloquent brain areas, electrocorticography
is combined with intraoperative functional mapping requiring
an awake and cooperative patient. This can be accomplished by
combining local anaesthesia (field block or preferentially a scalp
block) and sedation, or with an asleep–awake–asleep technique
with a laryngeal mask for airway management, as described for
resection of brain tumours located close to eloquent areas. Almost
all considerations addressing the anaesthetic management of
awake craniotomy for brain tumour resection may be applied for
awake epilepsy surgery. Again, the selection of different options
must be preceded by a detailed discussion between all members
of the team and be adapted to their experience and skills. In every
case, favourable conditions for the procedure and evaluation
must be provided without compromising safety and comfort of
the patient.
Administered drugs must provide anxiolysis, analgesia, and comfort without interfering with monitoring. Carefully titrated short-
acting agents are preferred, minimizing interference of anaesthesia
with functional evaluation. If an asleep–awake–asleep technique
is chosen, the combination of remifentanil and propofol is usually used, but dexmedetomidine is a valuable alternative. It provides effective analgesia, sedation, and absence of interference with
recordings at doses of 0.2 µg kg−1 h−1 (Souter et al. 2007). Raw or
processed EEG might be used throughout the procedure, helping to
titrate the level of consciousness and reduce the time for emergence
during the operation.
There are important interactions between antiepileptic drugs and
drugs commonly used in anaesthesia, and these affect both drug
efficacy and the risk of seizure activity intraoperatively. Induction
and inhibition of the hepatic cytochrome P450 isoenzymes constitutes the most significant mechanism, especially with older-
generation antiepileptic drugs. For example, chronic phenytoin
therapy increases the clearance of rocuronium from 0.26 to 0.75
litres min−1 but has no effect on other pharmacokinetic parameters
(Fernandez-Candil et al. 2008).
Many anaesthetic agents themselves affect the propensity to seizures, both in patients with epilepsy and in those with no prior history of seizures. Some agents have different effects depending on
the dose: generally low doses are proconvulsant while higher doses
have anticonvulsant activity. This is clearly the case with propofol: while it causes activation in small doses, it produces EEG burst-
suppression at clinical doses. Propofol is currently used to treat
refractory status epilepticus.
Benzodiazepines have well-
known anticonvulsant activity.
Thiopental is an anticonvulsant at clinical doses. Etomidate and
methohexital activate the EEG and should be avoided, unless the
desired effect is to activate seizure foci intraoperatively. As little as
25 mg of methohexital is enough to elicit epileptiform potentials
in the epileptogenic area and this constitutes the drug of choice for
this situation.
Volatile agents such as isoflurane, desflurane, and sevoflurane
also have dose-dependent effects on seizure activity: epileptiform
activity is suppressed by low doses and an isoelectric EEG is produced at 2 MAC; however, there are several reports of sevoflurane-
induced seizures and epileptiform EEG.

None of the neuromuscular blocking agents appear to have proconvulsant effects, although they may interfere with intraoperative
monitoring of myogenic motor-evoked potentials (MEPs).

Anaesthesia for patients undergoing
pituitary gland surgery
Tumours of the pituitary gland are common in neurosurgery. They
account for 10–15% of intracranial tumours and can be found in all
ages with a peak around the third and fourth decades (Nemergut
et al. 2005).
The symptoms from the tumour are either caused by endocrine
activity or mass effect. Depending on the hormone produced, various endocrine syndromes are possible, for example, acromegaly
in case of growth hormone or Cushing’s syndrome in case of an
adrenocorticotropic hormone-producing tumour. Mass-effects of
the tumour may result in compression of the optic nerve and visual
field disturbances, but bleeding inside the pituitary gland is also
possible which can result in panhypopituitarism. In case of a hormone-producing tumour, involvement of an endocrinologist in a
multidisciplinary team is common, as many of these patients have
been treated conservatively before the decision for surgery has been
made.
Another important aspect is the size and position of the
tumour: the smaller the tumour and the more it is located in the
(frequently enlarged) sella turcica, the more accessible it is for the
transsphenoidal approach (often performed in cooperation with an
ENT surgeon). Extremely big tumours with a relevant suprasellar
part must be accessed by frontal or pterional craniotomy, which is a
much more invasive procedure.
Patients with Cushing’s syndrome frequently have hypertension
and glucose intolerance that have to be controlled perioperatively.
Patients with acromegaly show similar medical problems (hypertension, diabetes mellitus, coronary artery disease), but can also be
challenging for the anaesthetist because of macroglossia obstructing
the airway, a tough skin that is difficult to puncture, and body proportions that make positioning difficult. Furthermore, patients with
acromegaly frequently have narcolepsy and sleep apnoea, which
must be taken into account when organizing postoperative care.
All pituitary gland surgery is performed under general anaesthesia. In the transsphenoidal approach, the nasal mucosa is often
infiltrated with local anaesthetics containing adrenaline to reduce
bleeding. This infiltration is quite noxious and can induce vagal
responses if anaesthesia is too light, while systemic absorption
of adrenaline can induce arterial hypertension and tachycardia.
Another stimulating part of the procedure is the drilling towards
the sella. The transsphenoidal approach provides a small surgical
field with a restricted view for the neurosurgeon. Accidental entry
into the sinus cavernosus—which lies in close proximity to the sella
turcica—can cause serious bleeding. Furthermore, at the end of the
procedure it is important that any leakage of CSF is detected, as
it might cause ascending meningitis. Therefore the neurosurgeon
may request a Valsalva manoeuvre to increase the ICP. It is also
common for an external lumbar spinal catheter to be placed at the
end of the procedure to reduce CSF pressure during the early postoperative period.
Anaesthesia induction and maintenance are the same as for
other types of brain tumour surgery. Because of the risk of bleeding and rapid changes in blood pressure, especially during the
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transsphenoidal approach, as well as the need for repeated blood
sampling for glucose management, an arterial catheter is advisable. Procedures using the subfrontal or pteronial approach always
require an advanced level of monitoring. As diabetes insipidus is
common in all cases, a urinary catheter should be inserted.
Surgical manoeuvres during these procedures might induce
kinking of the tracheal tube, and an armoured (Woodbridge) tube
might be useful to prevent airway obstruction. In transsphenoidal surgery, a throat pack can be inserted after tracheal intubation
to prevent blood entering the stomach and hence reduce the risk
of PONV. In the rare cases of pronounced acromegaly with macroglossia, an awake fibreoptic intubation might be considered.
Bleeding is rare, but if it occurs, it can be severe. Therefore, good
peripheral venous access should be established. If a throat pack has
been inserted, it must be removed before extubation of the trachea.
Postoperative pain after transsphenoidal surgery can be treated
sufficiently with a combination of paracetamol and opioids.
After pituitary surgery, the need of hormonal replacement
therapy must be kept in mind during the postoperative period.
Patients with Cushing’s syndrome might need higher doses of
hydrocortisone perioperatively, but diabetes insipidus can also
occur in the postoperative period, with the need for desmopressin treatment.
Immediately after transsphenoidal surgery the patient will not
be able to breathe through the nose. While most patients can be
discharged to normal wards after uneventful surgery and recovery,
patients with obstructive sleep apnoea who normally use a continuous positive airway pressure mask at night may need postoperative
care on a HDU. Many patients find removal of the nasal tampon to
be painful, but in general this is performed by the surgeon without
anaesthesia involvement.
To avoid CSF leakage, all activities that might increase ICP
should be avoided in the first few postoperative days.
Finally, in patients who have undergone transsphenoidal surgery
previously, the anaesthetist should avoid inserting nasotracheal or
nasogastric tubes, as they might create a false passage and end up
in the brain.

Anaesthesia for functional neurosurgery/
stereotactic procedures
Functional neurosurgery is used for the treatment of a broad range
of disorders characterized by changes of function of the central
nervous system without major structural or anatomical changes.
The initial indication for deep brain stimulation was Parkinson’s
disease, but its use has been extended to other neurological disorders such as dystonic syndromes and epilepsy, to some psychiatric
illnesses such as depression, obsessive–compulsive disorders, and
to chronic pain.
Changes in the physiology of the central nervous system, produced either by chronic electrical stimulation or by the generation
of a lesion, are obtained after precise localization of structures such
as the subthalamic nucleus, globus pallidus internus, and ventralis intermedius nucleus of the thalamus. These techniques require
the use of a stereotactic frame but recent advances in imaging and
neuronavigation systems allow the performance of frameless procedures. Besides the stereotactic and imaging approaches, neuro-
electrophysiological techniques are used to localize the target
structures.

Usually, these procedures entail fixing the patient’s head within
a rigid frame in the operating theatre or neuroradiology suite followed by an imaging study; the patient is then transferred to the
operating theatre for the remainder of the procedure.
The use of general anaesthesia (reviewed by Poon and Irwin
2009; Venikatraghavan and Manninen 2011; Erickson and Cole
2012) or sedation is controversial because of suppression of neural recordings and, in Parkinson’s disease, tremor. Local anaesthesia is the preferred anaesthetic technique in most centres but even
then, monitoring by an anaesthetist is essential for a good outcome
through provision of analgesia and sedation when necessary and
management of complications (Harries et al. 2012).
Besides discussion with neurosurgical and neurological teams
and the selection of appropriate patients, the anaesthetist should
consider the implications of medical co-morbidities such as hypertension or obesity, and the impact of stopping the medications used
to control the condition to be treated. Psychological preparation of
the patient is important for a long day spent in the neuroradiology
suite and operating theatre in an uncomfortable position. Airway
evaluation should be performed even when general anaesthesia is
not planned: dystonia in off-treatment Parkinson’s disease can be
problematic.
The choice of anaesthetic technique should be adapted to each
patient and to the procedure: a patient with severe dystonia or
psychotic symptoms probably needs general anaesthesia. Even
when general anaesthesia is used, local anaesthesia or scalp block
is used for head-frame placement; local anaesthetics such as
ropivacaine provide long-lasting analgesia with low risk of toxicity (Costello et al. 2004). The anaesthetist must be aware of the
effect of anaesthetic drugs on neural recordings and tremor: for
example, drugs such as propofol, remifentanil, and β-blockers
have been associated with temporary suppression of Parkinsonian
tremor. Dexmedetomidine was shown to be a safe drug for use
during neurophysiological recordings (Rozet 2008). The use of
a low-dose infusion of propofol, especially if used with a target-
controlled infusion system and tight titration of the target concentration, may improve patient comfort during periods when
recordings and clinical evaluation are not being performed (Raz
et al. 2010).
Blood pressure control is essential to minimize the risk of
intracranial bleeding. The role of β-blocker drugs in Parkinson’s
disease and their effect on the intensity of the tremor is unclear,
so these drugs are best avoided for blood pressure control; safe
acceptable alternatives are i.v. calcium channel blockers such as
nicardipine or clevidipine. Interestingly, there is evidence that deep
brain stimulation modulates heart rate, blood pressure, heart rate
variability, baroreceptor sensitivity, and blood pressure variability
(Hyam et al. 2012).
After stimulation, electrodes are placed in the cerebral targets
though a burr hole and the wires are tunnelled through the skin
and connected to a stimulator inserted subcutaneously on the chest
wall. This short last step, after removal of the stereotactic frame,
may be performed under balanced or i.v. general anaesthesia using
a laryngeal mask and controlled ventilation.
Proper positioning in the beach-chair position is essential, maximizing comfort and decreasing the risk of compression of anatomical structures. The neck should be positioned to avoid airway
compromise, the legs flexed with support under the knees, and all
pressure points should be padded. Again, a large free space around
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the patient improves their comfort and ensures contact with all
the team members. Indeed, with an awake patient, environmental
details are important: a comfortable room temperature should be
maintained, while room noise and the number of people present
should be minimized. Communication between the team and the
patient must be possible at all moments.
Monitoring depends on the anaesthetic technique but ECG, oxygen saturation, and end-tidal CO2 are mandatory. Because of the
need for strict blood pressure control to avoid intracranial bleeding, invasive arterial blood pressure monitoring is advised, but the
catheter may need to be sited in the brachial artery if wrist immobilization could interfere with intraoperative clinical evaluation.
A bladder catheter may cause discomfort, especially in men in
whom a sheath catheter is an option; if a catheter is not used, fluid
administration should be restricted.
Intraoperative complications are uncommon, but may be serious.
A review of 176 patients reported a 16% incidence of intraoperative adverse events including neurological (seizures, consciousness impairment, and neurological deficits), respiratory (airway
obstruction and respiratory distress), and cardiovascular (hypertension) complications in addition to severe pain, nausea and
vomiting, and blood loss (Venikatraghavan et al. 2006). Venous air
embolism was also reported and should be remembered as a possible and life-threatening complication (Chang et al. 2011).
Respiratory complications are a concern. The fixed head with a
stereotactic frame limits airway management. The key for opening
and removing the frame must be readily available as release should
be immediate if severe airway obstruction or respiratory depression occurs. Patients with Parkinson’s disease may have restrictive
pulmonary disease with the possibility of postoperative respiratory
complications especially after general anaesthesia.
Neurological complications may appear during or after the procedure, demanding early diagnosis and treatment. Seizures are usually focal and self-limiting but tonic–clonic activity may be treated
with small doses of propofol. A major neurological injury such as
intracranial cerebral bleeding may cause a sudden impairment of
consciousness; facilities to secure the airway for imaging and for
craniotomy should be readily available. Postoperative cognitive disturbances may require multidisciplinary management.
Patients should resume their preoperative medication as soon as
possible, particularly those with Parkinson’s disease.

Stereotactic cerebral biopsy
Imaging techniques such as computed tomography or MRI allow
accurate localization of lesions and their targeted biopsy using needle aspiration. This procedure requires the placement of a stereotactic head frame although frameless systems with fiducial markers
over the scalp may be also used. Intra-hospital transport is required
with a two-or three-stage process (neuroradiology suite and operating theatre; or operating theatre, neuroradiology suite, and operating theatre again).
Anaesthetic approaches include an awake patient with sedation
and local anaesthesia or general anaesthesia (e.g. for an uncooperative patient or if the prone position is required). If position and
patient condition allow, a possible technique is to perform a scalp
block supplemented with a low-dose infusion of remifentanil and
local anaesthetic injection at the pin sites.
If general anaesthesia is indicated, it should be induced and
the trachea intubated before head-frame placement. Total i.v.

anaesthesia with propofol and remifentanil is ideal to maintain
anaesthesia during transport between different locations in the
hospital.
Monitoring should be adapted to the anaesthetic technique.
Nevertheless, even in the awake patient special attention should be
paid to blood pressure, end-tidal CO2, and, if sedation is used, processed EEG indices of consciousness.
Postoperative care should be provided at least initially on a
HDU, as there is a risk of intracranial bleeding.

Stereotactic cerebral radiosurgery
The aim of cerebral radiosurgery is the ablation of small tumours
or vascular lesions using focused appropriate radiation and it is
performed in the radiotherapy department within a closed room
with a linear accelerator. Children and non-cooperative patients
need general anaesthesia for head-frame placement and immobilization during 1–3 h of treatment. Most radiotherapy departments
have the appropriate anaesthesia equipment but sometimes it may
be necessary to induce general anaesthesia in the operating theatre and then transfer the patient. The anaesthetist usually has to
monitor the patient from outside the locked treatment room using
a video camera system.

Anaesthesia for patients with traumatic
brain injury
Patients of all ages are affected by traumatic brain injury: ‘shaken’
babies, infants after accidents, teenagers and young adults
involved in sports and traffic accidents, and elderly people typically as a consequence of a fall. By far the largest group are young
male adults. In patients with acute head injury, there must be
a very high index of suspicion for trauma to other parts of the
body: up to 40% of patients have further relevant trauma; in 10%
the spine is affected (Fearnside and Simpson 2005). Hence, a
stiff-neck collar should be fitted to all patients with a traumatic
head injury at the scene of the accident. Other coexisting conditions are aspiration of gastric contents and occasionally neurogenic pulmonary oedema. Many patients who present with
severe head injury are intoxicated with alcohol, cocaine, or other
substances. Very often, patients suffering from acute traumatic
brain injury were previously healthy. However, particularly in
elderly patients, the use of warfarin or other drugs which interfere with coagulation (i.e. factor Xa inhibitors such as rivaroxaban or direct thrombin inhibitors such as dabigatran) should be
ruled out.
Surgery aims at evacuation of haematomas or other space-occupying lesions such as large contusions and possibly at lowering ICP
via craniectomy when massive brain swelling is present. In severe
head injury, ICP monitoring or brain tissue oxygenation monitoring
sensors, or both, will often be implanted by the neurosurgeon. The
evidence that such monitoring improves patient outcome is controversial. Nevertheless, most management algorithms for severe head
injury incorporate data from such devices. Typical complications
of the procedures are rapidly developing brain oedema; lesions
interfering with postoperative control of motor functions including
airway control; and particularly with acute subdural haematomas
and large contusions or intracerebral haemorrhage, considerable
intraoperative blood loss and coagulation disorders. The surgical
requirements of anaesthesia include stable haemodynamics with
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control of oxygenation, Pa CO2 , blood glucose, and correction of
coagulation abnormalities.
The initial Glasgow Coma Scale (GCS) score at the scene or
after resuscitation may be used to judge the severity of the injury.
However, the increasing use of tracheal intubation at the scene of
the trauma and coexisting intoxication may obscure the severity
of the injury. Moreover, many patients deteriorate in the hours
after injury as a result of secondary brain injuries (i.e. brain injuries developing as a complication of the primary injury sustained
at the time of trauma). Head injuries leading to an initial GCS
score of 8 or less are considered to be severe. These patients typically have their trachea intubated as early as possible to protect the
airway. Preoperative investigations include a cerebral computed
tomography scan for which the patient usually requires tracheal
intubation if this has not already occurred. At the same time, the
cervical spine should be cleared and if possible the stiff-neck collar
should be removed as it may cause venous congestion and, hence,
an increase in ICP. Very early insertion of an arterial line, certainly
before in-hospital induction of anaesthesia, facilitates blood pressure control and control of blood gases and blood glucose. The difference between Pa CO2 and end-tidal CO2 may vary considerably in
head-injured patients (Seguin et al. 2001), hence the need for regular blood gases. Steroids have no role in the treatment of acute head
injury (Alderson and Roberts 2005). If a relevant increase in ICP
is suspected (e.g. unilateral or bilateral ‘blown’ pupil), boluses of
mannitol (0.25–1 mg kg−1 i.v.) or hypertonic saline (e.g. 0.5 ml kg−1
of NaCl 20% i.v.) may be used. Hypertonic saline should be administered via a central line because of its potential to cause thrombosis
and phlebitis.
A major concern during induction of anaesthesia is haemodynamic stability. Cerebrovascular pressure autoregulation should not
be expected to be functional in contrast to CO2 reactivity, which is
only lost in very severe injury. Therefore, control of CPP or MAP
is of utmost importance. There is no single best agent for anaesthetic induction, provided the changes in MAP or systolic pressure
are anticipated and treated pre-emptively. If no ICP monitoring is
available, systolic blood pressure should be maintained at greater
than 90 mm Hg (Badjatia et al. 2008). Once ICP monitoring has
been established, CPP should be monitored and the range between
50–70 mm Hg targeted (Brain Trauma Foundation et al. 2007a).
In infants and children, lower thresholds (as low as 40 mm Hg in
babies) are recommended (Kochanek et al. 2012). A rapid sequence
induction is standard procedure. There is some debate regarding
the ICP-raising effects of suxamethonium. With the introduction
of sugammadex, rocuronium has become the first-choice neuromuscular blocking agent of many anaesthetists in this situation.
For maintenance of anaesthesia, inhalation anaesthetics or propofol may be used. If inhalation anaesthetics are used, the cerebral
vasodilator effects of higher doses (i.e. exceeding 1 MAC) should
be anticipated and avoided, as they may cause an increase in ICP.
Blood glucose concentrations should be controlled. Although the
evidence regarding which target value to use is unclear, 6–10 mmol
litre−1 is usually recommended (Oddo et al. 2008). Crystalloids
(typically NaCl 0.9%) are used for volume replacement. Glucose-
containing solutions and other hypo-osmolar solutions should not
be used. Intraoperative blood loss—and if severe, coagulation—
should be closely monitored and treated with a recommended target
haemoglobin concentration of 7–9 g dl−1. In patients with evidence
of cerebral ischaemia, the target haemoglobin concentration should

be greater than 9 g dl−1 (Retter et al. 2013). Prophylactic hypothermia is currently not recommended. The decision to extubate
the patient’s trachea immediately after the surgical procedure will
depend on the GCS score at intubation and the extent of the surgical
procedure. Frequently, in patients who are monitored with an ICP
probe, extubation is only attempted when ICP has stabilized in the
normal range and the increase in Pa CO2 associated with weaning is
tolerated. Subsequent postoperative management should be based
on a current CPP/ICP algorithm (Protheroe and Gwinnutt 2011).
The primary task of the anaesthetist is to prevent secondary
injury. The most important secondary insults are low CPP (<50 mm
Hg), hypoxia, and raised ICP. For oxygenation, a peripheral saturation greater than 90% should be maintained whenever possible
(Badjatia et al. 2008). The target value for Pa O2 is controversial. At
values less than 8 kPa, cerebral vasodilation and consequent increase
in ICP must be anticipated. The role of (normobaric) hyperoxia is
currently unclear. Many anaesthetists target values greater than
12 kPa, but this is an arbitrary threshold. A positive end-expiratory
pressure (PEEP) trial may be used if PEEP is required for sufficient
oxygenation. Often, if PEEP remains lower than ICP there are no
repercussions on ICP. Pa CO2 target values in the low normal range
(3.5–4.5 kPa) are typically chosen (Brain Trauma Foundation et al.
2007b). ICP exceeding 20 mm Hg should be treated even if CPP
is adequate. Head-up positioning, sedation, and analgesia together
with neuromuscular blockade are initial measures. If further treatment is required, boluses of mannitol or hypertonic saline may
be used up to an osmolarity of 320 mOsm litre−1 or a Na+ of 155
mmol litre−1. Hypothermia and barbiturates are further options if
these measures are insufficient. If the ICP increases unexpectedly,
recurrent intracranial bleeding or increasing brain oedema and seizures should be ruled out. Seizures occurring within 7 days of brain
injury are typically treated with phenytoin. However, this does not
decrease the rate of seizures occurring late after trauma.

Anaesthesia for spinal surgery
Patients of all age groups may require spinal surgery; indications
include congenital, degenerative, and traumatic pathologies.
Commonly associated medical conditions include pre-existing neurological deficits related to the spinal pathology, disturbed respiratory mechanics as a result of cervical spinal lesions, and restrictive
pulmonary disease as a result of kyphoscoliosis. However, cardiac
co-morbidity is common given the large number of elderly patients
undergoing spinal surgery. Particularly in patients with spina bifida
and related conditions, there is a risk of latex allergy. Concurrent
drugs with anaesthetic implications are pre-existing pain therapy
(opioids, antidepressant therapy) and medication interfering with
neuromuscular block such as baclofen. Furthermore, all drugs
interfering with coagulation and platelet aggregation are important
in these patients.
Surgery predominantly aims at decompression of neural structures as a result of blood, abscess, tumour, and disc herniation,
stabilization of the vertebrae, or correction of malformations such
as scoliosis. Complications include neurological deficits, severe
bleeding particularly during cancer surgery, infection, CSF leakage, and postoperative deep venous thromboembolism. There are
some specific issues regarding anaesthesia in spinal surgery. When
the patient has an unstable cervical spine, particular attention
must be paid to tracheal intubation in order to avoid spinal cord
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damage. Patient positioning is also crucial, again particularly in
patients with an unstable spine. For some procedures on the ventral thoracic spine, single-lung ventilation via a double-lumen tube
is required to expose the ventral parts of the vertebrae. Moreover,
often an anaesthetic technique that does not interfere with spinal
cord monitoring [somatosensory-evoked potentials (SSEPs) to
monitor sensory function and MEPs to monitor motor pathways]
must be carefully chosen (Raw et al. 2003). In some cases, the surgeon requests an intraoperative phase where the patient is deliberately awoken to assess neurological function. While it is possible
to perform certain procedures such as lumbar intervertebral disc
surgery under spinal anaesthesia, most surgeons are reluctant to
operate under spinal anaesthesia because of the inability to assess
neurological function immediately postoperatively.
The anaesthetist should be fully aware of the type of spinal
pathology that is present. Mostly, any instability and any potential danger of neurological damage during tracheal intubation or
positioning of the patient should be established. With instability of the cervical or upper thoracic spine, a detailed assessment
of the airway is required to choose the least harmful method
of intubation. In patients in whom a stiff-neck collar cannot be
removed before intubation, the reduced mouth opening and
rigidity of the neck need to be considered. Typically, in such
patients and in those with potential instability, fibreoptic intubation is performed either after induction or in the awake patient.
Preoperative assessment of neurological status is essential in all
patients with compromised respiratory mechanics or airway protection. Pulmonary function testing may be required in patients
with restrictive disease as a result of scoliosis or in patients with
motor deficits that interfere with breathing or the clearing of
secretions. In many centres, turning the patient into the prone
position, which is required for the majority of procedures on the
spine, is only performed in the presence of a senior surgeon and
possibly with spinal cord monitoring before and after positioning
the patient.
Tracheal intubation inevitably leads to movement of the spine,
and the key issue with induction is how intubation will be performed, in the awake or sedated patient, and how movement of
the cervical and upper thoracic spine can be minimized. There is
no ‘best’ approach. The approach must be based on the individual
patient and the preferences and skills of the anaesthetist (Crosby
2006). Any medication may be used irrespective of the airway
management strategy. Like the brain, the spinal cord has pressure
autoregulation of blood flow and marked CO2 reactivity of the
blood vessels (Hagberg et al. 1997). Hence, blood pressure changes
and marked increases in Pa CO2 during induction and maintenance
should be avoided. Because of the risk of hyperkalaemia, succinylcholine should not be used in patients with an acute spinal cord
injury from 3–4 days to at least 8 months post injury (Hagberg et al.
1997). Inhalation anaesthetics or propofol may be used for maintenance of anaesthesia unless SSEPs are monitored. In these patients,
propofol should be used because inhalation anaesthetics change the
latency and the amplitude of the monitored signal, making interpretation impossible. When MEPs are monitored, no neuromuscular block should be used. Ketamine can be added, as it has no
negative influence on SSEPs or MEPs and even might increase the
amplitude of the signals.
When intraoperative wake-up tests are planned, short-acting
agents such as propofol and remifentanil should be used, possibly

with depth-of-anaesthesia monitoring to help titrate anaesthesia. In
order to allow immediate postoperative neurological assessment,
most patients have their trachea extubated in the operating theatre. Possible exceptions are in cervical spine surgery with potential
airway compromise and in patients suffering from tetraplegia with
impaired respiratory mechanics.
Acute spinal cord injury demands pre-and postoperative treatment in specialized units (Stevens et al. 2003). The use of (high-
dose) steroids early after spinal cord injury is controversial (Bracken
2012), and many units currently do not use them. Whenever there
is hypotension early after acute spinal trauma, there should be a
high index of suspicion for neurogenic shock, which is treated with
volume and vasopressors. Later after injury, autonomic hyperreflexia presenting with hypertension, bradycardia, and sweating
may occur with light anaesthesia during surgery below the level of
the spinal injury. Tachycardia as a symptom of autonomic hyperreflexia is only seen in very high lesions where sympathetic activity
is included in the autonomic efferent activity.
Spinal procedures can be very painful postoperatively, and
postoperative pain therapy should be adapted to the individual
patient while taking preoperative pain medication into account.
Furthermore, the risk of deep venous thromboembolism must be
considered, because many surgeons are reluctant to start patients
on prophylactic low-molecular-weight heparin or alternative drugs
because of the risk of postoperative haemorrhage. Graded compression stockings or, preferably, intermittent pneumatic leg compression devices should be used.
Most procedures are carried out under general anaesthesia. Any
technique can be used provided it does not interfere with spinal
cord monitoring. In contrast to brain injury, the concept of spinal
perfusion pressure is not routinely used, and the impact on outcome is unclear. A reasonable approach would be to target the
normal blood pressure range of the patient plus or minus 15% and
normal Pa CO2 . The lower limit of autoregulation will probably be
encountered at MAP values of about 60 mm Hg. However, with
trauma, autoregulation will be lost and spinal blood flow will vary
with arterial pressure. It is also possible to improve spinal perfusion
by CSF drainage. Vasodilators such as nitroglycerine and nitroprusside or hypercapnia may lower perfusion pressure as a result of an
increase in spinal blood volume.
Postoperative care should be provided on dedicated wards; in
patients with lesions or procedures of the cervical spine, respiratory depression might occur (phrenic nerve—C4), and care on a
HDU might be necessary.

Anaesthesia for electroconvulsive therapy
ECT is indicated when pharmacological treatment of severe
depression or schizophrenia is not effective (e.g. a catatonic patient
refusing drug intake) or contraindicated (pregnancy, allergies).
After intense debate regarding the ethics of ECT in the 1980s, it is
now used more frequently. This is because of the proven efficacy of
ECT with acceptable cognitive side-effects, but also because of the
role of anaesthetists in increasing patient comfort and safety during
and after ECT. ECT patients can be of any age, but the number of
children is very low. Patients are scheduled for a series of several
ECTs, often two per week for 6 weeks, but sometimes up to 12–16
weeks, with the option of a ‘maintenance ECT’ once a month after
stabilization of psychological status.
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A generalized motor seizure is induced by an electrical current
that is applied to the patient’s skull (mono-or bipolar stimulation).
At the beginning of the treatment a ‘dose finding’ procedure is
necessary to identify the individualized level of energy needed to
induce an effective seizure in the patient. The seizure also induces
an intense cardiovascular response consisting of tachycardia,
hypertension, and (sometimes) arrhythmias (severe bradycardia).
It results from massive central sympathetic stimulation together
with increased adrenal catecholamine release. For effective treatment, a duration of the motor seizure response of more than 20 s
seems to be necessary. If seizure duration is too short, a higher current may be applied within the same session.
Normally, both the seizure and the cardiovascular responses are
self-limiting. However, extreme responses are possible. The anaesthetist should be ready to intervene when heart rate, blood pressure, or both, become unacceptably high (e.g. by administering a
bolus dose of esmolol) (Saito 2005). In rare cases, the seizure lasts
longer than 60 s, and pharmacological intervention is required (e.g.
with small doses of midazolam or propofol).
To minimize muscle activity during the seizure and subsequent muscle pain, the procedure is performed using a tourniquet applied above the patient’s knee or elbow (contralateral to
i.v. access) before neuromuscular blocking agents are given: the
isolated limb is used to observe the motor response. In general,
the procedure lasts 5–10 min. Anaesthesia should be (1) long and
deep enough to provide complete amnesia, (2) light enough to
permit a sufficient seizure, and (3) short enough to enable a fast
patient-turnover.
The interplay between the actions of the anaesthetist and the
psychiatrist—both work with central-acting drugs on the same
patient—requires optimal teamwork and collaboration, preferably
within a small and experienced team.
Preoperative assessment of these patients can be a challenge, as
their symptoms and complaints can reflect the psychiatric disease
(e.g. subjective heart or ‘total body’ complaints, or both, in case of
depression). Considering the impact of the treatment and the legal
situation of these patients (are they really able to give informed
consent?), a careful preoperative evaluation is recommended and
symptoms of the patient should be verified whenever possible
(Grundmann and Oest 2007).
All known induction agents have anticonvulsive properties.
Methohexital and etomidate are the least anticonvulsive and both
have been used with success for ECT. Propofol has been shown to
shorten the seizure activity. Benzodiazepines should not be used.
As a result of its short duration of action, succinylcholine is still
frequently used to achieve neuromuscular block, but mivacurium
or a combination of rocuronium followed by sugammadex are
alternatives.
A small bolus of alfentanil or remifentanil can help to reduce
the dose of induction agent and does not interfere with the duration of the seizure. Because the entire ECT procedure takes only a
few minutes, most patients (except pregnant and other non-fasted
patients) do not require tracheal intubation. Brief mask hyperventilation before the current is applied may improve the quality of the
seizure. Direct stimulation of the masseter muscle by the electrodes
is common; therefore, some bite protection must be inserted to prevent damage to the tongue and lips.
Depending on the organization and logistics of the hospital,
ECT is frequently performed in the recovery room, the PACU, or a

special suite of the psychiatric department. In all cases, a defibrillator must be immediately available.
For a standard ECT, all patients are monitored with ECG, non-
invasive blood pressure (every 2.5 min), and pulse oximetry. The
tourniquet is applied but not inflated. Before induction of anaesthesia, a vagolytic drug (glycopyrronium bromide, atropine) should
be given. A bolus of 10 mg metoclopramide might reduce PONV
and the risk of regurgitation. Anaesthesia induction typically consists of 0.5 mg of alfentanil and 0.2 mg kg−1 of etomidate and as
soon as the patient has lost consciousness and respiration ceases,
mask (hyper)ventilation is started. The tourniquet is inflated, neuromuscular blocking agent (e.g. succinylcholine 1 mg kg−1) is given,
and after 50 s ventilation is stopped, bite-protection is inserted, and
the current applied. During the seizure, ventilation is resumed and
continued until the patient’s spontaneous respiration is recovering.
Tachycardia and hypertension are treated if necessary with a small
bolus of esmolol (20 mg), which may be repeated.
Emergence delirium is quite common. During recovery, the
patient must be monitored until the preoperative level of consciousness has returned.
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Anaesthesia for
ophthalmic surgery
Chris Dodds and Chandra M. Kumar
Introduction
Patients requiring anaesthesia for ophthalmology range across
the extremes of age, from the premature neonate to the elderly.
Anaesthesia is challenging in both. Detailed descriptions of anaesthesia for neonates, children, and the elderly are covered elsewhere
in this book. This chapter is devoted to ophthalmic anaesthesia for
adults. It is worth remembering that elderly patients have increased
morbidity and receive multiple drugs that make even anaesthesia
for minor surgery more risky than in fitter younger adults.
There has been a shift in the delivery of anaesthesia towards
regional techniques although general anaesthesia remains the technique of choice for many intermediate and most complex ophthalmic operations. Ophthalmic surgical procedures range from simple
cataract surgery to major procedures lasting several hours. Some
patients require repeated surgical procedures at short intervals. It
is essential to understand the physiology of the eye, the relevant
anatomy, ophthalmic drugs they may receive, and their effects on
drugs used during anaesthesia. Careful preoperative assessment
and preparation of these patients are important factors towards a
safe outcome. The choice and preferences for anaesthesia and techniques vary worldwide and several factors play an important part in
choosing the type of anaesthesia.

Physiology
The perception of light requires normal functioning of both the eye
and its central nervous system connections. Knowledge of the relevant ocular physiology behind this process is necessary for safe
local and general anaesthesia. The protective homeostatic mechanisms of the eye are affected by anaesthesia in a similar way to the
central nervous system and indeed the sclera and its contents are
analogous to the skull and its contents. The compliance curve is
similar but the underlying mechanisms are slightly different. This is
as a result of the sclera being an elastic but completely full container
unlike the rigid, but slightly empty cranium which has some room
for expansion of its contents.
The intraocular pressure (IOP) and ocular blood flow are influenced by physiology and pharmacology that are relevant in every
surgical and anaesthetic procedure. The mechanisms behind the
effective transit of light through the relatively avascular structure of the eye on its way to the retina and the central nervous
pathways, while complex and fascinating, have less relevance to
anaesthesia.

Intraocular pressure
The IOP varies from 10 to 21 mm Hg. Diurnal variations in IOP
of 4–6 mm Hg are considered normal, as are similar fluctuations
with changes in body position or transient increases during coughing and straining. Pressure is distributed evenly throughout the eye,
and the pressure is generally the same in the posterior vitreous as it
is in the aqueous humour. Each eye may have a different pressure.
The IOP is determined by a careful balance of scleral rigidity,
aqueous humour dynamics, volume of the other fluid contents (vitreous and choroidal blood) of the eye, and external forces acting on
the eye such as extraocular muscle tone.
The aqueous humour is produced by an active secretory process
in the non-pigmented epithelium of the ciliary body. Large molecules are excluded by the blood–aqueous barrier between the epithelium and iris capillaries. The Na/K ATPase pump is involved in
the active transport of sodium into the aqueous and carbonic anhydrase catalyses water and CO2 to acid and bicarbonate which passes
passively into the aqueous. Acetazolamide is a carbonic anhydrase
inhibitor used for the treatment of raised IOP by reducing bicarbonate and sodium transport into the aqueous.
In addition to this active secretory production there is a less
important hydrostatic element dependent on ocular perfusion
pressure. The ciliary body is highly vascular and is supplied by the
ciliary arteries. Flow and corresponding vascular pressure is controlled by the autonomic nervous system and autoregulation exists
similar to cerebral blood flow. Pressure within the pars plana and
episcleral venules restricts the vascular outflow as does the IOP.
The aqueous humour flows from the ciliary body through the
trabecular meshwork into the anterior chamber before exiting
through the angle of Schlemm. Put simply, the sums of the hydrostatic inflow and the active aqueous production minus the active
resorption and passive filtration must equal zero to achieve balance.
Alteration of any individual process can lead to changes in IOP.
This is invariably as a result of the increased hydrostatic pressure or
the reduced removal of aqueous.
It is well known that the IOP can increase up to 40 mm Hg during
coughing, bucking, during performing a Valsalva manoeuvre, and
during retching and vomiting. Any pressure on the neck veins (e.g.
a tight tie around the neck) can also interfere with drainage of the
jugular veins resulting in increased IOP. A head-up position thus can
facilitate jugular vein drainage and decrease IOP. It is also known that
the IOP is higher in patients positioned prone or in Trendelenburg’s
position for a prolonged period. Although the exact reason is not
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known, it may presumably be as a result of a combination of increased
episcleral venous pressure combined with an increase in end-tidal
CO2 and which is exacerbated by any fluid overload.
Increased tone of orbicularis oculi muscle and forceful squeezing
of the eyelid can increase IOP up to 70–80 mm Hg. The application of an eye speculum can increase IOP by 4–5 mm Hg. Injection
of local anaesthetic agents behind the globe during needle-based
blocks is known to increase the IOP and the return of the IOP to
baseline can take 5–10 min. Sustained compression with an external compression device, such as a Honan’s balloon, for 5–10 min
can decrease the IOP to below baseline values for as long as 20–
25 min. Less than 25 mm Hg pressure should be applied when an
oculocompression device is used as excessive external pressure can
hamper perfusion of the eye.

Ocular blood flow and IOP
The blood supply to the optic nerve and retina depends on the
intraocular perfusion pressure. Intraocular perfusion pressure is
the difference between mean arterial pressure and IOP. Ocular perfusion pressure equals the mean arterial pressure minus the IOP
(OPP = MAP − IOP).
An increase in arterial CO2 tension increases the IOP. This is
thought to be caused by hypercapnia-induced vasodilation and an
increase in choroidal blood volume. Hyperventilation and a subsequent decrease in Pa CO2 decreases IOP. Spontaneous respiration
with an inhalation agent increases end-tidal CO2 to greater than
7.5 kPa, resulting in a clinically significant increase in the IOP. It
is important therefore to assist or control ventilation in patients
with raised IOP undergoing intraocular surgery to prevent a further increase. During anaesthesia, increases in IOP also occur with
hypoxia, hypertension, and venous congestion.

Blood pressure and IOP
Systolic hypertension is associated with an increase in IOP and an
acute increase in arterial blood pressure is also accompanied by a
corresponding increase in IOP (Murphy 1985).

Fluid intake and IOP
Prolonged fasting can result in a decrease in IOP and similarly an
excessive amount of oral or intravenous fluid can increase IOP.
Hyperosmotic agents such as mannitol decrease IOP by producing
osmotic diuresis and probably by also decreasing vitreous volume.
The effect usually starts 30 min after administration and returns to
baseline after 2 h.

Effects of anaesthetic drugs on IOP
Most intravenous induction agents such as barbiturates, benzodiazepines, and propofol are known to decrease IOP. Ketamine may
increase IOP; however, the effect may be less pronounced at lower
doses (1–2 mg kg−1 intravenously) and in combination with agents
which lower IOP (Nagdeve et al. 2006). Ketamine may keep IOP closer
to pre-induction values and many centres use ketamine for IOP measurement under anaesthesia. All inhalation agents including sevoflurane and desflurane are also known to decrease IOP. Non-depolarizing
neuromuscular blocking agents do not have any effect on IOP.
Premedication with dexmedetomidine or gabapentin decreases IOP.

Suxamethonium (succinylcholine) and IOP
It is well known that suxamethonium increases IOP which peaks
90 s after administration and the increase can last for 3–6 min
(Cunningham and Barry 1986). The exact cause of the increase in

IOP is not clear. It was thought to be as a result of tonic contractions
of extraocular muscle fibres but this theory is discounted because
an increase in IOP has been observed when extraocular muscles are
detached from the globe (Kelly et al. 1993). The combination of an
increase in central venous pressure, choroidal blood flow, and the
cycloplegic effect of succinylcholine is the postulated mechanism
(Miller 2005). This increase in IOP after succinylcholine has been
suggested to produce deleterious effects in perforating eye injury
where extrusion of vitreous and eye contents can occur through the
wound with an increase in IOP. However, there are no case reports
in the literature to support this belief (Libonati et al. 1985).
The increase in IOP with suxamethonium and intubation can be
attenuated by administration of thiopental or propofol before administering suxamethonium or pretreatment with short-acting opioids
(remifentanil, alfentanil, sufentanil, or fentanyl). Administration of
intravenous lidocaine 1.5 mg kg−1 at least 90 s before intubation is
known to help. Clonidine, glyceryl trinitrate, and nifedipine have all
been found to attenuate the increase in IOP.

IOP during airway management
The use of a laryngeal mask airway (LMA), by avoiding direct laryngoscopy and tracheal intubation, during the induction of GA offers
the distinct advantage of having minimal effect upon IOP (Ismail
et al. 2011). Equally, at the end of the anaesthetic a LMA is associated with far less airway irritation and there is rarely the precipitous
increase in IOP which is associated with coughing or bucking at
the time of extubation. Glaucoma patients may exhibit more pronounced increases in IOP with laryngoscopy and intubation and
extubation, and use of a LMA theoretically may confer advantages.

The oculocardiac reflex
The oculocardiac reflex (OCR) was first described by Aschner
(1908). The reflex is trigeminovagal and further details can be found
in a textbook of physiology. The afferent limb is from orbital contents
to ciliary ganglion to ophthalmic division of the trigeminal nerve to
the sensory nucleus of the trigeminal near the fourth ventricle. The
efferent limb is via the vagus nerve to the heart. The OCR is variously
defined as a 10% or 20% decrease in heart rate, junctional rhythms,
and asystole with or without hypotension (Kumar and Dowd 2006).
It is observed during traction on the extraocular muscles, pressure
on the globe mainly encountered during strabismus surgery, retinal
detachment repair, or enucleation of the eyeball, and sometimes in
the empty orbit (Kerr and Vance 1983). The OCR is one of a triad
which also includes the oculorespiratory and oculovomiting reflexes
(Blanc et al. 1988; van den Berg et al. 1989). An OCR leading to
profound bradycardia is classically brought on by muscle traction.
Traction on the extraocular muscles or pressure on the globe can
also cause atrioventricular block, ventricular ectopy, or asystole. It
is especially seen with traction on the medial rectus muscle, but can
occur with stimulation of any of the orbital contents, including the
periosteum. If this reflex is triggered, any of the triad of responses
may occur including apnoea in spontaneously breathing patients.
The OCR is more common in children than adults and the incidence may be higher with medial rectus and inferior oblique manipulation than traction on the lateral rectus muscle. The OCR may
occur in awake patients during the adjustment of sutures postoperatively in adjustable suture strabismus surgery. The greater the force
applied on the muscle, the more likely is the OCR and the shorter the
time taken to achieve a minimum heart rate. While the incidence of
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the OCR can be minimized by administering an ophthalmic regional
block it can be precipitated by the process of instilling the block. The
incidence can be reduced by instillation of topical lidocaine or proxymetacaine. An appropriate depth of anaesthesia results in a lower
incidence of the OCR. Continuous (auditory) intraoperative monitoring of heart rate, ECG, and blood pressure should be performed
during general anaesthesia. Agents with vagomimetic potential are
more likely to be associated with the OCR, for instance, the opioids
remifentanil, alfentanil, or sufentanil are associated with a high incidence of the OCR. Rocuronium and pancuronium are less likely
to be associated with the OCR because of their vagolytic effects.
Prophylactic administration of anticholinergics is known to significantly decrease the incidence of the OCR but not totally eliminate it.
Intravenous glycopyrronium bromide may be as effective as atropine in
preventing the OCR and is associated with less tachycardia and a lower
incidence of arrhythmias (nodal rhythms and ventricular extrasystoles).
If an OCR is elicited during surgery, the surgeon is instructed
to release any traction on the extraocular eye muscle immediately. Gentle traction can then be reapplied once the heart rate has
returned to baseline. If the OCR recurs or is very severe, anticholinergics should be administered by the intravenous route.

Assessment and preparation
A standard preoperative assessment should be carried out for all
patients irrespective of the anaesthesia they are likely to receive.
Multiprofessional teamwork is the norm and the Joint Royal
Colleges guidelines (Kumar et al. 2012) offer appropriate guidance
in patients undergoing local anaesthesia. Appropriately trained
nursing staff may carry out the bulk of pre-assessment and preoperative preparation under the guidance of a lead ophthalmic
anaesthetist. A thorough history is required and together with the
surgeon a decision concerning the likely choice of anaesthetic can
be made. Investigations should be considered based on the relevant
examination findings and guidelines (National Institute for Health
and Care Excellence 2016). Age, co-morbidity (such as cardiorespiratory disease), and chronic drug treatments make routine investigations such as ECG, full blood count, and urea and electrolytes,
potentially useful tests. However, if local anaesthesia is planned,
investigations are usually reserved for very specific indications.
Particular thought needs to be given to patients with hypertension,
ischaemic heart disease, diabetes mellitus, and chronic obstructive
pulmonary disease. It is important that the preoperative preparation includes checking that these patients are able to lie flat for up
to an hour without becoming uncomfortable, claustrophobic, and,
worse still, hypoxic or suffering ischaemic cardiac problems.
Chronic anticoagulation presents complications that are more
relevant to the surgeon or those practising local anaesthesia (see
‘Selection of patients and blocks’).
It is imperative to make sure that the patient understands and consents to the choice of anaesthetic by taking part in an informed discussion. Patients (and surgeons) often request anaesthetic choices
that appear contrary to the anaesthetic risk:benefit assessment.

Choice and preferences for anaesthesia
Risks and benefits of the technique used are assessed carefully and
the type of anaesthesia is selected accordingly. Important factors
such as urgency of procedure, duration of surgical procedures,
age, ASA status of the patient, surgical conditions, preferences of
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the surgeon, and patient’s choice influence the technique used.
Regional and local anaesthesia are preferred in elderly patients with
co-morbidities to reduce the stress response to surgery and postoperative complications such as nausea, vomiting, confusion, and urinary retention. Younger patients are frequently anxious and local
anaesthesia can be used successfully but they are usually managed
under general anaesthesia. The duration of the procedure and the
patient’s ability to lie still for a longer period is an important consideration. Children and adults with special needs or adults requiring potentially complex ophthalmic surgery usually require general
anaesthesia. The indications for general anaesthesia are diminishing but still there are situations where there are benefits.

General anaesthesia
Indications for general anaesthesia
Most routine ophthalmic surgical procedures can be performed
under regional and local anaesthesia. General anaesthesia is usually
indicated in a patient who is unwilling or unable to tolerate local
anaesthesia. The duration and complexity of the operation is an
important determinant influencing the surgeon’s and the patient’s
requests.

Contraindications to general anaesthesia
There are, of course, no absolute contraindications and it is not
uncommon for patients with serious comorbidities, which cannot be improved, to undergo general anaesthesia without complications. Cardiovascular, respiratory, and neurological diseases
increase in frequency with age and there is an increased incidence
of adverse cardiac outcome, respiratory failure, and postoperative
cognitive dysfunction. However, for the commonest procedures
such as cataract surgery there is little evidence of a difference
between regional and general anaesthesia in the incidence of these
complications.

Induction of anaesthesia
A smooth induction is the goal of all anaesthetists and this is even
more important in the ophthalmic setting. Avoidance of coughing,
straining, and accidental increases in intrathoracic pressure and
venous congestion is important so that optimal eye conditions are
maintained. The choice of induction drug is of much less importance although propofol has a number of beneficial qualities in this
setting, especially related to the ease of insertion of a LMA. In equipotent doses, propofol has a greater depressant effect on IOP than
thiopental sodium and likewise on blood pressure (Mirakhur et al.
1987). Although suxamethonium, in isolation, causes an increase
in IOP, this effect is more than balanced by the induction agent.
Ketamine probably has little effect on the IOP.
Short-acting opioids such as fentanyl will act synergistically with
the induction agent and obtund responses to airway manipulation.

Airway management
The airway may remain inaccessible throughout surgery and any
need to adjust or reposition an airway device during surgery could
cause disruption to surgery with potentially sight-threatening consequences. Thus, the safest option is to intubate the trachea and
maintain ventilation and neuromuscular block throughout. Topical
and intravenous lidocaine during laryngoscopy (and emergence)
can help reduce airway stimulation. A south-facing RAE or other
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preformed tracheal tube which is securely stabilized with hypo-
allergenic tape (avoiding ties) is the best choice and along with
mechanical ventilation provides ideal conditions for nearly all
ophthalmic surgery. Guaranteed paralysis through the mandatory
use of neuromuscular monitoring avoids the risks of patient and
airway movement during surgery. However, intubation brings specific risks of increased IOP related to coughing and bucking during
induction, the pressor response to laryngoscopy and intubation,
laryngospasm during extubation or coughing, and postoperative
nausea and vomiting related to the use of reversal agents. All of
these complications assume much greater importance in open eye
surgery.
The use of the LMA in tandem with propofol as the induction
agent is popular, especially for short ophthalmic procedures; it
reduces some of the above-mentioned risks but adds an increased
risk of losing the airway during surgery if the mask is not well
enough secured or positioned especially in patients who are covered under the surgical drape. The use of neuromuscular paralysis
with the LMA may aid mechanical ventilation and tighter control of ocular physiology (Springer and Jahr 1995) but is seen by
some as having a clinically significant increased risk of aspiration
(Chmielewski and Snyder-Clickett 2004).
Therefore a risk:benefit assessment should be considered by the
anaesthetist taking into account the relative importance of the following factors: body mass index, gastro-oesophageal reflux disease,
hiatus hernia, ease of placement of tracheal tube or laryngeal mask,
duration of operation, open eye status, fasting time, and, some
might add, the opinion of the surgeon.

than an hour, close attention should be given to normothermia.
Venous thromboembolism should likewise have prevention measures in place with mechanical compression devices. Diabetic eye
complications mean that ophthalmic surgery is common in this
population. Where general anaesthesia is required, local euglycaemia protocols must be followed. Analgesia requirements are
based on intraoperative short-acting opioids. Paracetamol and
non-steroidal anti-inflammatory drugs may be useful if there are
no contraindications. Local anaesthesia with longer-duration local
anaesthetic drugs is particularly useful provided that eye protection
is maintained for the duration of action. It is unusual to require
potent long-acting opioids and a cause for severe postoperative
pain should always be sought, as this can be a sign of ophthalmic-
related complications. Ophthalmic patients are particularly prone
to suffer from nausea and vomiting despite the absence of long-
acting opioid and prophylaxis with dexamethasone, ondansetron,
or both, is useful.

Maintenance of anaesthesia

The terminology used for ophthalmic blocks varies. Terminology
based on the anatomical placement of the needle is widely accepted.
The injection of local anaesthetic agent into the muscle cone behind
the globe formed by the four recti muscles and the superior and
inferior oblique muscles is known as intraconal (retrobulbar) block
whereas in the extraconal (peribulbar) block the needle tip remains
outside the muscle cone (Fanning 2003). Multiple communications
exist between the two compartments and it is difficult in practice
to differentiate whether the needle is intraconal or extraconal after
placement (Ripart et al. 2001). Injected local anaesthetic agent diffuses easily across compartments and depending on its spread,
anaesthesia and akinesia may occur. A faster onset of akinesia suggests that the block is intraconal. A combination of intraconal and
extraconal block is described as the combined retro-peribulbar
block (Hamilton 1996). In sub-Tenon’s block, local anaesthetic
agent is injected under the Tenon’s capsule (Stevens 1992) and this
block is also known as parabulbar block (Greenbaum 1992), pinpoint anaesthesia (Fukasaku and Marron 1994), or medial episcleral block (Ripart et al. 1998).

Much of the choice of maintenance is related to personal preference
and experience and the choice of airway. Inhalation anaesthesia is
most commonly used because of its familiarity, controllability, and
cost. Inhalation anaesthesia has a dose-dependent effect on reducing the IOP. Similarly virtually all sedative/hypnotic drugs reduce
IOP. There is little difference between any individual inhalation
agent and intravenous anaesthesia.
Nitrous oxide use may depend on local availability of medical air and personal preference. The benefits of nitrous oxide are
well known but it brings two particular risks to ophthalmology
that must be considered. These are the increase in postoperative
retching and vomiting and the potentially catastrophic increase in
IOP when intraocular gas mixtures are used for vitrectomy (see
‘Vitreoretinal surgery’).
Relative hypotension during anaesthesia combined with normoxia and normocarbia will provide a soft, well-perfused eye. A 15°
head-up position may improve conditions. However, decreasing the
blood pressure too far may prompt questions from the ophthalmologist noticing an absence of flow in the retinal arteries during some
ocular surgery. It is a more common challenge in the elderly population to maintain normotension in the absence of significant surgical stimulation during ophthalmic surgery. Avoiding elevated IOP is
necessary to avoid loss of ocular contents during open eye surgery.
The physiological challenge of most eye surgery can be considered to be low. There is little if any challenge to fluid balance and
care should be taken not to be too liberal with intravenous fluids
in case of overloading the myocardium or inducing urinary retention in the elderly population. Elderly patients are also vulnerable
to hypothermia and with some ophthalmic operations taking more

Local anaesthesia for eye surgery
A well-drilled ophthalmic team can achieve a safe and efficient
service with prompt patient turnaround and excellent operating
conditions using injectable local anaesthesia. However, serious
complications of ophthalmic injectable local anaesthesia including sub-Tenon’s block can and do occur (Kumar and Dodds 2006;
Kumar et al. 2011). A detailed knowledge of the anatomy of the eye
and the relevant pharmacology is of paramount importance.

Nomenclature of blocks

Relevant anatomy
Readers are advised to read a textbook of ophthalmic anatomy
(Dutton 2011). Only brief and relevant anatomy is described in this
chapter. The orbit is a four-sided irregular pyramid with its apex
pointing posteromedially and its base anteriorly (Fig. 60.1). The
annulus of Zinn is a fibrous ring arising from the superior orbital
fissure. Eye movements are controlled by six extraocular muscles: inferior, lateral, medial, superior recti, and the superior oblique
and inferior oblique muscles (Fig. 60.2). These muscles arise from
the annulus of Zinn and insert on the globe anterior to the equator
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Figure 60.1 Diagram of the orbit as seen in a transverse section through the front of the skull to illustrate the shape of the orbit and the relative axes of the orbit
and globe.
Reproduced from Gavin Parness et al., ‘Regional Anaesthesia For Intraocular Surgery’, Continuing Education in Anaesthesia, Critical Care & Pain, 2005, 5, 3, pp. 93–97, by permission of The British
Journal of Anaesthesia.

to form an incomplete cone. The distance from annulus to inferior
temporal orbital rim ranges from 42 to 54 mm. It is very important
to bear in mind that the needle should not be inserted too far near
the annulus where the vital nerves and vessels are tightly packed.
The optic nerve (cranial nerve II), oculomotor nerves (III, containing both superior and inferior branches), abducens nerve (VI),
nasociliary nerve (a branch of the trigeminal nerve, V), ciliary
ganglion, and vessels lie in the cone (Fig. 60.2). The ophthalmic
division of the oculomotor nerve (III) divides into superior and
inferior branches before emerging from the superior orbital fissure.
The superior branch supplies superior rectus and the levator palpebrae superioris. The inferior branch divides into three to supply the
medial rectus, the inferior rectus, and the inferior oblique muscles.
The abducens nerve (VI) emerges from the superior orbital fissure
beneath the inferior branch of the oculomotor nerve to supply the
lateral rectus muscle. The trochlear nerve (IV) courses outside the
cone but then branches and enters the cone to supply the superior
oblique muscle. An incomplete block of this nerve leads to retained
activity of the superior oblique muscle which may be frequently
observed. Squeezing and closing of the eyelids are controlled by
the zygomatic branch of the facial nerve (VII), which supplies
Lacrimal nerve

the motor innervation to the orbicularis oculi muscle. This nerve
emerges from the foramen spinosum at the base of the skull, anterior to the mastoid and behind the earlobe. It passes through the
parotid gland before crossing the condyle of the mandible, and then
passes superficial to the zygoma and malar bone before its terminal
fibres ramify to supply the deep surface of the orbicularis oculi. The
facial nerve also supplies secreto-motor parasympathetic fibres to
the lacrimal glands, and glands of the nasal and palatine mucosa.
Tenon’s capsule or bulbar fascia is a membrane that envelops the
eyeball from the optic nerve to the sclerocorneal junction separating it from the orbital fat and forming a socket in which it moves.
The capsule originates at the limbus and extends anteriorly to the
optic nerve and as sleeves along the extraocular muscles. Tenon’s
capsule is arbitrarily divided by the equator of the globe into anterior and posterior portions. Anterior Tenon’s capsule is adherent
to episcleral tissue from the limbus posteriorly for about 5–10 mm
and is fused with the intermuscular septum of the extraocular muscles and overlying bulbar conjunctiva. The conjunctiva fuses with
Tenon’s capsule in this area and the sub-Tenon space can easily be
accessed through an incision 5–10 mm behind the limbus. The
posterior sub-Tenon’s capsule is thin and passes round to the optic

Superior rectus

Levator palpabrae superioris

Superior orbital fissure
Superior ophthalmic vein
Nasociliary nerve
Lateral rectus

Superior oblique
Optic nerve
Ophthalmic artery
Medial rectus

IV
III
VI III

Fibrous band
Inferior rectus

Inferior orbital fissure

Inferior ophthalmic vein

Figure 60.2 Diagram of a coronal section through the orbit to illustrate the left orbital fissure and the cone formed by the extraocular muscles.
Reproduced from Gavin Parness et al., ‘Regional Anaesthesia For Intraocular Surgery’, Continuing Education in Anaesthesia, Critical Care & Pain, 2005, 5, 3, pp. 93–97, by permission of The British
Journal of Anaesthesia.
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nerve, separating the globe from the contents of the retrobulbar
space. Posteriorly, the sheath fuses with the openings around the
optic nerve.
Sensation to the globe is supplied through the ophthalmic division of the trigeminal nerve (V). Just before entering the orbit, it
divides into three branches: lacrimal, frontal, and nasociliary. The
nasociliary nerve is sensory to the entire globe. It emerges through
the superior orbital fissure between the superior and inferior
branches of the oculomotor nerve and passes through the common
tendinous ring. Two long ciliary nerves give branches to the ciliary
ganglion and, with the short ciliary nerves, transmit sensation from
the cornea, iris, and ciliary muscle. Some sensation from the lateral
conjunctiva is transmitted through the lacrimal nerve and from the
upper palpebral conjunctiva via the frontal nerve. Both nerves are
outside the cone. Intraoperative pain may be experienced if these
nerves are not adequately blocked.
The superomedial and superotemporal quadrants have abundant blood vessels but the inferotemporal and medial quadrants
are relatively avascular and are the safer places to insert needles or
cannulae.
To achieve adequate anaesthesia and akinesia, the above motor
and sensory nerves must be blocked. However, it is very difficult
to target these nerves individually and an adequate volume of local
anaesthetic should be injected safely either into the intraconal or
extraconal space and subsequent diffusion from one compartment
to the other will ultimately block the nerves of interest.

Selection of patients and blocks
Numerous published studies confirm the preference of ophthalmologists, anaesthetists, and patients for local techniques but
the decision is mostly made by the person performing the block.
However, the decision should be based on factors which influence
the choice of a particular technique. The preferred technique varies from topical anaesthesia, cannula-based block, to needle-based
blocks. Published studies conflict on real differences between
effectiveness of blocks suggesting peribulbar and retrobulbar
anaesthesia produce equally good akinesia and equivalent pain
control. There is insufficient evidence in the literature, however,
to make a definitive statement concerning the relative effectiveness of sub-Tenon’s block in producing akinesia when compared
with peribulbar or retrobulbar block. The technique chosen should
depend on a balance between the patient’s wishes, the operative
needs of the surgeon, the skills of the anaesthetist, and the type of
surgery.
Preoperative assessment is generally limited to medical history,
drug history, and physical examination. According to the UK Joint
Colleges Working Party Report (Kumar et al. 2012), routine investigations are unnecessary and these are only performed to improve
the general health of the patient. Patients are not fasted and this is
especially helpful in managing patients with diabetes mellitus. They
can therefore receive all of their normal medications and achieve
better glycaemic control in the perioperative period. The blood
sugar concentration must be checked. Patients receiving anticoagulants and antiplatelet agents are advised to continue their usual
medications unless told otherwise. Warfarin therapy is not considered an absolute contraindication to local anaesthesia provided
that preoperative international normalized ratio values are in the
therapeutic target range. A sub-Tenon’s block or topical anaesthesia
is preferred. The axial length of the eye is usually measured before

cataract surgery. Patients scheduled for glaucoma surgery are not
usually scanned preoperatively and caution is required before
considering a needle block. Patients whose axial length exceeds
26 mm are more prone to globe damage (Vohra and Good 2000).
Antibiotics are not necessary in patients with valvular heart disease. Premedication is not usually necessary either but if needed
may be given intravenously just before the local anaesthetic block
is inserted.

Regional block techniques
Insertion of an intravenous cannula is good clinical practice and
must be established if a sharp needle technique is planned (Kumar
et al. 2012). Full cardiopulmonary resuscitation equipment and
trained staff should be immediately available. Appropriate cardiorespiratory monitoring should be used. Ophthalmic regional
anaesthesia should provide conditions appropriate for the surgeon’s needs and planned surgery. The rapid advance of surgical
techniques in recent years has necessitated rethinking of anaesthesia requirements. Ophthalmic akinetic blocks are either needle-
based (intraconal, extraconal) or cannula-based (sub-Tenon’s)
blocks.

Needle-based blocks
The ‘classical’ retrobulbar block was described by Atkinson (1936).
The patient is asked to look upward and inward and a 38 mm long
needle is inserted at the junction of medial two-thirds and lateral one-third of the inferior orbital margin after raising a wheal
of skin with local anaesthetic. The needle is directed towards the
apex and 2–3 ml of local anaesthetic injected close to the optic
nerve. Akinesia and analgesia results quickly but a facial nerve
block is essential to block the orbicularis oculi muscle. Both classical retrobulbar and facial nerve blocks are associated with significant sight-and life-threatening complications (Kumar and Dowd
2006) and these techniques have been replaced by the modern
retrobulbar block.

Modern retrobulbar block (inferotemporal approach)
Conjunctival anaesthesia is obtained with local anaesthetic drops
(oxybuprocaine 0.4% or similar) (Kumar 2011). The conjunctiva is
cleaned with aqueous 5% povidone iodine. Evidence-based literature suggests that the eye should be kept in the neutral (primary)
gaze position at all times and a needle length shorter than 31 mm
is inserted through the skin or conjunctiva in the inferotemporal
quadrant as far lateral as possible below the lateral rectus. The needle is directed upwards and inwards with the needle always tangential to the globe (Fig. 60.3). A volume of 4–5 ml of local anaesthetic
agent of choice such as lidocaine 2% is injected. A separate facial
nerve block is not required.
Inferotemporal peribulbar block
Surface anaesthesia and asepsis is obtained as previously described.
The globe is kept in a neutral gaze position and a needle less than
31 mm in length is inserted as far as possible in the extreme inferonasal quadrant through the conjunctiva or lower lid. A peribulbar block
is essentially similar to a modern retrobulbar block but the needle
is not directed upwards and inwards and the needle always remains
tangential to the globe along the inferior orbital floor (Fig. 60.3).
A volume of 5–6 ml of local anaesthetic agent is injected. However,
more than 60% of patients require supplementary injection in the
form of a medial peribulbar block.
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Figure 60.3 Diagram of a sagittal section through the orbit to demonstrate the
position of needles for intra-conal and extra-conal regional anaesthetic blocks for
ophthalmic surgery.
Reproduced from Gavin Parness et al., ‘Regional Anaesthesia For Intraocular Surgery’,
Continuing Education in Anaesthesia, Critical Care & Pain, 2005, 5, 3, pp. 93–97, by permission of
The British Journal of Anaesthesia.

Medial peribulbar block
A supplementary injection is often required either in the same quadrant or usually through an injection in the medial compartment
termed a medial peribulbar block. A needle is inserted between the
caruncle and the medial canthus to a depth of 1–1.5 cm and 3–5
ml of local anaesthetic is injected. A single medial peribulbar block
with 6–8 ml of local anaesthetic has been advocated if akinesia is
essential in patients with myopic eyes.
In practice, the differentiation between retrobulbar and peribulbar is more semantic than actual (Thind and Rubin 2001). If the
onset of anaesthesia is rapid with a peribulbar anaesthetic, then
the chances are that it has found a direct pathway or been injected
directly into the cone (Kumar 2011).
The gauge of needle should be the finest that can be used comfortably but this is usually limited to a 25 or 27 G needle. Finer needles are difficult to manipulate but larger needles may cause more
pain and damage. Sharp needles are used because blunt needles are
painful to insert and cause vasovagal syncope. The operator should
consistently use the same volume syringe with the same gauge needle, as it is then possible to feel and judge the resistance to injection.
A correctly placed injection has minimal resistance.
Oculocompression
Gentle digital pressure and massage around the globe help to disperse the anaesthetic and reduce IOP. Alternatively, a pressure-
reducing device such as Honan’s balloon can be used. The maximum
pressure should be limited to 25 mm Hg in order to avoid compromise to the globe blood supply.

Sub-Tenon’s block
Sub-Tenon’s block involves a minor surgical procedure, and
although it avoids some of the complications of the two other techniques, it has its own problems. Surface anaesthesia and asespsis is
obtained as previously described. The lower eyelid is retracted or a

anaesthesia for ophthalmic surgery

speculum can be used especially in patients who blink excessively.
The patient is asked to look upwards and outwards. The conjunctiva and Tenon’s capsule are gripped together with a non-toothed
forceps 5–10 mm from the limbus in the inferonasal quadrant.
A small incision is made through these layers with Westcott scissors until the white sclera is seen. A sub-Tenon cannula (19 G,
curved, 2.54 cm long, metal, opening at the end) is gently inserted
along the curvature of the globe and should pass easily without
resistance. In the posterior capsule 3–5 ml of local anaesthetic of
choice is injected slowly. The injected local anaesthetic agent diffuses around and into the intraconal space leading to anaesthesia
and akinesia (Kumar and McNeela 2003). Inferotemporal, superotemporal, and medial quadrants may also be used to access the
sub-Tenon’s space (Kumar and Dodds 2006). A variety of cannulae, some are flexible and shorter in length, is available. This
method reduces the risk of central nervous system spread, optic
nerve damage, and global puncture but may be more likely to cause
superficial haemorrhage. Akinesia may take longer to achieve and
is volume dependent.

Local anaesthetic agents and adjuncts
The ideal local anaesthetic agent should be safe and painless to
inject (McLure and Rubin 2005). It should quickly block motor and
sensory nerves. The duration should be long enough to perform
the operation but not so long as to cause persistent postoperative
diplopia.
Lidocaine 2% remains the gold standard. It is safe and produces
effective motor and sensory blocks. Bupivacaine has been largely
superseded by its isomer levobupivacaine which is less likely to
cause cardiovascular side-effects. It may be used in 0.5% concentration (McLure et al. 2005). Its onset of action is slower than that
of lidocaine but it has a longer duration of action. The more concentrated solutions may cause prolonged diplopia or myopathy if
accidentally injected directly into one of the extraocular muscles.
Prilocaine 2–4% (Döpfmer et al. 1996) has a rapid onset of action,
few side-effects, and duration of action comparable with that of
bupivacaine but its use in ophthalmology is not recommended
by its manufacturer. Ropivacaine 1% has also been shown to be
effective (Seidenari et al. 2006). Mixtures of equal volumes of 2%
lidocaine and either 0.5% or 0.75% levobupivacaine are commonly
used for longer procedures (McLure and Rubin 2005). This combination has the dual effect of quick onset of action with prolonged
postoperative analgesia.
Hyaluronidase is an enzyme which reversibly liquefies the interstitial barrier between cells by depolymerization of hyaluronic acid
to a tetrasaccharide thus enhancing diffusion of molecules through
tissue planes (McLure and Rubin 2005). The amount of hyaluronidase powder mixed with the local anaesthetic varies from 5 to
15 IU ml−1 but should not exceed 15 IU ml−1 (Joint Formulary
Committee 2015). The use of hyaluronidase for ophthalmic blocks
is controversial (Kumar and Dodds 2006) and its use for sub-
Tenon’s block is questioned for a short operation such as cataract
surgery. Side-effects are rare but include allergic reactions, orbital
cellulitis and formation of pseudotumours (Kumar et al. 2012).
A vasoconstrictor such as adrenaline (epinephrine) is commonly
mixed with local anaesthetic solution to increase the intensity
and duration of block and minimize bleeding from small vessels (McLure and Rubin 2005). Absorption of local anaesthetic is
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reduced which avoids any surge in plasma levels. Adrenaline may
cause vasoconstriction of the ophthalmic artery compromising
the retinal circulation. The use of adrenaline in blocks should be
avoided in elderly patients suffering from cerebrovascular or cardiovascular diseases.
Commercial preparations of lidocaine and bupivacaine are
acidic in solution and the basic local anaesthetic exists predominantly in the charged ionic form. The non-ionized form of the local
anaesthetic agent that traverses the lipid membrane of the nerve
produces the conduction block. At higher pH values, a greater proportion of local anaesthetic molecules exist in the non-ionized form
which allows more rapid influx into the neuronal cells. Adjustment
of the pH of levobupivacaine and lidocaine by the addition of
sodium bicarbonate allows more of the local anaesthetic solution
to exist in the uncharged form. Alkalinization has been shown to
decrease the onset and prolong the duration after needle blocks but
its role in clinical practice is probably unwarranted (McLure and
Rubin 2005).

Complications of ophthalmic
regional blocks
Complications of needle blocks from mild to serious, affecting the
eye or acting systemically, are well documented (Kumar and Dowd
2006). Orbital complications include failure of the block, corneal
abrasion, chemosis, subconjunctival haemorrhage, orbital haemorrhage, globe damage, optic nerve damage, and extraocular muscle
dysfunction. Systemic complications such as local anaesthetic agent
toxicity, brainstem anaesthesia, and cardiorespiratory arrest may
occur as a result of intravenous injection, or spread or misplacement of drug in the orbit during or immediately after injection.
Sub-Tenon’s block is considered a safe alternative to needle block;
however, a number of complications both minor and major have
been reported (Kumar et al. 2012). Minor and frequent complications such as pain during injection, reflux of local anaesthetic,
chemosis, and subconjunctival haemorrhage occur with varying
incidence. Visual analogue pain scores are typically low but even
minor discomfort in the orbit may be interpreted as severe and
unpleasant pain. Smaller cannulae may afford a marginal benefit.
Anterograde reflux and loss of local anaesthetic upon injection
occurs if the dissection is oversized relative to the gauge of the cannula. Inadequate access into the sub-Tenon’s space can also promote
chemosis. The incidence of chemosis varies with the volume of local
anaesthetic, dissection technique, and choice of cannula. Shorter
cannulae are associated with increased likelihood of conjunctival
chemosis. Subconjunctival haemorrhage is common. According to
one study, conjunctival haemorrhage occurred in 40% of patients
treated with clopidogrel, 35% of patients treated with warfarin, 21%
of patients treated with aspirin and 19% of patients receiving none
of these drugs (Kumar et al. 2006). Occurrence can be reduced by
careful dissection, application of topical adrenaline, or, controversially, the use of handheld cautery (Kumar and Williamson 2005;
Gauba et al. 2007).

Orbital haemorrhage
Orbital haemorrhage is a sight-threatening complication of intraconal and extraconal anaesthesia and, rarely, sub-Tenon’s block
(Kumar and Dowd 2006; Kumar et al. 2012). It occurs with a frequency of between 0.1% and 3% after needle-based blocks. The

haemorrhage may be venous or arterial in origin and may be concealed or revealed. The venous bleeding is slow and usually stops.
Venous haemorrhage usually presents as markedly blood-stained
chemosis and raised IOP. It may be possible to reduce the IOP by
digital massage and cautious application of an oculocompression
device to such an extent that surgery may proceed safely. Before
the decision is made to proceed with surgery or postpone it for
a few days, it is advisable to measure and record IOP. However,
arterial bleeding is rapid with blood filling the periorbital tissues
increasing tissue volume and pressure. This is transmitted to the
globe, raising the IOP. Urgent measures must be taken to stop the
haemorrhage and reduce IOP. Firm digital pressure usually stops
the bleeding and, when it has been arrested, consideration must be
given to reducing the IOP so that the blood supply to the retina is
not compromised. Lateral canthotomy, acetazolamide or mannitol
intravenously, or even paracentesis may need to be considered in
consultation with the ophthalmologist.
Unduly anxious patients may strain while the procedure is taking
place. The blood vessels behind the eye become engorged and are
readily punctured. The anxious, straining patient may need some
sedation and should be encouraged to breathe quietly through an
open mouth and so prevent any Valsalva manoeuvre. The fewer
injections that are made into the orbit, the less are the chances of
damaging a blood vessel. Cutting and slicing movements at the
needle tip should be avoided as should any attempt to move the eye
when the needle is in the orbit. Fine needles are less traumatic than
thicker ones. Deep intraorbital injections must be avoided. The
inferotemporal quadrant has fewer blood vessels and is less hazardous. It is advisable to apply firm digital pressure to the orbit as soon
as the needle is withdrawn after any intraorbital injection, as this
reduces any tendency to ooze.

Central spread of local anaesthetic agent
Mechanism
The cerebral dura mater provides a tubular sheath for the optic
nerve as it passes through the optic foramen. This sheath fuses to
the epineurium of the optic nerve providing a potential conduit
for local anaesthetic to pass subdurally to the brain. Central spread
occurs if the needle tip has entered the optic nerve sheath and an
injection is made. Cases of central spread after sub-Tenon’s block
have been reported (Ruschen et al. 2003). Even a small-volume
injection may cross the optic chiasma to the opposite eye, or enter
the central nervous system, or both, and may cause life-threatening
sequelae, usually catastrophic cardiorespiratory collapse. The time
of onset of symptoms is variable but usually appears in the first 15
min after injection (Kumar and Dowd 2006) but may be delayed
(Pragt et al. 2006). Central spread may occur on rare occasions if
an orbital artery is cannulated by the needle tip resulting in a retrograde spread up the artery until it meets a branch, where it can then
flow in a cephalad direction. In addition to orbital haemorrhage,
systemic collapse is almost instantaneous.

Signs and symptoms of central spread
The symptomatology of central spread is varied and depends upon
which part of the central nervous system is affected by the local
anaesthetic (Kumar and Dowd 2006). As a result of the anatomical proximity of the optic nerve to the midbrain, it is usual for this
area to be involved. Signs and symptoms involving the cardiovascular and respiratory systems, temperature regulation, vomiting,
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temporary hemiplegia, aphasia, and generalized convulsions have
been described. Palsy of the contralateral oculomotor and trochlear nerves with amaurosis (loss of vision) is pathognomonic of
central nervous system spread and should be sought in any patient
whose response to questions after block are not as crisp as they were
beforehand.

Treatment of central spread
Cardiorespiratory arrest may occur and should be treated as any
other arrest. Bradycardia requires treatment with an anticholinergic drug. Asystole has been reported rarely, but if it occurs,
intravenous vasopressors and external pacing may be required.
Respiratory depression or apnoea necessitates ventilatory support,
intravenous fluid therapy, and administration of supplementary
oxygen. Convulsions are treated with an intravenous induction
agent such as propofol or benzodiazepines.

Prevention of central spread
Intraconal or extraconal injections should always be made with the
patient looking in the neutral or the primary gaze position. The optic
nerve is a C-shaped structure and there is slackness in the primary
gaze position and it is out of the way of the advancing needle. If the
needle encounters the optic nerve in this position, it is unlikely to
damage or perforate its sheath, as slackness in the structure allows
the nerve to be pushed aside (Kumar and Dowd 2006). The most
dangerous position is when the patient looks upwards and inwards,
as this presents the stretched nerve to a needle directed from the
inferotemporal quadrant. The injection should not be made deep
into the orbit, where the optic nerve is likely to be tethered.
Globe damage
Global puncture is a serious complication especially of ophthalmic
needle-based blocks (Kumar and Dowd 2006). It has been reported
after both intraconal and extraconal blocks and even after subconjunctival injection. Cases of globe damage after sub-Tenon’s block
have also been reported. Perforation of the globe means it has an
entry and exit wound whereas penetration of globe has only the
wound of entry. With appropriate care, it should be a very rare
complication because the sclera is a tough structure and in most
cases is not perforated easily. Puncture of the eyeball is most likely
to occur in patients with high myopia, previous retinal banding,
posterior staphyloma, or a deeply sunken eye with a narrow orbit.
Not all globes are the same length and not all orbits are the same
shape. In most patients who present for cataract surgery, an ultrasound measure is made of the axial length of the eyeball to calculate the power of the intraocular lens. Normal globes have an axial
length of 20–24 mm. High myopes have much longer axial lengths
and extreme caution with needle blocks should be exercised in
these patients. The axial length in patients for glaucoma surgery is
not usually measured and special care is required if a needle block
is contemplated.
Globe damage is usually recognized at the time of surgery and
presents as an exceptionally soft eye with a loss of red reflex. In
cataract surgery, if the block is good, the surgeon should be encouraged to proceed with the lensectomy but to stitch up the eye with
twice as many sutures as normal. Without lensectomy, it may not
be possible to observe the damage to the posterior segment of the
eye. It can be expected that the needle track through the vitreous
will form a band of scar tissue. If this is not excised, it contracts and
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detaches the retina, sometimes causing sudden total blindness in
the affected eye.
Optic nerve damage
This is a rare but late complication which usually results from
obstruction of the central retinal artery or direct trauma after classical retrobulbar block with a long needle. This artery is the first
and smallest branch of the ophthalmic artery arising from that
vessel as it lies below the optic nerve. It runs for a short distance
within the dural sheath of the optic nerve and about 35 mm from
the orbital margin, pierces the nerve and runs forward in the centre
of the nerve to the retina. Damage to the artery may cause bleeding into the confined space of the optic nerve sheath, compressing
and obstructing blood flow. If the complication is recognized soon
enough, surgical decompression of the optic nerve is performed.
Extraocular muscle malfunction
The inadvertent injection of a long-acting local anaesthetic into any
extraocular muscle mass may result in muscle damage manifesting as prolonged weakness, fibrosis, or even necrosis of the muscle.
The ‘classical’ retrobulbar description where the needle is inserted
between the lateral one-third and medial two-thirds junction of
the inferior orbital rim predisposes to this complication (Hamilton
2000). The safest site for inferotemporal injection is the extreme
temporal area just below the lateral rectus and addition of hyaluronidase may facilitate local anaesthetic agent dispersal and minimize
lasting damage. Persistent diplopia after local anaesthesia should be
investigated with a suitable scan as urgent surgical intervention to
the affected muscle may be required.

Ophthalmic drugs relevant to
the anaesthetist
There are several drugs of importance which patients with ophthalmic conditions receive. Readers are advised to consult
ophthalmic books for further details and a brief description of
some of the important drugs are mentioned here for completeness.
β-adrenergic blockade (e.g. with timolol) decreases IOP by reduction of aqueous humour production. Topical drugs can lead to clinically significant concentrations in the plasma via nasal drainage and
the side-effects of timolol including hypotension, bradycardia, and
bronchospasm are well reported. Similarly, phenylephrine applied
to the eye intraoperatively, which dilates the pupil, may cause myocardial ischaemia and hypertension. Prostaglandin analogues (e.g.
latanoprost) increase the uveoscleral outflow of aqueous, reducing IOP. α-adrenergic drugs (e.g. clonidine) cause the same effect.
Carbonic anhydrase inhibitors (e.g. acetazolamide) reduce aqueous
formation and are used orally or intravenously to treat or prevent
increases in IOP. These are sulfonamides without bacteriostatic
actions and should not be used in those with a relevant allergy.
They can cause an acidosis (renal loss of bicarbonate) and a diuresis because of their effects on the renal tubules. The acidosis can be
made worse in the perioperative period if the effect of opioids and
anaesthesia reduce respiratory compensation. Hypertonic mannitol
increases aqueous outflow. Initial blood pressure and systemic blood
volume increases are followed by a diuresis. The use of intraoperative
diuretics necessitates the use of urinary catheterization. Ecothiopate
is of historical interest as a treatment for intraocular hypertension
as it irreversibly binds to cholinesterase and can last for a week. The
duration of action of succinylcholine is thus significantly prolonged.
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Anaesthesia for specific ophthalmic
procedures requiring general anaesthesia
Cataract surgery
Cataract surgical techniques have undergone recent changes and
the procedure has become less invasive and rarely involves a big
incision. Phacoemulsification surgery is increasingly performed
with much smaller size phaco probes. The procedure can be performed under topical anaesthesia but many ophthalmologists and
patients prefer a block technique. The use of sub-Tenon’s block is
common and needle-based block is avoided in many countries.
General anaesthesia is now administered on rare occasions.

Eye trauma
The penetrating open eye injury attracts first place in the list, if only
because of its importance in postgraduate examinations in anaesthesia. Eye injuries may be difficult to examine because of swelling
and pain and may need to be explored under anaesthesia at the
earliest opportunity. The potential for loss of intraocular contents
exists even where penetration may not be obviously present preoperatively. Eye injury may also be coexistent with major head injury
or polytrauma. This injury is commonest in young adult males
although the advent of seatbelt use brought about a significant
reduction in its incidence. As with any case of trauma there may be
a short fasting time before the injury and subsequent delay in gastric emptying, especially after alcohol consumption pre injury or
opioid use in the emergency department. The situation may therefore exist of anaesthesia for a patient with a full stomach.
In patients with penetrating eye injury alone or associated with
other trauma, general anaesthesia is routine. Orbital regional anaesthesia has been used successfully in selected centres and patients
(Scott et al. 2002). The classical dilemma of rapid intubation to
prevent aspiration using suxamethonium and the subsequent
risk of increased IOP causing loss of eye contents is a balance of
anaesthesia risk vs surgical risk. The overwhelming importance is
to choose the anaesthetic technique that prevents aspiration most
effectively throughout the perioperative period and thought must
also be given to reducing the IOP until the eye is made safe. In principle, therefore, suxamethonium as the neuromuscular blocking
agent with the fastest onset of good or excellent intubating conditions, used in association with cricoid pressure is first choice. Large
retrospective studies of penetrating eye injury have not shown vitreous loss to be clinically significant (Libonati et al. 1985).
The principal decision in making anaesthetic-related choices is
the urgency of the surgery. Ophthalmologists are currently more
likely to choose to wait for 6 h after the last meal or often, because
of the time of day, to wait until morning before exploring the eye.
This is dependent on the severity of the injury and the potential
to produce a good ocular outcome. There is little incentive to risk
aspiration and death if there is little likelihood of preserving vision
as the benefit.
Where appropriate fasting delays have been followed, the anaesthetist is now in a position to make whatever anaesthetic choice is
suitable for any other intraocular surgery with similar airway risk
factors (see ‘Airway managment’).
Surgery may be bilateral and lengthy and subsequent return to
theatre for repeated procedures is also common. Loss of vision in
one or both eyes after accidental injury in the young population
understandably heightens preoperative anxiety.

Vitreoretinal surgery
Vitreoretinal surgery covers a range of intra-and extraocular
procedures that may involve lengthy periods of time in the dark.
Anaesthetic considerations related to duration of procedure
and individual choice of technique and airway were previously
described in ‘Airway managment’. The use of a local block is common and both needle-(Costen et al. 2005) and cannula-based
blocks (Gill et al. 2012) are in use. General anaesthesia is used in
younger, anxious patients and where surgery may be expected to
last much longer than usual. Vitrectomy removes the vitreous from
the eye for the purpose of clearing cloudy or bloody vitreous, and
to perform intraocular procedures on the retina. The integrity and
pressure of the vitreal cavity is set by the surgeon throughout the
procedure while the structured jelly-like apparatus is removed. The
cavity may then be filled with an air/gas mixture (commonly perfluoropropane or sulphur hexafluoride) or silicone. The surgeon
may make a decision on which of these to use towards the end of
surgery and as such it is sensible to avoid nitrous oxide use for vitrectomy surgery as a result of the fact that nitrous oxide in equilibrium in the eye cavity may diffuse out quickly, leaving a lower
pressure in the eye than surgically intended, causing detachment or
re-detachment of the retina. If nitrous oxide has been used it should
be switched off well before the insertion of surgical gas into the
vitreal cavity. Gases may persist for up to 3 months postoperatively
and the non-ophthalmic anaesthetist needs to be aware of the relevance of ophthalmic gases (Yang et al. 2002). Wrist bands are placed
on the patient after surgery to alert any subsequent anaesthetist to
avoid nitrous oxide for all anaesthesia. Nitrous oxide would diffuse
into the cavity faster than any nitrogen would diffuse out and the
IOP could increase with serious consequences. Equally, flying will
cause the bubble to expand. The gas is slowly removed by diffusion
whereas silicone oil used for the same purpose will need to be surgically removed at a later stage.
Retinal surgery can also be performed from outside the sclera.
Buckling, bands, cryotherapy, and laser therapies are used to repair
breaks. The eye requires a lot of surgical manipulation during these
procedures and the oculocardiac reflex can be profound and recurrent. Anticholinergic prophylaxis may be helpful. The vitreoretinal
anaesthetist may find a very unpredictable list organization as different detachments (e.g. macular detachment) require urgent surgery and are therefore common additions at the end of the day.
Subsequent repeated operations are very common. General
anaesthetic considerations will remain the same; however, local
anaesthesia may become complicated by adhesions related to the
original surgery.

Strabismus surgery
This is the most commonly performed paediatric ophthalmic procedure and is usually a day-case anaesthetic. Airway considerations
of head and neck procedures apply but a laryngeal mask is the most
commonly chosen airway, especially in older children. Long-acting
opioids are not required and are only likely to increase an already
high risk of postoperative nausea and vomiting. Surgery itself
requires tension to be applied to the extraocular muscles. Steady
deep anaesthesia with or without neuromuscular blockade (to
guarantee immobility) will allow the surgeon to gauge how much
muscle repositioning is required. Many surgeons prefer a non-
paralysed patient if adjustable sutures are used. However, it is the
tension applied by the surgeon to the muscle which can cause severe
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bradycardias especially in the vagally responsive child. Prophylaxis
with glycopyrrolate is recommended. Temperature measurement is
mandatory for children during general anaesthesia except for the
shortest procedures but the historical association between strabismus surgery in children and malignant hyperthermia is probably
spurious. Measures to control postoperative pain and reduction of
nausea and vomiting should be instigated.

Glaucoma surgery
Where general anaesthesia is required, most of the considerations are
the same as for cataract surgery. However, unlike most ocular surgery
intraoperative miosis is required, but this is not a contraindication
to intravenous atropine. Neuromuscular block and good anaesthetic
control over IOP variables will produce the ideal conditions.

Dacrocystorhinostomy
Dacrocystorhinostomy (DCR) is a procedure performed for watering eyes, usually as a result of lacrimal duct stenosis. There is surgical exposure of the tear duct and a new opening is created into the
nasal cavity. This is a relatively stimulating procedure and general
anaesthesia is suitable although local anaesthesia (with or without
sedation) has gained popularity (McNab and Simmie 2002). It can
be performed with an open technique or through a nasal endoscope although anaesthetically the considerations are similar. All
usual ophthalmic anaesthetic considerations apply. However, there
is the additional risk of blood in the airway during and immediately
after the procedure. Tracheal intubation and the safe use of a throat
pack offer airway protection. Measures to prevent blood ooze at the
site of surgery can aid the surgeon and these include hypotension,
head-up position, and the use of vasoconstriction in the surgical
field. Xylometazoline or cocaine provides vasoconstriction in the
nose. Endoscopic laser DCR is another surgical operation and the
anaesthetist should have additional training in the practicalities of
laser airway surgery. The laser safety officer will provide the correct
eye protection for the anaesthetist.

Other oculoplastic surgery
The range of surgery for this subspecialty relates to the lid, socket,
or adnexae. Many procedures are short and lid surgery is generally performed under local anaesthesia. Longer procedures such
as enucleation and tumour surgery are generally performed under
general anaesthesia and appropriate measures are taken to control
postoperative pain. Bilateral blepharoplasties for cosmetic reasons
are increasingly frequent and in common with all oculoplastic surgery the requirements for a bloodless field are best met with controlled relative hypotension and surgical site vasoconstriction.

Paediatric procedures
In addition to strabismus surgery, children, including infants and
neonates, may require other ophthalmic procedures. Readers are
referred to Chapters 70 and 71 on anaesthesia for neonates and
young children. Although the majority of children are ASA 1 or 2
and may be managed as day cases, there are a number of patients
with associated comorbidities who require detailed examinations
or ocular surgery. Congenital cataracts, glaucoma, vascular and lens
disorders can occur in genetic diseases such as Down’s syndrome,
mucopolysaccharidoses, craniofacial, and connective tissue disorders. Anaesthetic considerations relevant to the condition balanced
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with the surgical requirements will guide anaesthesia choices. An
infant with airway anomalies may require a complex anaesthetic
skill set just to undergo ophthalmoscopy.

Sedation during ophthalmic blocks
Sedation is commonly used for topical anaesthesia (Greenhalgh
and Kumar 2008). Selected patients, in whom explanation and reassurance have proved inadequate, may benefit from sedation. Short-
acting benzodiazepines, opioids, and small doses of intravenous
anaesthetic induction agents are favoured but the dosage must be
minimal (Greenhalgh and Kumar 2008). The routine use of sedation is discouraged because of an increased incidence of adverse
intraoperative events. It is essential that when sedation is administered, a means of providing supplementary oxygen is available.
Equipment and skills to manage any life-threatening events must
be immediately accessible.

Conclusion
The practice of anaesthesia has seen preferences for local or general
anaesthesia for ophthalmology swing in both directions since Koller
introduced a choice, using cocaine over 130 years ago. Currently the
preference is firmly for local anaesthesia and a practising ophthalmic anaesthetist should have a range of different techniques to deal
with the needs of different operations, operators, and, most importantly, patients. There is no place for ad hoc attendance in the eye
unit and occasional practice. It is interesting and challenging work.
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CHAPTER 61

Anaesthesia for
abdominal surgery
William J. Fawcett
Introduction
Major gastrointestinal (GI) surgery has always posed challenges for
the anaesthetist. Patients are often elderly, with varying degrees of
co-morbidities and malnutrition. Moreover, in the acute setting,
there may be abdominal pain, distension, electrolyte imbalance,
anaemia, and sepsis (see ‘Emergency laparotomy’). After surgery,
there will be varying degrees of pain and ileus and poor management of these is associated with significant morbidity and mortality.
In addition, postoperative complications are not uncommon. These
may be related to the surgery, such as anastomotic breakdown with
associated leakage of GI contents. This will cause a marked inflammatory response and very often with superadded sepsis. Medical
complications unrelated to the surgery are also relatively frequent.
Major, open GI surgery puts significant demands on cardiorespiratory reserve, with large increases required in cardiac output and
oxygen delivery. Patients with co-morbidities who are unable to
meet these challenges may well enter a spiral of inadequate perfusion at cellular level, resulting in anaerobic metabolism, lactic
acidosis, and eventually major organ dysfunction. Other medical postoperative complications that may be encountered include
venous thromboembolism (VTE), pulmonary infections, and with
those at risk, cardiac complications (such as myocardial infarction, arrhythmias, and cardiac failure). Cerebrovascular, renal, and
hepatic complications may also be seen. Finally, as much of GI surgery is for malignancy, patients may well have recently completed
treatment for this, in particular radiotherapy or chemotherapy. As
a result, they may have a degree of immunosuppression, direct toxicity (e.g. cardiac), or both, from the treatment. Currently, there is
major interest in how, to what extent, and for how long chemotherapy affects and impairs physiological reserve (West et al. 2015).
In the last 10 years, there have been some significant changes in
the approach to major GI surgery. Preoperatively, timely surgery
with preoperative optimization of concurrent medical conditions
is seen as fundamental. Correction of major biochemical abnormalities and understanding the need for enteral nutrition (even
in the preoperative period) may significantly benefit the patient.
The use of Nutrition Risk Screening Scores and the administration of both nutritional support and oral nutritional supplements
may reduce complications, stress response, and length of hospital
stay (Weimann et al. 2006). Assessment of risk is fundamental to
the planning of appropriate perioperative care for these patients.
A major area is determining physiological reserve, which is the cornerstone of preoperative assessment. There are a number of simple,

functional walk tests, such as the 6 min walk test, but many hospitals have introduced cardiopulmonary exercise testing (CPET),
first popularized more than 15 years ago (Older et al. 1999). CPET
is considered to be an objective and reproducible marker of reserve
which is, in part, independent of patient effort and, as such, has
some capacity to predict complications. Other methods, particularly the predictors of cardiac death such as ischaemic heart disease, ventricular failure, cerebrovascular disease, type 2 diabetes
mellitus, and renal impairment (Auerbach and Goldman 2006) are
fundamental for planning the type of anaesthesia, surgery, and,
crucially, postoperative care. For example, high-risk patients may
be better served by having more minor surgery, such as stenting of
bowel tumours, or bypass procedures in preference to radical surgical resections.
Many patients might be expected to benefit from laparoscopic
surgery, but this is not without risk and of itself causes marked cardiopulmonary changes (see ‘Laparoscopic surgery’). Occasionally,
it may be necessary to submit patients to prior interventions
related to the intra-abdominal pathology (e.g. bile duct stenting,
ureteric stenting) or even unrelated to the presenting pathology
(such as percutaneous coronary interventions or carotid surgery).
Postoperatively, the findings at preoperative assessment may guide
whether or not a patient needs admitting to the intensive care unit
(ICU), where they can receive, in particular, close monitoring and
manipulation of cardiac physiology with i.v. fluids and sometimes
inotropes or vasoactive drugs.

Key areas of change
in gastrointestinal surgery
Laparoscopic surgery
The advent of laparoscopic surgery has been fundamental to
improving the postoperative course of these patients. With appropriate expertise, it is associated with reduced length of stay, reduced
complications, and reduced readmission rates, but it must also be
remembered that prolonged procedures may be poorly tolerated.
Carbon dioxide pneumoperitoneum has major physiological effects
(Table 61.1). In addition, the patient is often then placed at extreme
Trendelenburg (head-down) or reverse Trendelenburg (head-up)
position. High intra-abdominal pressures (>20 mm Hg) exacerbate
these changes and sometimes it may be safer to offer patients open
surgery instead. The phrase ‘minimal access surgery, maximum
cardiopulmonary stress’ is useful to remind both anaesthetists
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Table 61.1 Physiological effects of laparoscopy
Cardiovascular

Respiratory

Other organs

Increased systemic
vascular resistance

Reduced pulmonary
compliance

Reduced intra-abdominal
blood flow (gut/liver/
kidney)

Reduced venous return

Reduced functional
residual capacity

Reduced cerebral venous
drainage (may lead to
cerebral oedema)

Reduction in cardiac
output

Pulmonary atelectasis

Metabolic (lactic) acidosis
if prolonged surgery

Blood pressure changes
variable (very often
reduces with reverse
Trendelenburg)

Ventilation:perfusion
mismatch

Carbon dioxide
absorption with
respiratory acidosis

and surgeons that laparoscopic surgery is not without these risks.
Currently, there are studies underway investigating whether performing laparoscopic surgery using deep neuromuscular block
may improve surgical conditions at lower intra-abdominal pressures, thus reducing the cardiopulmonary sequelae.

Intravenous fluid therapy
Poor prescribing of fluids is disastrous to GI patients: too little fluid and there is a reduction in cardiac output, whereas fluid
excess may cause oedema (particularly to the lungs but also to any
anastomosis). Both extremes will ultimately impair tissue oxygenation. More than 40 years ago, intensivists first recognized the
link between supranormal oxygen delivery (Ḋo2) and consumption (V̇o2) and increased survival (Shoemaker et al. 1973). Later
trials both from Shoemaker and others confirmed this hypothesis
(Shoemaker et al. 1988; Hayes et al. 1993) in high-risk patients and
indeed the concept of ensuring adequate or indeed supranormal
Ḋo2 to patients undergoing major surgery to reduce complications
and death is now enshrined in modern anaesthetic practice. These
measurements were derived using pulmonary artery flow catheters and using the well-known equation for indexed Ḋo2i (i.e. Ḋo2
expressed per m2):
D O2 I =

SV × HR × Sa O2 × [Hb] × 1.34
BSA

(61.1)

where SV = stroke volume, HR = heart rate, Sa O2 = oxygen saturation (expressed as fraction), [Hb] = haemoglobin concentration,
and BSA = body surface area.
Given that HR, Sa O2 and [Hb] are often not markedly deranged,
the major focus is directed at the optimization of SV according
to the Frank–Starling curve. These measurements are commonly
undertaken in theatres, no longer with a pulmonary artery flow
catheter, but most commonly by either the oesophageal Doppler
monitor or pulse contour analysis. Thus, perioperative fluid management is often guided by these flow measurements (i.e. Ḋo2i) and
not by pressure measurements [such as blood pressure or central
venous pressure (CVP)]. Commonly used targets are a cardiac

index of greater than 4.5 litres min−1 and a Ḋo2i of greater than
600 ml min−1 m−2 (Tote and Grounds 2006).
Although CVP measurements still have a place (using the
assumption that CVP reflects left ventricular end-diastolic pressure and left ventricular end-diastolic volume) flow measurement
technologies are being increasingly used, with the optimization of
SV as the usual end-point. This is performed by measuring SV and
then administering an i.v. bolus of 200–250 ml of colloid with the
SV measured again 10–15 min later. If there has been more than a
10% increase in SV, further boluses are given until the SV no longer
increases (i.e. SV optimization has occurred) (Fig. 61.1). Further
boluses of fluid are potentially detrimental as SV can reduce with
excess of fluid. This process is also referred to as goal-directed fluid
therapy (GDFT).
The major issue is that there is a large inter-individual variation in fluid requirements (Levy et al. 2011) with fluid assessment
and management by other means (e.g. on a ml kg−1 basis or using
CVP) very much less accurate. Indeed, since the introduction of
the oesophageal Doppler monitor, there has been a reduced need
for CVP measurements with improved outcome and reduced hospital stay (NHS Technology Adoption Centre 2013). With patients
undergoing major bowel surgery, the use of the oesophageal
Doppler monitor not only reduced length of stay but was also associated with earlier recovery of gut function and less GI morbidity
(Wakeling et al. 2005). Other studies and meta-analyses have confirmed these findings of reduced major and minor GI complications with the use of GDFT (Giglio et al. 2009). Furthermore, GDFT
reduces aspects of the stress response such as reduced increases in
interleukin 6 concentrations (Noblett et al. 2006). The importance
attached to fluid management is now recognized widely within
the UK National Health Service (NHS), and has been adopted by
the UK National Institute for Health and Care Excellence (2011).
Notwithstanding the above, many of the earlier studies were carried out before the improvements brought about by modern care
pathways [such as enhanced recovery (ER), discussed later] which
may attenuate some of these earlier benefits with major advantages
of GDFT perhaps limited to the higher-risk patients (Rollins and
Lobo 2016).

Measure SV

Give 250 mls of
colloid over 2–3
minutes

Yes

Yes

SV volume rises
by >10%

10% fall in SV

No

No

SV monitored

Figure 61.1 Algorithm for goal-directed fluid therapy.
Reproduced from HG Wakeling et al., Intraoperative oesophageal Doppler guided fluid
management shortens postoperative hospital stay after major bowel surgery, British Journal of
Anaesthesia, 2005, 95, 5, pp. 634–642, by permission of the Board of Management and Trustees
of the British Journal of Anaesthesia.
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For many years there has been a debate about the type of fluid to
be used (crystalloid or colloid) and this continues. Another area of
debate is whether to continue GDFT postoperatively, and if so, for
how long. This will generally have to be carried out within an ICU
setting. Other measurements have also been described to guide fluids once GDFT is no longer used: CVP, serum lactate, and central
venous oxygen saturations (Scv O2 ). A serum lactate concentration
greater than 1.5 mmol litre−1 may indicate a degree of hypoperfusion. Scv O2 measurements were initially popularized in the treatment of septic patients (Rivers et al. 2001) but these findings have
been used as an indicator of global oxygen extraction: low levels
(e.g. <65%) imply that cardiac output is inadequate to meet oxygen
demands and increased oxygen extraction is occurring. Moreover,
Scv O2 is an independent risk factor for complications (Pearse et al.
2005). A timely fluid challenge may increase Ḋo2 and reverse these
trends. They may also alert staff that the patient may need to return
to ICU if there is no improvement to re-introduce GDFT.

Analgesia
The optimum analgesic modality after GI surgery is also a matter
of debate. While the use of multimodal, opioid-sparing analgesia,
with the regular use (if not contraindicated) of paracetamol and
non-steroidal anti-inflammatory drugs (NSAIDs), is not controversial, this alone will not be adequate for these patients. GI
surgery, in particular upper GI incisions, are very painful postoperatively and often require either regional block (e.g. epidural)
or parenteral opioids. The latter cause nausea and vomiting and
reduce GI motility and patients receiving large doses of opioids
have a much slower return of GI function, (e.g. passage of flatus,
stool, and tolerating fluids and diet). For many years, thoracic epidurals were seen as the gold standard after open GI surgery. The
return of GI function was quicker, both as a result of reduced
opioid requirements but also because of the sympathectomy and
a relative increase in parasympathetic action on the gut. Other
advantages claimed for epidurals were a reduced incidence of VTE,
blood loss, and a reduction in some aspects of the stress response
(pituitary, adrenocortical, and sympathetic responses). However,
enthusiasm for epidurals has reduced somewhat. The failure rate of
epidurals is often overlooked, with quoted ranges between 13% and
47%, with a large study describing an incidence of 32% for thoracic
epidurals and 27% for lumbar epidural (Hermanides et al. 2012).
Although in many cases re-siting or adding adjuvants (such as epidural diamorphine) may rectify the situation, a failed epidural not
only leaves the patient in pain, but in addition it may deny them
other alternatives (such as systemic opioids) as these drugs cannot
be co-administered if the patient is receiving epidural opioids. In
addition, although epidurals are widely perceived as safe, the 3rd
National Audit Project highlighted the risks associated with central neural block, with postoperative epidurals having the highest
incidence of permanent neurological harm, estimated at between
1:5700 and 1:12 200 (Royal College of Anaesthetists, 2009). Finally,
patients with epidurals often receive a greater volume of fluids to
combat hypotension, which predisposes to fluid overload and an
increase in length of hospital stay (Levy et al. 2011). Ideally these
patients should probably receive vasoactive drugs rather than fluids
to combat the sympathetic-induced vasodilation, but these cannot
be safely administered without intra-arterial monitoring and consequently require the patient to be nursed in an ICU or high dependency (HDU) environment. Other techniques have been used with
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success in open surgery such as rectus sheath catheters, transversus
abdominis plane (TAP) block, and wound catheters infusing local
anaesthetic into the wound edges as well as systemic adjuvants such
as iv ketamine and lidocaine (Fawcett and Baldini 2015).
The marked increase in use of laparoscopic or small incision surgery has focused the debate on the best analgesic modality for these
procedures too (Levy et al. 2010). Although epidurals provide better early pain relief, they are widely regarded as unnecessary as pain
relief requirements are much more modest. This has also led to a
number of techniques being used, with particular success with spinal anaesthesia (Levy 2011) but also others including TAP blocks.

Postoperative management
Anaesthetists and intensivists are key in the management of patients
in the postoperative period. Early recognition of complications and
access to outreach and ICU allow timely resuscitation, diagnosis,
and treatment. The widespread adoption of early warning scores
has been successful in alerting both medical and nursing staff to
the deteriorating patient. In addition, early imaging with appropriate intervention (and in some cases reoperation) can be life-saving.
The avoidance of major complications postoperatively is a cornerstone in the management of patients undergoing major GI surgery,
as it is recognized that these not only have serious sequelae at the
time but crucially impact patients for many years to come. In a huge
study of more than 100 000 patients, the presence of major complications within 30 days of surgery was more important than preoperative and intraoperative risk factors in determining long-term
survival. Overall, major complications reduced median survival by
nearly 70%, from 18.4 years to 5.6 years (Khuri et al. 2005).

Others
There are a number of other key areas that are set to further transform the landscape of GI surgery over the next 5 years. Some of
these are included within ER pathways (see ‘Enhanced recovery’),
and include pre-habilitation (optimizing physical, nutritional, and
psychological status before surgery), intraoperative lung protective ventilation strategies, adequate antagonism of neuromuscular
block (implicated in postoperative respiratory complications), possibly cerebral monitoring of anaesthetic agents (particularly in the
elderly), and renewed emphasis on more fundamental aspects of
care, such as glycaemic control, timely antibiotic prophylaxis (with
repeat dosing during prolonged surgery), and prevention of hypothermia (Baldini et al. 2015).
Some of the above-mentioned changes have been driven by technology and innovation, other changes by audit, and addressing
major complications. In particular, the UK National Confidential
Enquiry into Patient Outcome and Death (NCEPOD) has produced
many reports over the last 25 years, including two reports on ‘Who
Operates When’, in 1997 and 2003, studying grade of surgeon and
anaesthetists and the time of surgery (and indeed whether or not
surgery is appropriate). The 2003 report (NCEPOD 2003) shows
considerable improvements compared with the 1997 report. The
specialization of services such as hepatopancreatobiliary has also
generally led to marked improvements in patient care. The advent
of care bundles or pathways has resulted in a consistent approach
and quality improvement in patient management. Moreover, formal training and education at all grades, both within the operating
theatres and outside (e.g. simulation) has also been seen as helping
to drive up standards.
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Liver surgery
Procedure
It has been recognized for centuries that the liver has a remarkable
ability to regenerate. Without this, major liver resections would not
be possible, although it is only relatively recently that safety has
improved enough for resections to be carried out routinely. Liver
resections are generally carried out for metastatic tumours. More
rarely, patients undergo liver surgery for benign disease, primary
liver tumours, or trauma. Colorectal metastases are the commonest cancer requiring liver surgery, but many other tumours may
metastasize to the liver, including breast, melanoma, and carcinoid.
Patients will most often have had definitive treatment of the primary tumour (including surgery, chemotherapy, and radiotherapy)
and may present soon after for liver resection. However, in some
cases liver metastases may occur months or years after seemingly
successful eradication of the primary tumour. The majority of data
is from patients with colorectal cancer, of whom about 50% will
develop liver metastases.

Patient problems
Patients presenting for surgery are commonly in their fifties or sixties but given the diverse nature of the primary tumours, they can
present in their twenties. Aside from incidental medication (such as
for heart disease) a major factor is that these patients may have relatively recently undergone major surgery for the primary tumour
(e.g. bowel) or more commonly, finished chemotherapy and may
have decreased physiological reserve (such as cardiorespiratory and
immunological). A minority of patients may also have undergone
other procedures such as preoperative portal vein embolization or
some ablative procedure (such as radiofrequency ablation or cryotherapy). The former will allow a degree of enlargement in the proposed liver remnant, thus minimizing the risk of postoperative liver
dysfunction.

Nature and risk of surgery
The majority of hepatic resections are undertaken via open surgery although an increasing number are carried out laparoscopically, with excellent results (Nguyen et al. 2009). Most commonly
the patient will have a large right subcostal incision, sometimes
extending to the left subcostal area and even up to the xiphisternum (‘Mercedes Benz’ incision). Major, specific considerations for
this procedure are perioperative haemorrhage and postoperative
hepatic insufficiency.
The vast majority of liver resections are to attempt a cure. There
is usually little merit in performing liver resection surgery if there is
proved disease elsewhere, such as peritoneal involvement, and often
a diagnostic laparoscopy is undertaken first to exclude this possibility. The advent of liver resection programmes (and advances in
chemotherapy and radiology) has resulted in many centres reporting 5-year survival rates approaching 50% (Karanjia et al. 2009),
whereas without treatment, the 5-year survival of the majority of
people with secondary liver cancers is negligible.
Historically, liver surgery involved massive blood loss and was
therefore associated with significant perioperative morbidity, and
mortality of more than 20%. In the last 40 years, mortality has
decreased to less than 5%. Improvements in surgery and anaesthesia have reduced blood loss substantially with many centres
reporting blood transfusion rates of less than 5%. From a surgical

perspective, the use of the Cavitron Ultrasonic Surgical Aspirator
(CUSA™, Valleylab, Boulder, CO, USA), the harmonic scalpel, and
the argon laser coagulator have been major advances. A key consideration for the anaesthetist is to reduce back-bleeding from the
hepatic veins. The hepatic venous pressure is similar to the CVP,
and achieving a low CVP is crucial during the resection. A number
of studies have confirmed the importance of CVP reduction with
a concomitant reduction in blood loss. This can be achieved by a
number of techniques (see later).

Preoperative assessment
Patients will require a detailed assessment of physiological reserve
not only with respect to the liver, but also for the cardiorespiratory and renal systems. The majority of these patients will need
this overall assessment to undergo a major laparotomy and the
detection and optimization of concurrent pathology is pivotal. In
addition to the usual preoperative assessment (history and examination), further tests may be indicated such as echocardiography
and CPET. These are useful for assessing risk and providing the correct level of care in the postoperative period.
In addition, the role of chemotherapy has to be considered. This is
a complex area because of the rapidly changing regimens available
for different types of tumour. In addition, whereas some patients
receive postoperative (adjuvant) chemotherapy, others receive
preoperative chemotherapy for resectable lesions in an attempt
to increase survival (neoadjuvant chemotherapy) and others may
have received chemotherapy in an attempt to make non-resectable
lesions resectable (downsizing). Chemotherapeutic agents may
cause significant toxicity to the heart, lungs, kidneys, liver, bone
marrow, and nervous system (Allan et al. 2011).
Postoperative hepatic insufficiency is an ominous complication
and carries a high mortality. Resections of up to 80% of the liver
volume have been successfully undertaken, although a liver resection of this magnitude requires the liver remnant to have superlative function. Many patients will not tolerate liver resection of this
magnitude, particularly if they have pre-existing liver impairment
from alcohol or chemotherapy (see previous paragraph). It can
sometimes be a difficult decision as to how much liver volume to
safely remove and some centres use more specific indicators of liver
function to provide further information.
For 50 years, gastroenterologists have used Child’s score and
its modifications, (the most common of which is the Child–Pugh
score) which assess five markers: ascites, encephalopathy, serum
albumin, serum bilirubin, and International normalized ratio (see
Table 61.2), and although originally described for chronic liver disease outcome and not fully validated for liver resection, it is nevertheless generally accepted that patients with score A are suitable for
major resection surgery.
In addition, there are various clearance (or retention) tests
of which indocyanine green clearance is probably the best
described. Indocyanine green is a dye that binds to albumin and
α1-lipoproteins and its plasma clearance by active transfer into
the liver parenchymal cells (assessed by serum blood sampling or
more recently by pulsed spectrophotometry, using an optical sensor placed on the ﬁnger) is calculated. It is common to express this
as a percentage of retention of indocyanine green—for example,
more than 15% retention at 15 min is often used as a threshold of
impairment (Imamura et al. 2005). Finally, portal venous pressure
has been described as providing a further prognostic indicator
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Table 61.2 Child–Pugh score
Points
1

2

3

Ascites

None

Mild

Moderate or
severe

Encephalopathy (grade)

None

1–2
(mild)

3–4 (significant)

Bilirubin (micromol/L)

<35

35–50

>50

Albumin (g/L)

>35

28–35

<28

International normalized ratio

<1.7

1.8–2.3

>2.3

Total scores a ranked as:
Score A, well-compensated disease (5–6 points)
Score B, significant functional compromise (7–9 points)
Score C, decompensated disease (10–15 points)
Reproduced with permission from Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC,
Williams R, Transection of the oesophagus for bleeding oesophageal varices. British Journal of
Surgery, Volume 60, Issue 8, pp. 646–9, Copyright © 1973 British Journal of Surgery Society Ltd.

for patients with liver disease, although it is more common to use
hepatic venous pressure (either a ‘free pressure’ or a ‘wedged pressure’ or the difference between the two—‘gradient pressure’) as this
correlates well with portal venous pressure. High pressure gradients
(>10 mm Hg) define portal hypertension and are closely associated
with complications and mortality.

Provision of anaesthesia
Patients will require the standard set-up for major surgery with full
monitoring, and large-bore peripheral venous, arterial, and central
venous access. The advent of GDFT allows patients to leave the
operating theatre with SV optimization. The provision of analgesia
varies between centres: thoracic epidural anaesthesia has been successfully and most widely used providing that coagulation is normal,
and is effective for analgesia, particularly in the early postoperative
period. In recent years, a variety of other techniques have gained in
popularity, such as intrathecal opioids, intrapleural block, paravertebral block, rectus sheath catheters, and wound catheters, many
placed under direct vision by the surgeons. The use of epidurals has
been reviewed (Tzimas et al. 2013). Areas of concern with epidurals include further postoperative coagulopathy, which peaks at days
1–2 but can last several days postoperatively and requires the use of
fresh frozen plasma for the epidural catheter to be removed safely.
In addition, the concern was raised about excess i.v. fluid requirements postoperatively, translating into poor return of GI function,
increased length of stay, and even increased blood transfusion rates
(Tzimas et al. 2013). Finally, epidural-induced hypotension has
been implicated in a higher incidence of acute kidney injury after
major hepatic resections (Kambakamba et al. 2015).
A combination of techniques may be used to lower CVP and
hence hepatic venous pressure to reduce blood loss. A combination of an epidural (if used), fluid restriction, diuretics (e.g. furosemide), remifentanil, and glyceryl trinitrate may be used. The
arterial blood pressure will often need to be supported by judicious
use of a vasoconstrictor such as phenylephrine or noradrenaline.
Blood loss can be restricted further by reducing the blood supply
to the liver by clamping the portal vein and hepatic artery (Pringle’s
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manoeuvre) or even by isolating the liver completely (total vascular
exclusion) by clamping the hepatic vein as well. Both procedures
may cause a reduction in cardiac output: the former by 20%, the latter by 60%, and may lead to marked circulatory instability. Another
major drawback is that reducing the hepatic blood supply may predispose to ischaemia–reperfusion injury—particularly unwelcome
in such a metabolically active organ at normothermia. The safe
period and clamping times and protocols are unknown, as is the
efficacy of ischaemic preconditioning (a short period of ischaemia
before a longer period in an attempt to protect against tissue damage) in preserving postoperative liver dysfunction. Many surgeons
have successfully limited the use of Pringle’s manoeuvre, perhaps
accepting a slightly higher blood loss without adverse sequelae.
Unsurprisingly total vascular exclusion is associated with both
marked intraoperative and postoperative complications, predisposing to a mortality of up to 10%. A CVP of less than 5 mm Hg is
crucial and 2–3 mm Hg ideal. Some advocate the use of tranexamic
acid or aprotinin to further reduce blood loss. It is particularly
important for the anaesthetist to view the operating conditions of
the cut liver and to communicate readily with the surgeon. Traction
on structures such as the inferior vena cava or sudden blood loss
are not tolerated well, and necessitate prompt intervention, sometimes with i.v. fluids. Finally, a close watch has to be kept for an
air embolus, an ever-present risk when operating with low venous
pressures which will cause marked reduction in end-tidal carbon
dioxide concentration and cardiac output. For prolonged and difficult cases, with unavoidable periods of clamping, many extrapolate
from experience with liver transplantation surgery and administer 5% glucose to prevent hypoglycaemia and N-acetylcysteine to
reduce liver damage, although its role after liver resection surgery
is unproven.
Where possible, drugs that do not rely on hepatic clearance
are preferred and many favour the use of drugs that have organ-
independent elimination such as remifentanil and atracurium or
cisatracurium.
Once the liver resection is complete and haemostasis has been
achieved, filling of the circulation may follow and the CVP allowed
to increase. This may be guided by GDFT from oesophageal
Doppler or other technologies (e.g. LiDCOrapid™, LiDCO Group
PLC, London, UK). By the time surgery has been completed, the
patient should be optimized in terms of fluid therapy, be normothermic, and have appropriate analgesia.
The vast majority of uncomplicated liver resections are sent to a
level 1 or 2 environment after tracheal extubation. Postoperatively,
a careful eye is kept on both haemodynamic variables (for early
signs of haemorrhage) and the metabolic status. An increasing
lactate and decreasing pH with haemodynamic stability suggest a
degree of hepatic insufficiency and in the early stages optimizing
the cardiac output is crucial.
In the later postoperative period, there is commonly a slight
increase in coagulation times, sometimes associated with reduced
platelet count, and a small degree of renal impairment. These are
usually self-limiting. However, should lactic acidosis persist and in
particular if it is associated with renal impairment then the patient
may need to be moved to intensive care for closer haemodynamic
manipulation and perhaps even renal and hepatic support. Major
problems such as liver failure, renal failure, and biliary leak and
coagulopathy will require continued monitoring and management
in intensive care.
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Analgesia is a key area here and the combination of local anaesthetic block (often an epidural) with judicious use of opioids is
effective. Some units avoid paracetamol altogether or give a reduced
dose (e.g. 2 g day−1). Most avoid the use of NSAIDs in all but the
smallest liver resections as significant renal impairment with liver
impairment has a high mortality.
Patients undergoing liver resection surgery have usually had
little bowel handling, and oral fluids and diet are usually rapidly
resumed. Once any coagulopathy has resolved, low-molecular-
weight heparin is commenced. Often by the third day most of the
indwelling vascular lines may be removed as can epidural and urinary catheters.
Perhaps the greatest challenge for patients undergoing liver
resection is the reconciliation of two divergent principles. On the
one hand, the need to optimize Ḋo2 with fluids, which has previously been described. On the other hand, the need for marked
hepatic oligaemia during the resection, which has two advantages: it reduces the need for Pringle’s manoeuvre and concomitant hepatic ischaemic damage and will also reduce blood loss and
blood transfusion rates. Blood transfusion is seen as undesirable
in these patients because of the risks of transmission of infectious
agents, bilirubin load, and transfusion-related immunomodulation, which has been postulated to be linked to postoperative infections and even tumour recurrence.
A successful approach has been to submit the patient to a period
of relative hypovolaemia peroperatively, the systemic arterial pressure supported by an infusion of a vasoconstrictor. Although this
results in a reduction in cardiac output, and sometimes an increase
in lactic acid and acidosis and a decrease in Scv O2, this is tolerated
well by the majority of patients for the duration of surgery and is
rapidly corrected post liver resection. This aggressive approach to
low CVP anaesthesia results in low median blood loss (250 ml),
low transfusion rate (6%), with crucially a marked reduction in the
use of vascular clamping (Lordan et al. 2009). The advent of ER
programmes (see ‘Enhanced Recovery’) has led to further improvements. Protocolized pathways for liver resection surgery involving
oral carbohydrate loading, perioperative GDFT, and early removal
of epidural catheters have led to excellent results, reduced medical
complications, and reduced length of stay (Jones et al. 2013).

Pancreatic surgery
Procedure
Pancreatic surgery presents several problems within the perioperative period. The pancreas is a relatively inaccessible structure and
disturbances in both its endocrine and especially its exocrine function can cause significant morbidity and mortality. Generally pancreatic surgery is carried out on patients who have tumours within
the pancreas (head, body, or tail) and for patients who have, or have
had, pancreatitis.
Pancreatic tumours often present relatively late, usually with progressive jaundice (especially from the head of the pancreas), pain,
or more rarely with neuroendocrine tumours (see Table 61.3).
Unfortunately, for many patients the disease may have advanced
too far for curative surgery, but patients may still undergo biliary
bypass procedures to relieve obstructive jaundice.
Pancreatitis is a serious condition and is commonly secondary
to gallstones or alcohol abuse, but other conditions may predispose
to it such as trauma [including iatrogenic, e.g. post-endoscopic

Table 61.3 Types of pancreatic neuroendocrine tumours
Tumour type

Clinical features

Pathology

Gastrinoma

Peptic ulceration, diarrhoea

Head of pancreas. Malignant

Insulinoma

Hypoglycaemia

Head, body, or tail of
pancreas. Usually benign

Glucagonoma

Hyperglycaemia

Tail of pancreas. Malignant

VIPomas (vasoactive intestinal polypeptide) and somatostatinomas are rarer.

retrograde cholangiopancreatography (ERCP)], various viral infections, and hypothermia.
Pancreatic surgery will often involve pancreatic resection for
tumours, for example, head of pancreas tumours which if operable
will entail a pancreaticoduodenectomy, followed by a pancreaticojejunostomy, a hepaticojejunostomy, and a gastrojejunostomy
(Whipple’s procedure). A more major operation is undertaken for
distal common bile duct carcinoma (cholangiocarcinoma), involving its excision, sometimes with a partial hepatectomy. For tail of
pancreas disease (tumours and chronic inflammation), distal pancreatectomy often with splenectomy is undertaken. The other major
group is patients with often severe pancreatitis, who may undergo
repeated drainage procedures or necrosectomies, or at a later date
excision of pancreatic pseudocyst or abscess.

Patient problems
Patients can present at any age for pancreatic surgery, particularly
pancreatitis as both gallstones and alcohol abuse are not uncommon. Pancreatic tumours are often found in patients in their fifties or older, sometimes with painless and progressive jaundice
which may be marked. Jaundice usually prompts patients to rapidly
seek medical advice, but if the obstruction remains unrelieved, the
patient may progress to coagulopathy, biliary tract sepsis, and liver
dysfunction.
Although many of the patients with pancreatic tumours may
present having been previously healthy, those with alcoholic pancreatitis may be well known to the hospital with multiple previous admissions related to chronic alcohol abuse. Of relevance to
the anaesthetist are cardiovascular impairment (cardiomyopathy,
hypertension, and arrhythmias), metabolic derangements (hypoglycaemia, hypokalaemia, and hypomagnesaemia), neurological
impairment (peripheral and autonomic neuropathy), and haematological problems (prolonged clotting times and thrombocytopenia).
In addition, patients with pancreatitis may present acutely
unwell with pancreatitis and its associated systemic inflammatory
response. This can be relatively mild or progress, sometimes rapidly, to multiorgan failure and severe sepsis requiring cardiovascular, respiratory, and renal support and a prolonged stay in the
ICU. Patients with longstanding pancreatitis may be markedly malnourished and cachectic with vitamin deficiency. Finally, endocrine
pancreatic failure can result in diabetic patients, with secretory
neuroendocrine tumours also causing glycaemic and other metabolic disturbances.
Patients with longstanding pancreatic disease may be receiving
enzyme replacement drugs (amylase/lipase/protease) to combat
the effects of pancreatic exocrine insufficiency. They may be receiving vitamin K (which rapidly corrects the coagulopathy as a result
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of obstructive jaundice). In addition, pain control may be a problem and some patients with acute pancreatitis may require patient-
controlled analgesia. Patients with chronic pancreatitis may be on
an array of analgesics, both opioids and sometimes other drugs
(e.g. gabapentin). Patients may sometimes be receiving huge doses
of opioids either orally or via other routes (e.g. transdermal). This
may pose problems in the postoperative period. They may also be
receiving antibiotics and drugs to combat associated organ impairment (e.g. heart failure).

Nature and risk of surgery
Commonly, major pancreatic resections for tumours or chronic
pancreatitis are performed with a large upper abdominal incision,
although there are some centres that perform laparoscopic pancreatic resections (particularly of the pancreatic tail). In well-prepared
patients (e.g. with little co-morbidity and early relief of jaundice)
and in high-volume centres, pancreatic resections carry a relatively
low morbidity (18%) and mortality (1.6%) (Buchler et al. 2003).
This situation changes significantly if the patient has pancreatitis
and other organ insufficiency.
Patients may also undergo procedures other than pancreatic
resection: they may require anaesthesia for detailed preoperative
imaging such as endoscopic ultrasound, or drainage of the biliary
tree and pancreas such as ERCP. These can be done under sedation or general anaesthesia. More recently, drainage and pancreatic
necrosectomy (carried out laparoscopically) have been described.
In addition, some tumours, in spite of extensive imaging, are inoperable or have spread distally (e.g. to the peritoneum) and the
patients may undergo palliative biliary bypass surgery.
General complications of pancreatic surgery relate to those of
a major laparotomy and include haemorrhage, wound infection,
pulmonary thromboembolism, chest infections, and in susceptible
individuals, myocardial infarction and worsening of renal function.
Specific complications include worsening of pancreatitis, leakage of
pancreatic contents (perhaps resulting in a fistula or anastomotic
breakdown), prolonged starvation, and impaired glucose tolerance.

Preoperative assessment, investigations,
and interventions
The majority of these patients are undergoing major surgery and
therefore optimization of all physiological systems is mandatory.
Of particular relevance to patients undergoing pancreatic surgery
is nutrition and expert input preoperatively from a dietician is very
useful. For patients with severe jaundice, biliary drainage is indicated. Routine investigations such as serum biochemistry, liver
function tests, clotting, ECG, and chest X-ray may be supplemented
by more detailed investigations if indicated such as echocardiography. In addition, there is growing evidence, as in liver surgery, for
the use of CPET, which may be used to predict risk and plan the
best location for patients postoperatively. Before major pancreatic
resection, patents should, where possible, have jaundice relieved
(e.g. stenting at ERCP) and coagulopathy treated.

Provision of anaesthesia
Patients undergoing pancreatic resections will generally have
prolonged surgery and will require tracheal intubation and neuromuscular block. If there is gastric obstruction secondary to
marked duodenal involvement then rapid sequence induction
with cricoid pressure is mandatory. Good peripheral venous
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access is necessary and very commonly arterial and central
venous access are used together with cardiac output monitoring
and GDFT. There are likely to be major fluid shifts during the first
2–3 days and careful fluid balance (avoiding both fluid depletion
and excess are essential). Perioperative monitoring of base excess,
lactate, and Scv O2 may also guide fluid therapy. Serum glucose
concentrations need to be tightly controlled: this may require the
use of insulin. There is no particular drug regimen for intraoperative management although many would choose atracurium
or cisatracurium and remifentanil as they have organ-independent elimination. Some choose to provide intraoperative analgesia
solely with the use of a thoracic epidural (mentioned previously).
As the surgery may be prolonged, a low-flow maintenance of
anaesthesia with desflurane will provide rapid and reliable awakening at the end of the case. Meticulous positioning to prevent
nerve palsies and calf compression are also crucial, as is the avoidance of hypothermia.
Postoperative analgesia is key and, provided coagulation and
platelets are normal, an epidural provides excellent analgesia. Other
techniques previously described may also be used (rectus sheath or
wound catheters). Large amounts of opioids via patient-controlled
analgesia are to be avoided as they will prolong the return of gut
function.
Providing early adequate nutrition has been a major advance in
pancreatic surgery. The provision of nutrition intravenously (total
parenteral nutrition) is generally less effective than foregut nutrition. This is more commonly achieved by gradual introduction of a
diet, although some still favour the passage of a fine-bore nasojejunal tube (with wire) at induction with final placement under direct
vision at operation. The wire is then removed.
Sometimes major blood loss is inevitable (particularly with
patients with previous surgery or pancreatitis) and sometimes
vascular reconstruction is required if the portal vein is encased
in tumour and a sleeve of the vein has to be excised with the
specimen.
Other specific treatment may be used. Octreotide, a somatostatin
analogue, to reduce pancreatic secretion was formerly used once
the resection is complete, but current evidence does not support
its routine use. If used, it is important not to give this too early as
it shrinks the gland markedly and can make any anastomosis on
the pancreatic duct difficult or even impossible. The presence of
jaundice, although usually relieved preoperatively, requires great
attention to fluid balance to ensure that renal failure does not occur.
Good hydration is more important than the use of other agents
such as dopamine or mannitol (Clarke et al. 2006).
In spite of prolonged surgery—sometimes 6 h or much more—
there is no reason why the patient’s trachea cannot be extubated at
the end of surgery, provided fluid management and analgesia are
exemplary and hypothermia is avoided.
Postoperatively the patient is transferred commonly to a level 2
unit and should receive oxygen, fluid management guided as outlined earlier (CVP, GDFT, Scv O2 , and lactate), analgesia, antibiotics,
and thromboprophylaxis. Jejunal feeding is often instituted on the
first day postoperatively. Any surgical drains inserted are to be handled with extreme care.
The situation is very different in patients with severe acute pancreatitis: these patients are usually level 3 patients requiring multiorgan support. They may require days or weeks of ventilation,
inotropic support, renal support, and antibiotics.
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Major pancreatic surgery rewards the meticulous anaesthetist.
The author favours an ER pathway (see ‘Enhanced Recovery’)
(Lassen et al. 2013), so that oral preload is used preoperatively
where possible. Key components are early enteral feeding and a
thoracic epidural (with or without remifentanil infusion intraoperatively), although other analgesic methods deserve consideration such as i.v. lidocaine, TAP blocks, and wound catheters.
GDFT is ideal, with near zero fluid balance. Ideally GDFT should
be used for several hours postoperatively to guide fluids (giving
fluid boluses with colloid). Thereafter fluids can be guided
by Scv O2 and lactate levels. Early removal of surgical drains is
now advocated.

Colorectal surgery
Procedure
Colorectal surgery has undergone huge changes in the last 10 years,
which are perhaps best summarized by the ER programme (see
‘Enhanced Recovery’). Large midline incisions, nasogastric tubes,
routine epidural analgesia, bowel preparation, and nil by mouth for
some days perioperatively (to name but a few) have been superseded by laparoscopic surgery and early resumption of oral diet and
reduced length of hospital stay. Thirty per cent of patients present
for their colorectal surgery as emergencies (Scott et al. 1995) (see
‘Emergency laparotomy’), but this section will focus on elective
surgery. The majority of patients presenting for major colorectal
resections have malignant tumours, diverticular disease, or inflammatory bowel disease.
Laparoscopic colorectal resections have become increasingly popular although conversion rates to open surgery still remain at about
20–30% in some centres. Very low anterior resections are now performed, but there is a small group of patients in whom rectal tumours
are too low and an abdominoperineal resection is required. Where
possible, there is a primary anastomosis, but in those in whom this
is felt to be too high a risk, a defunctioning colostomy is performed
which is closed at a later date. In patients with inflammatory bowel
disease, if medical treatment fails, small resections may be carried
out for strictures (Crohn’s disease) and with severe inflammation
of the large bowel a panproctocolectomy may be undertaken, with
either an ileostomy or with an ileo pouch–anal anastomosis. Finally,
in the semi-emergency situation for colorectal cancers, there is an
increase in the use of stenting for strictures.

Patient problems
Patients with colorectal cancer can present at any age but many
present in their fifties or older. The advent of bowel cancer screening programmes offered in some areas to those aged more than
50 years and in other areas over the age of 60 years has reduced the
mortality by more than 15%. Diverticular disease can also present
in a similar age group. Inflammatory bowel disease can present in
adolescence and young adults.
Patients with cancers may present symptom free from screening or from repeat colonoscopy, or with anaemia, but they are
usually well. Patients with diverticular disease may have had a
recent hospital admission and have received antibiotics. However,
patients with severe inflammatory bowel disease presenting for
surgery are often malnourished and may be taking a number of
drugs—see Box 61.1. In addition, some patients may have received
chemotherapy or radiotherapy before surgery.

Box 61.1 Drugs used to treat inflammatory bowel disease
◆

5-aminosalicylates (5-ASA) such as sulfasalazine, mesalazine

◆

Steroids

◆

Azathioprine/6-mercaptopurine

◆

Methotrexate

◆

Ciclosporin

◆

Infliximab.

Nature and risk of surgery
The majority of colorectal surgery involves resection and anastomosis of large bowel. Aside from the expected complications of
major surgery (wound infections and cardiorespiratory complications), the major specific risk is that of anastomotic leak. Such an
event is a medical and surgical catastrophe, and requires prompt
recognition and treatment. Various conditions will predispose to
this, including poor blood supply and oxygen delivery to the bowel
ends, poor healing from any cause (including chemoradiotherapy,
steroids), sepsis, and very low rectal resections (<7 cm from the
anal verge). An assessment has to be made as to whether or not it
is safe to leave the anastomosis, or if a proximal, covering defunctioning ostomy is also required. Occasionally a smaller anastomotic
leak may present as an abscess (e.g. pelvic).
The anaesthetist also has a perioperative role to play in anastomotic integrity. The principles of optimization of global oxygen
delivery (see ‘Intravenous fluid therapy’) (Tote and Grounds 2006),
is fundamental, with the maintenance of cardiac output, [Hb], and
Sa O2 . However, excess fluids will predispose the patient to anastomotic oedema and may ultimately threaten the integrity of the
anastomosis. Finally, in addition to measuring and optimizing
blood flow, maintenance of blood pressure is also important. This
applies particularly in the postoperative period where hypotension from epidural anaesthesia adversely affects colonic blood flow
which is corrected only by the use of vasopressors rather than i.v.
fluids (Gould et al. 2002). Prolonged hypotension or an excess of
i.v. fluids may therefore compromise gut blood flow and predispose
to anastomotic leak.
Preoperatively, the patient needs to be assessed with a view to
optimization of pre-existing conditions and assessment of their
fitness to undergo colorectal surgery. There is an increasing trend
for the use of laparoscopic surgery, but open surgery is still commonplace, particularly if there has been previous surgery. The
physiological demands placed on patients undergoing open and
laparoscopic surgery are hugely different. Open surgery will cause
a marked physiological stress response (see Table 61.4), which
will have a significant effect for some days postoperatively. There
is the potential for large fluid shifts, but in addition, the systemic
inflammatory response syndrome will cause an increase in Ḋo2
and V̇o2. If these demands are unmet, there is a risk of anaerobic
metabolism, organ impairment, and ultimately death. Therefore an
assessment of the patient’s ability to withstand these extra demands
is fundamental and many now advocate the use of CPET for this
purpose. In addition, open surgery is much more painful, involves
more bowel handling, and is associated with a significant ileus.
The patient needs to be assessed for the method of pain relief and
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Table 61.4 ‘Stress response’ to major surgery
Examples
Endocrine

Pituitary and adrenal activation

Metabolic

Catabolism and nitrogen loss
Hyperglycaemia
Lipolysis
Sodium and water retention
Potassium loss

Inflammatory

Systemic inflammatory response syndrome response
Cytokine production, e.g.:
◆

Interleukins (especially interleukin 6)

◆

Tumour necrosis factor

◆

Interferons

◆

Vascular endothelial growth factor

whether or not nutritional needs can be met by awaiting the return
of bowel function or if parenteral nutrition is required.
In addition, aspects of the stress response can be magnified by adverse events: starvation, infection, hypovolaemia, and
hypothermia
Assessment for laparoscopic surgery requires a different approach.
The tissue damage and stress response is reduced, and is associated with less pain and earlier return of gut function, but there are
marked cardiorespiratory physiological changes from laparoscopy
(see Table 61.1). A careful decision has to made as to whether or not
the patient can withstand these changes, and if so, for how long. For
some patients with poor reserve, both the laparoscopy and subsequent positioning may cause significant problems and occasionally
necessitate an open operation to be undertaken instead.
Patients with long-standing GI disorders, particularly those with
inflammatory bowel disease, will need nutritional assessment and
supplementation before surgery.

Provision of anaesthesia
All laparoscopic and the majority of open colorectal resections are
performed under general anaesthetic. Under rare circumstances
such as end-stage lung disease, or possibly with extreme airway difficulties, an open procedure may be performed under an epidural.
Induction of anaesthesia has two major considerations. Firstly,
is there a need for rapid sequence induction of anaesthesia with
cricoid pressure? Occasionally colorectal patients present with an
ileus, or with involvement of the upper GI tract, or after large doses
of morphine. In these patients, consideration should be given to
cricoid pressure, as there may be significant residual gastric volume. Secondly, careful pre-oxygenation and the use of a neuromuscular blocking agent that facilitates early paralysis (rocuronium is
ideal) so as to avoid bag and mask ventilation—however expertly
done, this always causes a degree of gastric distension. The patient
then has their trachea intubated.
The surgeon requires a paralysed patient with minimum distension of the bowel, thus nitrous oxide is best avoided. In addition,
anaesthetic access for all colorectal procedures is often limited by
drapes, patient positioning, and perhaps a Mayo table. Therefore
meticulous attention to securing the airway, cannulae (and

anaesthesia for abdominal surgery

ensuring they run freely), and monitoring (ECG and pulse oximetry) is required as access to the patient when surgery is underway is limited. There is no preferred technique for maintenance of
anaesthesia but remifentanil and a volatile technique are popular,
together with monitoring of neuromuscular block so that it does
not wear off unexpectedly.
The execution of fluid balance and analgesia are seen as fundamental in colorectal anaesthesia. The use of arterial lines and central
lines is standard both for intraoperative monitoring of pressures,
but also perioperative monitoring of pH, base excess, lactate, and
oxygen saturation (arterial and central venous). The low morbidity
associated with central venous access, (particularly with the use of
ultrasound) should encourage a low threshold for its use, especially
in open colorectal surgery, where there may be a use for it up to
several days postoperatively for pressure monitoring and in some
cases, total parenteral nutrition. CVP lines are also very useful for
rapid drug administration preoperatively. For laparoscopic colorectal surgery, the advent of GDFT, however, has lessened the need for
CVP lines, but an arterial line is advisable for the monitoring of
cardiovascular changes and arterial blood gas analysis. The usual
perioperative goals of Ḋo2 (>600 ml min−1 m−2) cannot be readily obtained because of the cardiovascular effects of laparoscopy,
and recently a target Ḋo2 of greater than 400 ml min−1 m−2 during
laparoscopic colorectal resection was shown to be a threshold predicting those who developed anastomotic leak and those who did
not (Levy et al. 2012).
Perioperative analgesia can be a difficult decision. While the
use of regular multimodal analgesia and minimal use of opioids
is not controversial, supplementary analgesia is a matter of debate.
It is made more difficult by the fact that 10% or more of planned
laparoscopic procedures are converted to open. Thoracic epidurals have documented advantages and some disadvantages in open
surgery (see ‘Analgesia’ and Table 61.5) but are still advocated in
skilled hands for open surgery and where their good postoperative
management can be assured. However, experience has also been
directed elsewhere with rectus sheath blocks, TAP blocks, or local
anaesthetic wound catheters, all of which have an opioid-sparing
effect, but may nevertheless be used with, say, patient-controlled
morphine (Table 61.6a). For laparoscopic resections, epidurals are
Table 61.5 Advantages and disadvantages of (thoracic) epidural
anaesthesia in open colorectal surgery
Advantages

Disadvantages

Excellent pain control

Inadequate block with poor pain
control

Quicker return of GI function

Hypotension and consequent fluid
overload

Reduction in pulmonary
thromboembolism

Poor mobilization

Reduction in pneumonia

Extra resources (e.g. nursing input)

Reduction in respiratory depression

Dural puncture headache

Reduction in blood loss and
transfusion rates

Transient neurological injury

Debated effects on myocardial
infarction, renal failure, and mortality

Permanent neurological injury

1049

1050

1050

PART 9

the conduct of anaesthesia by surgical specialty

Miscellaneous procedures

Table 61.6 Analgesia for colorectal surgery
Major analgesia
(up to day 3)

Regular multimodal
analgesia (days 0–5)

Rescue analgesia

Thoracic epidural

Paracetamol oral or i.v.

Tramadol

TAP block

NSAIDs

Morphine

Rectus sheath catheter

Tramadol (if NSAIDs
contraindicated)

(a) Open colorectal

Wound catheter
(b) Laparoscopic colorectal
Wound infiltration with
local anaesthetic

Paracetamol oral or i.v.

Tramadol

TAP block

NSAIDs

Morphine

Spinal

Tramadol (if NSAIDs
contraindicated)

now rarely used. Considerable success has been achieved with spinal anaesthesia with opioids but again TAP blocks have been used.
The use of local anaesthetic into the wound edges, either by the
surgeon, or with the use of a catheter postoperatively has also been
successful (Table 61.6b). The use of other methods such as lidocaine, magnesium, ketamine, and pregabalin has been described
some with considerable success (especially lidocaine) but are rarely
used in the United Kingdom at present (Fawcett and Baldini 2015).
At the end of surgery, residual neuromuscular block is antagonized. In the past, there were suggestions that neostigmine, with its
parasympathetic effect, may predispose to anastomotic dehiscence
and postoperative nausea and vomiting. These have largely been
discounted, but the advent of sugammadex, to antagonize rocuronium, provides a therapeutic alternative nevertheless. Good neuromuscular block is required for abdominal wall closure.
In the immediate postoperative period, attention is principally
directed at analgesia and fluid balance. While there may be good
theoretical indications for GDFT to continue into the postoperative period, from a practical standpoint this is usually not feasible
and fluid management is guided by other means. The use of CVP
monitoring may be used, but provided the patient is fluid optimized when leaving the operating theatre, postoperative fluids can
be given relatively sparingly, with patients encouraged to drink at
an early stage. An increasing lactate concentration and a decreasing
Scv O2 level are indicators that a fluid challenge (e.g. 250 ml of colloid) can be tried. In addition, oxygen therapy, antibiotics, VTE
prophylaxis, and glycaemic control (if indicated) are fundamental.
Many of these patients are elderly and close observation is
required to detect both medical and surgical complications.
The advent of fever, ileus, pain, cardiac dysrhythmias, and rising
inflammatory markers such as C-reactive protein and leucocytosis
should lead to a careful search for the underlying cause. The use
of early warning scores has aided this process, but remember that
many conditions (e.g. myocardial ischaemia) may present silently
or atypically. Any deteriorating patient will need careful cardiovascular and respiratory examination and assessment, including ECG,
chest X-ray, arterial blood gas analysis, full biochemistry including
cardiac troponins, and imaging of the bowel and perhaps of computed tomographic pulmonary angiography scan.

Laparoscopic cholecystectomy
Laparoscopic cholecystectomy is the most common laparoscopic
procedure worldwide, with more than 20 000 undertaken in
England per year. It was the earliest major ‘keyhole operation’ performed nearly 30 years ago and has become the standard procedure
for cholecystectomy. It is increasingly undertaken as a day-case
procedure. Conversion rates are about 5% for elective procedures
and nearly 10% for emergency procedures. Recently, single-incision
laparoscopic surgery and natural orifice transluminal endoscopic
surgery have been described, to reduce the number of abdominal
port sites.
Although gallstones are associated with increasing age, patients
may present very young, occasionally as young as their teens.
Women are affected more commonly than men (particularly in
younger age groups). Gallstones are associated with obesity and
may occur in pregnancy. Patients may present in a number of ways,
with pain (both moderate upper GI pain and biliary colic), jaundice, and much more seriously with acute pancreatitis and cholangitis. With the latter two conditions, patients may have some
considerable physiological upset (necessitating treatment on ICU)
and careful timing of surgery is important. Some advocate early
intervention with success (i.e. within 48–72 h) before the onset of
peritoneal adhesions. Others prefer to wait and perform the procedure some weeks later. The major complications of the procedure
are bleeding and bile duct injury. The use of preoperative cholangiography may help to identify anatomy more clearly. Patients may
have undergone procedures before laparoscopic cholecystectomy,
to optimize biliary tree function, such as ERCP and sphincterotomy, to allow the passage of a gallstone into the duodenum.
Anaesthesia is generally straightforward and although it has been
carried out using a laryngeal mask, this is not advised. There is a
significant risk of bile aspiration and the stomach may be inflated
inadvertently. Thus a tracheal tube and neuromuscular block are
most commonly used, without the use of bag and mask ventilation. Nasogastric tubes were commonly used but are not required
if distension of the stomach is avoided at induction. Antibiotic
prophylaxis is administered (e.g. cefuroxime 1.5 g). Postoperatively
diet is resumed early. Multimodal analgesia is used and a small
amount of morphine may also be required too. The use of both TAP
blocks (El-Dawlatly et al. 2009), and oral pregabalin preoperatively
(150 mg) and intraperitoneal bupivacaine have all been shown to
have an opioid-sparing effect. Analgesia is important as for a third
of patients, poor analgesia is the most common reason for staying
in hospital overnight.

Laparoscopic appendicectomy
Appendicitis is a very common surgical emergency. The first open
appendicectomy was described more than 250 years ago and the
first laparoscopic appendicectomy performed in 1980. This has revolutionized treatment as other causes of pain (e.g. endometriosis
and ovarian cyst rupture) may also be visualized.
The highest incidence is in patients from 10 to 20 years of age with
males more commonly affected than females. While most cases are
as a result of obstruction of the lumen of the appendix with a faecolith or lymphoid tissue, appendicitis, particularly in older adults,
may be a presenting complaint of caecal malignancy or carcinoid
tumours. Although the classical signs of acute appendicitis are
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central abdominal pain localizing to the right iliac fossa, fever, and
sickness are well known, the condition can present in a myriad of
ways. Early diagnosis is essential, however, if perforation and peritonitis are to be avoided.
Laparoscopic appendicectomy should not be considered a minor
procedure. Risks include major retroperitoneal vascular injury
(causing haemorrhage or gas embolism) and bowel injury, which
although uncommon, can be fatal. In those not expert at laparoscopic surgery, especially with children, an open procedure is
advocated. In addition, in pregnancy and in those with obvious
peritonitis, an open procedure or even a full laparotomy is indicated. Patients should receive timely surgery once the diagnosis
is made to minimize the risk of perforation. In the early stages,
i.v. fluids are all that is necessary, but once general peritonitis has
occurred they should be treated as for emergency laparotomy (see
‘Emergency laparotomy’).
Patients should receive rapid sequence induction of anaesthesia with cricoid pressure and tracheal intubation, as the stomach
may not be empty. Regular multimodal analgesia supplemented
with opioids is required postoperatively. Perioperative antibiotics
are required and i.v. fluids continued until the patient can drink.
Complications include infection (wound or intra-abdominal collection), intestinal obstruction, and rarely fistula formation.

Splenectomy
This may be carried out with other operations (e.g. distal pancreatectomy) or as a result of trauma (including iatrogenic). It is
also performed, both open and laparoscopically, for various haematological conditions, including idiopathic thrombocytopenic
purpura, spherocytosis, and a number of malignancies such as myeloproliferative disorders and lymphoma. More rarely, the spleen is
removed for infection. The spleen may be removed to arrest the
disease process, or to relieve symptoms from splenomegaly.
Patients will need careful preoperative workup with respect to
their haemoglobin and platelet counts. They may also be receiving
chemotherapy. They may need haematological cover, particularly
with platelets, for the procedure. Regional anaesthesia is often contraindicated because of quantitative or qualitative platelet abnormalities, or both. Major perioperative concerns are haemorrhage
and infection. Patients should receive preoperative pneumococcal
vaccination and perioperative antibiotic prophylaxis.

Transanal surgery
A number of procedures can be performed transanally.
Haemorrhoids may be treated by excision or stapling but in recent
years stapled transanal resection of the rectum for prolapse has
gained popularity. In addition, transanal endoscopic microsurgery has been described for the management of early low rectal
tumours. These patients may be in a variety of positions depending
on tumour location (lithotomy, prone, or lateral). Muscular relaxation is required and a caudal epidural is ideal for postoperative
analgesia. Routine prescription of laxatives is recommended with
the avoidance of opioids where possible (including codeine).

Emergency laparotomy
While elective surgery permits a degree of investigation, optimization, and planning for patients undergoing major GI surgery, emergency laparotomy is seen as one of the most challenging areas for
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GI anaesthetists. It is a common operation and patients are often
elderly with significant co-morbidities in addition to having an
intra-abdominal emergency, which in advanced stages (e.g. dehydration and/or sepsis) can lead to multi-organ dysfunction. As
in the approach to elective GI surgery, there has been a marked
change in approach over the last 15 years. At that time, many of
these patients were treated out of hours by inexperienced surgeons
and anaesthetists, often with poor preoperative preparation and
postoperative care, partly because of a lack of intensive care beds.
A number of reports in the United Kingdom (latterly from the
Emergency Laparotomy Network) (Saunders et al. 2012), Europe,
and the United States have highlighted two common themes.
Firstly, overall the 30-day mortality rate was high (15%). Secondly,
there was a marked variation in both mortality (3.6–42%) and in a
number of other factors including both the grade of surgeon and
anaesthetist involved and the time of day the surgery took place.
Operations after midnight had a lower presence of consultants and
a higher mortality. In addition, the use of GDFT was used in less
than 15% of patients, again with marked variation (0–42%). Finally,
there was huge variation in whether patients were sent to a surgical ward or ICU postoperatively. Although only about a quarter
of hospitals’ data were included in the Saunders et al. publication,
the establishment of the National Emergency Laparotomy Audit
in 2012 has provided more information from all hospitals. The
first report published in 2015 provided data on more than 20 000
patients and has confirmed a number of themes, including the need
for timeliness of care (both for assessment and administration of
first dose i.v. antibiotic), assessment and appreciation of risk, input
by consultant surgeon, anaesthetist, and radiologist, and access to
theatres and postoperative intensive care. The mean overall death
rate was 11%, but was 5% in those aged less than 50, rising to 18%
in those more than 70 years of age.
There has also been a number of studies in this area, most recently
the ongoing EPOCH study, which is a stepped-wedge cluster randomized trial (6 groups of 15 hospitals) over 85 weeks, looking at
90-day mortality.
The focus on these patients has led to changes in their management. Early patient assessment by a senior surgeon and recognition that the patient requires an emergency laparotomy is required.
Coordination and communication between all those involved is
crucial to allow prompt administration of antibiotics, timely diagnostic investigations, an operating theatre slot, and provision for
the postoperative period (e.g. intensive care). In addition, the direct
involvement of both a consultant surgeon and anaesthetist in the
operating theatres is essential. Before surgery, the risk of death
should be assessed with those patients in whom surgery is inappropriate or futile (because of their very poor condition) or in whom
perhaps a lesser operation might be attempted before a definitive
procedure when the patient is able to withstand a more major operation. Many hospitals also use a defined pathway for the perioperative care of these patients.

Procedure
Many patients presenting for emergency laparotomy have a segment
of jeopardized bowel that may be at risk because of tumour, inflammation (e.g. diverticular disease), or from external pressure (e.g.
adhesions). If left unresolved, bacterial translocation from a distended bowel or bowel perforation, or both, may lead to peritoneal
soiling and sepsis. The clinical scenario may be further complicated
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by fluid loss from vomiting or diarrhoea and in prolonged cases,
significant nutritional upset. These patients need a laparotomy (laparoscopy is usually not possible because of the dilated bowel) and
depending on the findings may need a bowel resection. If there is a
risk of anastomotic breakdown (e.g. as a result of sepsis or the poor
condition of the patient), the surgeon may wish to defunction the
bowel by means of a stoma.

Patient problems
These patients are often elderly. Many of the expected signs of an
acute abdomen may be less pronounced in this age group, delaying the diagnosis further. For example, they may be apyrexial even
with marked sepsis. In view of the age of the patients, significant
co-morbidities are common, such as ischaemic heart disease, vascular disease, diabetes, and hypertension, and their physiological
reserve may be minimal, putting them at grave risk with major surgery. Patients’ medication may cause problems. On the one hand,
the patient’s usual medication may either have been omitted or not
absorbed, leading to, say, poorly controlled blood pressure or atrial
fibrillation. On the other hand, they may still be taking medication
which has a marked effect on the proposed surgery such as antiplatelet drugs (especially clopidogrel) or warfarin or new oral anticoagulants (NOACs) such as rivaroxaban. There may be little time
to reverse these effects and the patient may need blood products to
ensure normal coagulation and platelet function.

Nature and risk of surgery
Emergency surgery has long been recognized as an independent
risk factor adversely affecting outcome. Although the crude UK
death rate was approximately 15%, it increases to 25% in those more
than 80 years of age (Saunders et al. 2012). With 50 000 operations
per year, this equates to 7500 deaths annually. No area of abdominal surgery requires such meticulous attention to detail. The surgeon requires good access with minimal distension of the bowel.
The latter often precludes the use of nitrous oxide. In addition, visceral blood supply can be precarious and a good blood supply to
the bowel is required particularly if anastomotic integrity is to be
assured. This is best achieved with optimal fluid therapy (GDFT),
perhaps supplemented by judicious use of vasoactive drugs. Poor
cardiac output (and hence oxygen delivery) or excess fluids, especially crystalloids (which will predispose to anastomotic oedema),
are to be avoided.
Preoperatively, early determination of major physiological upset
including cardiovascular, respiratory, renal, and haematological systems is fundamental. This requires careful history-taking,
examination, and investigations. Of particular note is biochemical
analysis, including assessment of metabolic acidosis, serum lactate
from arterial blood gas analysis, and C-reactive protein concentrations. In addition, many of these patients are prone to, or may
have already developed, sepsis, even in the absence of a bowel
perforation. The importance of early administration of appropriate antibiotics cannot be overemphasized. While simple in theory,
their administration is often delayed as the patient moves from
the emergency department to a ward. Appropriate imaging is very
often required (e.g. computed tomography scan) and this must be
expedited too, taking priority over elective radiology. Early resuscitation by i.v. fluids should be commenced and guided not just by
capillary return, urine output, blood pressure, or heart rate, but by
CVP (and even GDFT) and the impact on any deranged physiology

assessed. There should be a dedicated emergency theatre with ‘next
slot’ prioritization and senior surgical and anaesthetic involvement
is mandatory. A urinary catheter and a nasogastric tube are invariably required.

Provision of anaesthesia
Anaesthetizing patients for an emergency laparotomy may be particularly hazardous, especially in elderly patients with unrecognized
hypovolaemia, sepsis, or significant co-morbidities. These patients
require their stomach contents to be aspirated through a nasogastric
tube, followed by preoxygenation, and rapid sequence induction of
anaesthesia with cricoid pressure. Classically, thiopental and suxamethonium were used (with a small dose of fentanyl or alfentanil),
but many use propofol and rocuronium (providing sugammadex
is readily available should a failed tracheal intubation occur).
Catastrophic decreases in blood pressure may occur after induction
of anaesthesia in sick and frail patients as vascular tone is reduced
and vasoactive drugs (e.g. ephedrine, phenylephrine, or both) must
be at hand. It may be wise to insert an arterial line before induction
of anaesthesia to enable a swifter reaction to these changes. It must
also be remembered that the arm–brain circulation may be very
slow and rapid administration of an induction agent until loss of
consciousness occurs will invariably lead to excessive drug administration and hypotension. Thereafter neuromuscular block is
provided as required. Some prefer to use atracurium (or cisatracurium) if there is significant hepatorenal compromise because of the
organ-independent biotransformation of these agents. Monitoring
of neuromuscular block is essential. The patient is ventilated usually with air and oxygen and a short-acting volatile agent such as
sevoflurane or desflurane.
Peroperatively, patients in all but the smallest cases should receive
arterial and central venous access and have cardiac output monitoring and GDFT. Once fluid optimized, if cardiac output is low,
inotropes such as adrenaline may be commenced; if mean arterial
pressure is low in the face of normal or high cardiac output (such
as in sepsis), then vasoconstrictors such as noradrenaline can be
used. Current evidence for i.v. fluids suggests that starches may give
poorer outcomes compared with crystalloid therapy (Perner et al.
2012), and if colloids are required, gelatins or albumin solution may
be preferable. Analgesia may be difficult and epidurals are often
contraindicated because of sepsis, hypotension, or coagulopathy. In
spite of the disadvantages of opioids, patient-controlled morphine
is commonly used. NSAIDs are often contraindicated, especially in
the elderly or those with renal or cardiovascular dysfunction.
A key decision required regards the patient’s immediate postoperative care. Ideally all patients should go to a level 3 or 2 environment (ICU/HDU) where they can continue to receive GDFT, with
circulatory support if required. Some patients may also require
renal support. Deranged biochemistry such as high serum lactate
and acidosis can be regularly monitored here to ensure it is resolving. In addition, some patients will need a period of level 3 care
for postoperative ventilation on ICU. This is generally required for
patients with significant cardiovascular support (e.g. inotropes) or
who have marked metabolic derangement such as a base deficit of
greater than 10 mmol litre−1 or serum lactate concentration greater
than 5 mmol litre−1. In addition, pre-existing disease or the requirement of a high inspired oxygen, or marked abdominal distension,
or hypothermia all suggest that the patient may not cope without
ventilatory support.
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Once over the acute episode, these patients are nursed on the
surgical ward, but they need constant input to help their recovery,
including physiotherapy and nutritional support (with early enteral
feeding). Complications after emergency laparotomy are common and their early detection is paramount. Early warning scores
should alert staff to access input from ICU or outreach teams with
the patients started on appropriate therapy. Sudden deterioration is
commonly as a result of abdominal sepsis (e.g. from anastomotic
breakdown or from an intra-abdominal collection of pus), myocardial infarction (often silent), chest infection, or a pulmonary
embolus.
The poor and varying results of emergency laparotomy have
led some hospitals to aggressively target the management of these
patients. The provision of a dedicated emergency theatre; surgeons,
anaesthetists, and nurses available to rapidly see these patients;
good monitoring in theatres (including GDFT); and adequate
numbers of ICU beds should be able to transform results. The
introduction of care bundles or pathways helps to ensure that staff
recognize the severity of these cases and adhere to the principles
of good practice. Regular audit of these patients should help to
address any shortcomings. However, in spite of these points, one
must always remember that whereas timely operating is fundamental, this does not equate to submitting the poorly resuscitated
patient for surgery. Moreover, there will always be some patients in
whom surgery is futile, and this requires senior clinical input with
the patient and their family to ensure major surgery is not carried
out inappropriately.

Enhanced recovery
ER has developed in the United Kingdom over the last decade to
reduce the surgical stress response, minimize perioperative physiological dysfunction, and permit faster mobilization and hospital
discharge after inpatient elective surgery. For GI surgery, a major
area of focus has been a reduction in the duration of postoperative
ileus via a multifactorial approach that includes minimally invasive surgery, opioid sparing analgesia, avoidance of salt and water
overload, and early enteral nutrition (Scott et al. 2015). Overall,
this initiative has improved the quality of patient care, with fewer
complications, and permitted patients to return to their normal
activities more quickly. It was initially carried out in four specialties: colorectal, orthopaedics, urology, and gynaecology. The biggest evidence base is in colorectal surgery. The concept is not new:
Kehlet, a Danish surgeon, pioneered the concept of fast-track or
accelerated recovery over 20 years ago. He showed that very short
stays were possible for patients undergoing open colorectal surgery. The advent and adoption of many improvements in surgery
(laparoscopic resections, avoidance of bowel preparation) and
anaesthesia (GDFT, appropriate analgesia) and other areas (preoperative carbohydrate drinks) has led to marked reductions in
length of stay, including 23 h stay colorectal resections (Levy et al.
2009). Although reduction in length of hospital stay (or more accurately time until medically fit for discharge from hospital) is seen
as a major advantage for patients, healthcare workers, and hospital
managers alike, the success of any ER programme revolves around
good quality care and low complication rates, including readmission rates.
ER is essentially an evidence-based pathway, starting from
referral from primary care. At every step of the way the patient is
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involved so that they are active, not passive in their care. There are
many steps for ER in colorectal surgery (Fig. 61.2), and adherence
to these steps is seen as fundamental in achieving optimal results.
While some steps of the pathway have greater impact than others,
the summation of the marginal gains for every step in this multistep pathway translates into a significant improvement in outcome.
The Enhanced Recovery After Surgery Society has published a
revised evidence base and recommendations in a number of areas,
many of which are merely the formalization of established practice
(Gustafsson et al. 2013).

Pre-admission information and optimization
Patients are given detailed information about their surgery. They
should stop smoking, reduce alcohol consumption, and have co-
morbidities appropriately treated (e.g. hypertension and anaemia).

Preoperative fasting and oral carbohydrate loading
Prolonged fasting increases anxiety and may cause relative hypoglycaemia. The administration of oral preload helps to prevent this
but also has other advantages including reducing insulin resistance
and preserving nitrogen metabolism and muscle strength. A clear
carbohydrate drink is given in two doses: the first dose (800 ml and
containing 100 g of carbohydrate) approximately 12 h before surgery (or the night before) and the second dose (400 ml and containing 50 g of carbohydrate) 2–3 h before surgery (or the morning
of surgery). The drink should contain maltodextrins which empty
readily and predictably from the stomach, without increasing the
risk of pulmonary aspiration while allowing the patient to arrive in
theatres ‘metabolically fed’ (Scott and Fawcett 2014).

Anaesthetic considerations
The anaesthetist’s role is pivotal in any ER programme. The two
key areas are fluid balance and analgesia. Patients should receive
balanced crystalloids (not 0.9% saline) or colloids to optimize
cardiac output and SV. CVP is recognized as a poor indicator of
fluid responsiveness although a central line can be useful for central venous saturation and thus to estimate oxygen extraction from
Scv O2 in the early postoperative period to guide i.v. ﬂuids. Patients
should be encouraged to drink as early as possible and i.v. fluids discontinued. Analgesia is also a cornerstone of success: multimodal
analgesia is used, with the addition of local or regional anaesthesia, to enable opioid sparing (with its problems of ileus and postoperative nausea and vomiting). Paracetamol and NSAIDs are widely
used although there are currently some concerns about the use of
NSAIDs and an increased rate of anastomotic dehiscence. The optimal method of regional block is debated. Thoracic epidural anaesthesia is advocated as the method of choice for open surgery, but
is unproven and may even be detrimental for laparoscopic surgery,
where other techniques particularly spinal or TAP blocks may be
useful. Other anaesthetic issues include choice of anaesthetic technique and while no anaesthetic technique has proved superior, the
use of agents that facilitate rapid awakening is clearly desirable.
Minimizing postoperative nausea and vomiting is important and
can be achieved with the regular use of multimodal antiemetics
(particularly for those deemed to be at higher risk) together with
attempts to reduce opioid consumption. Hypothermia (<36°C),
which predisposes to wound infections, poor pain control, shivering, and concomitant hypoxia should also be avoided (Baldini and
Fawcett 2015; Fawcett and Baldini 2015).
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SDM*
Admission on
day of surgery
Optimising fluid
hydration
CHO loading
Reduced
starvation
No/reduced
oral bowl
preparation
(bowel surgery)

Shared decision making
clarifying the range of
treatment options
Optimising pre-operative
haemoglobin levels
Managing pre-existing
co-morbidities
Discharge planning and
liaising with social care

ROLE OF
PRIMARY CARE

SDM
PATIENT
PREPARATION

SDM
ADMISSION

Planned
mobilisation
Rapid hydration
and nourishment
Appropriate IV
therapy
No wound drains
No NG (bowel
surgery)
Catheters removed
early
Regular oral
analgesia
Paracetamol and
NSAIDS
Avoidance of
systemic opiatebased analgesia
where possible or
administered
topically

SDM

Shared decision
making
Optimised health/
medical condition
Informed & shared
decision making
Pre-operative
health and risk
assessment
Patient information
and expectation
managed
Discharge planning
(Expected date of
discharge)
Pre-operative
therapy instruction
as appropriate

INTRAOPERATIVE

Minimally invasive
surgery
Use of transverse
incisions (abdominal)
No NG tube
(bowel surgery)
Use of regional/LA
with sedation
Epidural management
(inc thoracic)
Optimise fluid
management
technologies to deliver
individualised goal
directed fluid therapy

SDM
POSTOPERATIVE

SDM
POST
DISCHARGE
CARE

Discharge when criteria met
Therapy support (stoma, physio)
24 hour telephone follow up

Figure 61.2 ER pathway for colorectal surgery. CHO, carbohydrate; LA, local anaesthetic; NG, nasogastric; SDM, shared decision-making.
Figure reproduced with thanks to NHSIQ.

Surgical considerations
Once viewed as mandatory, bowel preparation is now recognized
as being often unnecessary, as well as being unpleasant, dehydrating, and predisposing to postoperative ileus. Laparoscopic surgery
and small incision surgery are key factors in reducing length of
stay. In addition, the use of various indwelling tubes has declined.
Nasogastric tubes, also previously considered obligatory for
patients undergoing colorectal surgery, are not only unnecessary,
but also may increase pulmonary complications and slow GI motility. Abdominal drains are now also often regarded as unnecessary
and prevent mobilization, while urinary catheters are generally
removed after only 1 or 2 days.

Other considerations
Patients should receive appropriate antibiotics 30–60 min before
surgery. Measures to prevent VTE perioperatively include the use

of compression stockings, intermittent pneumatic calf compression
during surgery, and low-molecular-weight heparin. Postoperatively,
early enteral nutrition is strongly advocated, and there is some evidence to support giving nutritional supplements, such as arginine,
glutamine, omega-3 fatty acids, and nucleotides. In addition, early
mobilization and good glycaemic control are important. Finally,
regular audit to examine compliance and results are key to the success of an ER programme. This whole area has recently been the
subject of a detailed review (Feldheiser et al. 2015).
While many of the principles of ER have been practised in isolation, the concept of a structured pathway is seen as key to its success. It is desirable to include all the steps, although clearly some
are more important than others, with oral carbohydrate loading
and attention to fluid management described as the most important factors (Gustafsson et al. 2011). In addition, not all centres
have the expertise to offer laparoscopic surgery, but ER patients
still derive benefit from receiving ER programmes within open
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surgery compared with traditional care (Vlug et al. 2011). Finally,
ER has been applied not only to colorectal surgery but has also been
adopted in other areas of GI surgery. For example, in liver resections, an ER programme led to fewer medical complications and
reduced length of stay (Jones et al. 2013).
As enthusiasm for ER grows, some of its principles have been
applied to the emergency patient too. In addition, there is currently
some interest in applying it to medical and other surgical patients.
However, ER should not only be seen as reducing length of stay. The
incidence of complications is reduced, and as mentioned previously,
this has an effect not only on short-term morbidity and mortality,
but also on long-term mortality (Khuri et al. 2005). In addition,
there is now evidence that as patients recover more quickly they
may be suitable for any adjuvant treatment (e.g. chemotherapy or
radiotherapy) more quickly too, thus improving outcomes (Day
et al. 2014). There is thus growing interest in the prospect that ER
may play a part in improving survival (Fawcett et al. 2012).
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Anaesthesia for urological
surgery and for robotic
surgery in urology
and gynaecology
Suzanne Odeberg-Wernerman
and Margareta Mure
Introduction
Laparoscopic and robot-assisted laparoscopic surgical procedures
have gained widespread use in both urology and gynaecology.
Robotic instruments for surgical use have had, and continue to
have, a huge developing potential. In the 1990s, the use of robots
started with a voice-directed robotic arm holding the laparoscope.
This device was developed into a robot including three robotic
arms at the surgical table, controlled remotely from a console and
spectacles providing three-dimensional vision.
Today, the robotic system is directed by the surgeon, with controls on a remote console, which also contains a viewer, creating
a virtual three-dimensional stereoscopic image, with visual information being provided through an endoscope. A patient-side cart
holds the robotic arms, one with the camera and the others with
different instruments. The robotic instruments have a wrist-like
mechanism that enables intra-abdominal articulation, thereby providing seven degrees of freedom, compared with the four degrees
of freedom, plus the gripping function, of traditional laparoscopy.
Surgeons and patients increasingly favour robot-assisted operating techniques. Feasibility has been shown for a large number of
robot-assisted operations. Compared with the two-dimensional
view obtained in traditional laparoscopic procedures, the three-
dimensional vision of the surgical field is a significant advantage,
as are the more varied and precise movements of the instruments.
Disadvantages are the high cost, first for purchasing the robot, then
for disposable items, and the timely and costly training of surgeons
and nurses.
The effect on long-term survival and cancer control after laparoscopic and robot-assisted laparoscopic procedures for cancer surgery is unclear, as follow-up through randomized controlled trials
(RCT) is lacking. A recent meta-analysis has focused on positive
surgical margin as an indicator of oncological control after open
radical prostatectomy (ORP), laparoscopic radical prostatectomy
(LRP), and robot-assisted laparoscopic radical prostatectomy
(RALRP) (Tewari et al. 2012). They found that RALRP is equivalent
to ORP and LRP in terms of margin rates.

Data on complications during and after laparoscopic and robot-
assisted laparoscopic operations have been reported in single
cohort studies and controlled clinical trials. Complication data are
highly variable between series, and very few articles use a standardized method for complication reporting, such as the Clavien classification system (Dindo et al. 2004).
According to the above-mentioned meta-analysis (Tewari et al.
2012), complication rates for ileus, pulmonary embolism, myocardial infarction, and sepsis were not significantly different between the
three surgical groups (ORP, LRP, and RALRP). Mortality rates were
0.1% (ORP) and 0.04% for LRP and for RALRP (Tewari et al. 2012).
Protocolized outcome measures of postoperative pain, blood loss,
transfusion rates, discharge from hospital, etc. have not been compared. However, the general impression is that in conjunction with
laparoscopic and robot-assisted laparoscopic procedures, postoperative pain is less, as are blood loss and need of transfusion. The
patients are often discharged from hospital during the first or second postoperative day after robot-assisted prostatectomy. According
to the meta-analysis of Tewari et al. (2012), RALRP has the shortest
and ORP the longest length of stay in hospital, and ORP has the
highest estimated blood loss and transfusion rate. Conversion to
open surgery occurs in 0.7% (LRP) and 0.3% (RALRP).
Outcome data on sexual potency, urinary continence, and quality of life after robot-assisted laparoscopic prostatectomy and after
robot-assisted gynaecological procedures, compared with other
surgical approaches, are awaiting.

Overview of the pathophysiology
of laparoscopic and robot-assisted
laparoscopic surgery
Robot-assisted laparoscopic surgery produces a complex multifactorial pathophysiological response. In the clinical setting, it is
difficult or impossible to define the precise origin of the various
components of this response, but for didactic reasons the various
factors are discussed separately here. See also Chapter 61.
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Pneumoperitoneum with carbon dioxide
Carbon dioxide is commonly used to create a pneumoperitoneum.
Carbon dioxide induces an increase in heart rate, blood pressure,
and systemic vascular resistance, which is often seen immediately upon gas insufflation (Odeberg et al. 1994; Gannedahl et al.
1996). An elevated end-tidal CO2 and Pa CO2 is often seen, requiring
increased minute ventilation. In susceptible patients or in lengthy
procedures (or both), carbon dioxide retention and resulting acidosis can necessitate conversion to open surgery in rare cases.

Intra-abdominal pressure level
Most often, a pneumoperitoneum generating a pressure of
11–12 mm Hg or lower is required. Nevertheless, the circulatory
effects of increased intra-abdominal pressure, such as increased
blood pressure and systemic vascular resistance, and increased
filling pressures of the right and left heart (Odeberg et al. 1994;
Gannedahl et al. 1996; Andersson et al. 2003; Andersson et al.
2005b), are important. Inadvertent excessive abdominal pressure
compromises venous return, which can lead to reduced cardiac
output. Cardiac output is otherwise maintained in normovolaemic ASA I–II patients (Odeberg et al. 1994; Gannedahl et al. 1996;
Andersson et al. 1999; Lestar et al. 2011).
Respiratory compliance is decreased (Odeberg and Sollevi 1995;
Andersson et al. 2005a, 2005b), despite the use of positive end-
expiratory pressure (PEEP) (Meininger et al. 2005). The decreased
compliance often requires an increase in inspiratory pressure
or frequency (or both), and change from volume-controlled to
pressure-controlled ventilation, with or without adjustment of
inspiratory:expiratory relationships.

Trendelenburg position
During gynaecological and urological laparoscopic and robot-
assisted laparoscopic surgery, the Trendelenburg position is used to

create a good view of the surgical field. This causes further increases
of blood pressure and filling pressures of the heart (Odeberg et al.
1994; Gannedahl et al. 1996). Respiratory compliance is further
decreased by the Trendelenburg position (Andersson et al. 2005b;
Lestar et al. 2011). During robot-assisted urological surgery, the
Trendelenburg positioning can be profound, as steep as 30–45°.

Robot-assisted laparoscopic surgery
Please see Figures 62.1 and 62.2.

Effects on haemodynamics and cardiac performance
The heart rate is initially unchanged (Meininger et al. 2002, 2004,
2005, 2006, 2008; Lestar et al. 2011), but after 2–4 h of surgery, an
increased heart rate has been demonstrated (Meininger et al. 2002,
2004, 2005, 2006, 2008). During surgery, increased blood pressure is common (Meininger et al. 2002, 2004, 2005, 2006, 2008;
D’Alonzo et al. 2009; Lestar et al. 2011), but hypotension can also
occur (D’Alonzo et al. 2009). It is often difficult to identify the cause
of hypotension and to judge whether it is caused by hypo-or hypervolaemia/overfilling, or myocardial dysfunction, or both.
With 20° head-
down tilt, right-
sided filling pressures are
increased 1.5-fold during robot-assisted laparoscopic surgery
(Meininger et al. 2006, 2008). Two-fold increases in left-sided filling pressures and three-fold increases in right-sided filling pressures have been demonstrated during robot-assisted laparoscopic
surgery with 45° head-down tilt (Lestar et al. 2011). In this situation, pulmonary capillary wedge pressure (PCWP) was at a level
seen during heart failure (Nieminen et al. 2005). However, echocardiography has revealed unchanged end-diastolic and end-systolic
diameters (Lestar et al. 2011). Pulmonary hypertension (European
Study Group on Heart Failure 1998) with right-sided filling pressures more than double compared with the usual situation during
anaesthesia emphasizes the effects on right ventricular function.

Figure 62.1 Robot-assisted laparoscopic radical prostatectomy procedure: sitting at the remote control to the right, the principal surgeon directs the instruments by
tele-manipulation.
With thanks to Allan Larsen and the Department of Medicial Photography, Karolinska University Hospital. Reproduced with permission.
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Figure 62.2 At the operating table, an assisting surgeon monitors and changes the instruments attached to the numbered robotic arms. The operation field is visualized
on the screen.
With thanks to Allan Larsen and the Department of Medicial Photography, Karolinska University Hospital. Reproduced with permission.

Elevation of right-sided stroke work index by 65% and a less pronounced increase in left-sided stroke work index has been seen
(Lestar et al. 2011).
During RALRP, unchanged intraventricular relaxation time and
deceleration time has been shown, indicating unchanged diastolic
function (Lestar et al. 2011). In contrast, during laparoscopic hysterectomy in the Trendelenburg position, diastolic dysfunction
was indicated by increased deceleration time and intraventricular
relaxation time in ASA I women with a mean age of 40 years (Russo
et al. 2009). An altered relation between the early filling phase of
the left atrium and the left atrial contraction time and increased
early filling velocity has been shown in the Trendelenburg position
(Lestar et al. 2011).
Despite these alterations, cardiac output has been shown to be
maintained (Falabella et al. 2007; Choi et al. 2008; Meininger et al.
2008; Lestar et al. 2011). Cardiac output in this situation has been
studied by different techniques, such as PiCCO (Meininger et al.
2008), transoesophageal Doppler measurements (Falabella et al.
2007), arterial pressure-based cardiac output (Choi et al. 2008), and
bolus thermodilution technique (Lestar et al. 2011). Supporting the
finding of unchanged cardiac output, mixed venous oxygen tension
was also unaffected by RALRP (Lestar et al. 2011).
The pathophysiology during pneumoperitoneum and steep
Trendelenburg positioning and the complex interaction between
intra-abdominal and intrathoracic pressures and blood volume,
cardiac filling pressures, intracardiac volumes, and ventilator pressures in the restricted space of the thoracic cavity are not yet fully
understood or even characterized. It has been questioned whether
the increased filling pressures during pneumoperitoneum and steep
Trendelenburg position are of clinical relevance. Investigations
in ASA I–II patients indicate that cardiac performance is maintained (Meininger et al. 2008; Lestar et al. 2011) despite significant

increases in left ventricular filling pressures (Lestar et al. 2011).
However, the increases in filling pressures may not correspond to
transmural pressure increases but reflect the increase in intrathoracic pressure. It may also be that patients having sufficient cardiac
reserve to permit an increase in myocardial contractility can compensate for increased pressure work during pneumoperitoneum
and steep Trendelenburg positioning.
After release of the pneumoperitoneum and return to the supine
position, a period with a hyperdynamic circulatory pattern with
increased heart rate and cardiac index/cardiac output has been seen
(Meininger et al. 2005, 2006, 2008; Lestar et al. 2011).
The circulatory pattern during laparoscopic robot-assisted urological surgery has not been systematically investigated in patients
with cardiac disease. However, the substantial increases in pre-load
and stroke work index may represent a risk for developing heart
failure during the intervention.

Effects on respiratory physiology
Carbon dioxide pneumoperitoneum causes an increase in end-tidal
CO2 and Pa CO2 , which can usually be prevented by increased ventilation, preferably first by increasing respiratory frequency, then by
increasing tidal volume. Airway pressure is increased, which per
se may require a slightly elevated inspiratory pressure. Respiratory
compliance is reduced, being halved during robot-assisted prostatectomy (Lestar et al. 2011). Pneumoperitoneum-associated cranial
displacement of the diaphragm, compression of basal lung zones,
and atelectasis formation has been demonstrated (Andersson et al.
2005a). In spite of this, a reduced fraction of true shunt, unchanged
venous admixture, and a reduction of ventilation–perfusion mismatch have been shown during robot-assisted laparoscopic prostatectomy (Lestar et al. 2011). These findings have been demonstrated
previously during laparoscopic cholecystectomy (Odeberg et al.
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1995; Andersson et al. 2005b). It has also been demonstrated that
PEEP has a favourable effect on preserving arterial oxygenation
during prolonged pneumoperitoneum for RALRP (Meininger et al.
2005; Park H-P et al. 2009).

Effects on splanchnic circulation
When splanchnic blood flow was estimated by hepatic blood flow
measurements using the continuous infusion method, anaesthesia
induction lowered splanchnic blood flow significantly. However,
pneumoperitoneum with an intra-abdominal pressure level of
11–13 mm Hg and a duration of 1 h did not influence splanchnic blood flow. Splanchnic oxygen consumption, measured by the
Fick principle, was not affected during this time (Odeberg et al.
1998). There are reports of increased oxidative stress during prolonged pneumoperitoneum (Luo et al. 2011), possibly as a result of
compromised splanchnic microcirculatory flow (Arsalani-Zadeh
et al. 2011).

Effects on kidney function
Urinary output and glomerular filtration rate have been shown
to be decreased during pneumoperitoneum. After release of the
pneumoperitoneum, urinary output is increased. These effects have
been attributed to a pneumoperitoneum-induced increase of vasopressin release and to increased perirenal pressure (Ost et al. 2005).

Effects on central nervous system
Patients with cerebral aneurysms at risk of elevated intracranial
pressure (ICP) or with glaucoma should be selected with caution.
ICP is increased, as is intraocular pressure (Awad et al. 2009), during laparoscopic and robot-assisted laparoscopic procedures. There
are case reports of blindness as a result of ischaemic optic neuropathy after robot-assisted procedures in the Trendelenburg position
(Weber et al. 2007).
The clinical significance of the increased ICP is not clear. The
majority of patients seem to tolerate this well, but caution is warranted, especially in patients with known aneurysms or risk factors
for increased ICP. An experimental study in pigs has shown that
the combination of pneumoperitoneum and Trendelenburg position with 20° head-down tilt increased ICP by more than 50%. The
increase was immediate and linear when intra-abdominal pressure was 8 mm Hg or higher (Rosenthal et al. 1997). The cerebral
perfusion pressure during robot-assisted laparoscopic surgery in
the Trendelenburg position is influenced by the increase in mean
arterial pressure (MAP) and central venous pressure (CVP), altering cerebral perfusion pressure (CPP), where CPP = MAP − CVP
or CPP = MAP − ICP. The increased hydrostatic pressure during
Trendelenburg position increases cerebral oedema which can also
influence cerebral perfusion. Another factor of importance during
robot-assisted laparoscopic surgery in the Trendelenburg position
is the development of hypercarbia, which could influence cerebral
autoregulation. However, several studies (Choi et al. 2008; Kalmar
et al. 2012) indicate that cerebral autoregulation is intact during
sevoflurane anaesthesia for robot-assisted laparoscopic surgery
including a 30–40° Trendelenburg position for a time period of
2–3 h. Cerebral oxygenation, monitored by near-infrared spectroscopy, has been shown to be maintained in one study (Park EY et al.
2009) but reduced in another (Lee et al. 2006). In the latter study,
two patients who were hypercapnic (Pa CO2 > 6 kPa) had a regional
cerebral oxygen saturation below 50%: postoperatively, one of

them had a headache. This series included only healthy patients.
The influence of pneumoperitoneum and Trendelenburg position
on ICP, cerebral haemodynamics, and oxygenation in patients
with compromised central nervous system function remains to be
characterized.
Patients with high intraocular pressure are not suited for laparoscopic or robot-assisted procedures in the Trendelenburg position.
For glaucoma patients, consulting an ophthalmologist should be
considered preoperatively.

Overweight patients
In overweight patients during RALRP, arterial oxygenation was
lower and alveolar–arterial difference in oxygen tension was
increased under general anaesthesia in the Trendelenburg position compared with patients who were not overweight (Meininger
et al. 2006). In overweight patients, pneumoperitoneum transiently reduced the impairment of arterial oxygenation and led
to a decrease in alveolar–arterial difference in oxygen tension,
whereas haemodynamic variables were not affected by body weight
(Meininger et al. 2006).

Perioperative complications
Cardiovascular complications
Low blood pressure can occur as a result of cardiac failure caused
by increased intravascular pressure or systemic vascular resistance
(or both), hypovolaemia, decreased venous return, or pericardial
restriction with a steep Trendelenburg position.
High blood pressure can result from the pneumoperitoneum and
the Trendelenburg position per se but this may be difficult to distinguish from nociceptive responses. During RALRP, antihypertensive agents were used more often, whereas vasopressors were used
less often compared with ORP (D’Alonzo et al. 2009), indicating
increased intraoperative haemodynamic instability during RALRP.
The approach to blood pressure management will be governed by
patient co-morbidities and surgical requirements. The need for specific drugs to adjust blood pressure will depend on the anaesthetic
agents used where, for example, ultrashort-acting opioids can be
used for rapid adjustment of blood pressure.
Arrhythmias can be precipitated by high Pa CO2 levels. They can
also be a warning sign for cardiac failure or myocardial infarction.
Left heart failure, myocardial infarction and pulmonary oedema can
occur in patients with cardiac disease, supposedly when the combined effects of increased systemic vascular resistance, elevated filling
pressures, and disturbed diastolic function cannot be compensated
by increased cardiac contractility. During robot-assisted laparoscopic procedures in the steep Trendelenburg position (30–45°), the
mean pulmonary artery pressure will reach values seen in pulmonary
hypertension. There is a risk of right heart failure in this situation.
Circulatory complications may necessitate a return of the patient
to the supine position. However, this may not be sufficient to
restore the patient’s cardiac function. It should be remembered
that when the patient is connected to the robotic arms, postural
changes first require disconnection from the instruments. Medical
team training to manage acute emergency situations during robot-
assisted surgery by using a simulator can be useful. The time to the
start of chest compressions, removal of the robotic system, and first
defibrillation were significantly improved at the second simulation
(Huser et al. 2014).
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Ocular complications
Posterior ischaemic optic neuropathy leading to loss of vision has
been described after robotic prostatectomy (Weber et al. 2007).
In a prospective study during robotic prostatectomy with a pneumoperitoneum of 15 mm Hg, the duration of the procedure and
end-tidal CO2 were significant predictors of intraocular pressure
increase (Awad et al. 2009). During the intervention, the mean
intraocular pressure was 13 mm Hg greater than pre-induction
values. Patients reached intraocular pressure levels comparable to
glaucoma patients who have temporarily stopped their medication
and are placed in the Trendelenburg position.

Complications related to gas insufflation
Gas embolism is a rare complication, which can occur if carbon
dioxide is accidentally insufflated into the circulation or if carbon
dioxide diffuses into the circulation via open, bleeding venous
plexa. In the case of a significant embolus, the monitor will display
a decrease in blood pressure and absent end-tidal CO2 curve.
Significant hypercarbia and acidosis can occur during lengthy
exposure to pneumoperitoneum (several hours) (Hong et al. 2009).
In severe cases, conversion to open surgery is necessary, but this
is rare.
Subcutaneous emphysema is a common complication, which
occurs more often after pelvic operations, as they involve a retroperitoneal approach. As the retroperitoneal space has communications with the thorax and subcutaneous tissue, subcutaneous
emphysema can be significant and may even interfere with airway
patency. This should be considered before tracheal extubation (Lam
et al. 2009; Weingram et al. 2010).
Cystectomy is associated with hypothermia because of the duration of the operation and the insufflation of cold gas.

Complications related to position
Shoulder braces are used to prevent the patient from slipping during the Trendelenburg position. Swelling of the face and tongue is
common, and there are cases where patients required mechanical
ventilation postoperatively because of airway swelling (D’Alonzo
et al. 2009). Conjunctival oedema and hyperaemia of the face are
very common.
Reduced perfusion to the legs and compartment syndrome can
occur after operations involving lengthy pneumoperitoneum and
the Trendelenburg position. The pathophysiology is an ischaemic
insult followed by reperfusion, which can result in a compartment
syndrome necessitating fasciotomy. Myoglobinaemia should be
treated by forced diuresis. If compartment syndrome is suspected,
the pressure in the extremity should be monitored repeatedly and
fasciotomy should be performed if needed.
During the operation, the patient’s arms are placed at the sides
of the body so as not to restrict the surgical access. Particular care
must be taken in protecting pressure points. Extensions to the intravenous lines are needed to enable injections and infusions during
the operation. IV lines must be well secured and handled carefully
as they are difficult or impossible to replace during surgery.

Postoperative course
Monitoring of bleeding is essential in the early postoperative
period. There may be venous bleeding, noticeable only after a couple of hours. The patients have no surgical drains, so bleeding is not

visible and may be diagnosed too late unless the patient’s clinical
condition, blood pressure, and haemoglobin values are monitored
in an appropriate setting during the first postoperative hours.
The need for postoperative transfusion seems to be low and postoperative haematocrit values have been reported to be higher than for
open approaches (Tewari et al. 2012). However, outcome measures
such as transfusion rate, postoperative haemoglobin, and haematocrit values are subject to significant bias in the absence of protocolized comparisons including transfusion targets and fluid treatment.
The need for postoperative analgesics is lower than after open
surgery. Most patients do well with a dose of opioid at the end of
surgery and intermittent doses after that.
After robot-assisted laparoscopic cystectomy, patient-controlled
analgesia (PCA) can also be used. If needed, this can be combined
with other analgesics. Experience is accumulating that spinal
anaesthesia with morphine 0.1–0.4 mg decreases the need for other
postoperative analgesics after robot-assisted laparoscopic cystectomy (authors’ unpublished data, n = 100).
Despite the circulatory changes observed during surgery,
patients are most often discharged early from hospital, the majority
on the day after surgery, for example, after robot-assisted prostatectomy and hysterectomy. However, after robot-assisted cystectomy,
patients stay approximately a week in hospital.

Preoperative evaluation
As the pathophysiological response to pneumoperitoneum and the
Trendelenburg position includes predominantly haemodynamic
disturbances, the focus during preoperative evaluation should be
on circulatory status and reserve. As mentioned previously, the
clinical significance of the complex cardiovascular response to
robot-assisted laparoscopic surgery in the Trendelenburg position
is still not clear. Nevertheless, patients with cardiac insufficiency,
ischaemic heart disease, valvular disease, or a combination of these,
should be selected with caution for robot-assisted laparoscopic surgery in the Trendelenburg position. In these compromised patients,
a thorough preoperative evaluation should be carried out, defining
the individual’s myocardial performance and myocardial motility
pattern by echocardiography and exercise testing. Patients with valvular disease require special preoperative attention, as valvular disease is often combined with heart failure, ischaemic heart disease,
or both. In some cases, laparoscopic robotic operations are feasible
with appropriate monitoring (see later).
In patients with severe stenosis of the aortic valve, robot-assisted
laparoscopic surgery in the Trendelenburg position is contraindicated, and other treatment options should be offered to these patients.
Patients with a patent foramen ovale (PFO) are at risk of a paradoxical embolism should a gas embolism occur. It is worth noting that
approximately 10% of the population have an unrecognized PFO.
Patients with restrictive pulmonary disease are not well suited
to laparoscopic or robot-assisted laparoscopic surgery because
of the marked decrease in respiratory compliance caused by the
pneumoperitoneum and the further decrease as a result of the
Trendelenburg position. Patients with severe restrictive pulmonary
disease should be offered other therapy.
Patients with cerebral aneurysms and with a risk of elevated ICP
or with glaucoma should be selected with caution. Both the surgeon and anaesthesiologist should evaluate ophthalmic concerns
during preoperative assessment and if necessary refer the patient to
an ophthalmologist. This is especially important should the patient
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have other co-morbidities such as hypertension, cardiac compromise, or diabetes mellitus. For glaucoma patients, it is important
that the patient stays on his/her medication.

Choice of anaesthesia for
robot-assisted surgery
General anaesthesia is required (Box 62.1). Induction can be performed with propofol or thiopental and maintenance with a volatile
anaesthetic, sevoflurane or desflurane. An alternative is total intravenous anaesthesia, but because of difficulty inspecting the intravenous catheter during the operation, a combination of intravenous
and inhalation anaesthesia is preferred. Neuromuscular block is
used for tracheal intubation and maintained during the operation
as required. Intraoperative analgesia with ultrashort-acting opioids
is preferred. This can also aid rapid adjustment of blood pressure.

Monitoring
During laparoscopic and robot-assisted laparoscopic surgery, in
addition to standard monitoring, an arterial line should be used for
monitoring of blood pressure and for arterial blood gas sampling.
In patients at risk of developing intraoperative heart failure or other
cardiac complications, transoesophageal echocardiography or cardiac output monitoring by minimally invasive techniques, or both,
should be performed. Body temperature should be monitored, as
there is a risk of hypothermia during long operations.

Laparoscopic and robot-assisted radical
prostatectomy
An increasing number of prostatectomies are performed using
robot assistance with a system that generates a three-dimensional
view of the operating field. This enables the surgeon to control the
instruments using remote tele-manipulation, while the surgical
assistant changes the instruments. With the patient in the horizontal position, a pneumoperitoneum is created by insufflation of
carbon dioxide. The intra-abdominal pressure is monitored continuously and maintained at 11–12 mm Hg. During surgery, the
patients are positioned in an extreme Trendelenburg position (up
to 45° head-down tilt). After removal of the prostate gland, the
urethra is reconnected to the urinary bladder over an indwelling
urinary catheter. The advantage of the minimally invasive robot-
assisted technique is that the majority of patients can leave the hospital the day after the operation.

Laparoscopic and robot-assisted
radical cystectomy
Robot-assisted cystectomy has a growing role in the management
of bladder cancer that has invaded the bladder muscle. Minimally
invasive radical cystectomy techniques for the treatment of bladder
cancer are being increasingly applied and offer potential benefits
in terms of reduced blood loss and decreased transfusion rates,
reduced analgesic requirements, and shorter hospital stay, whilst
striving to provide similar oncological outcomes as open radical
cystectomy (Cha et al. 2011; Challacombe et al. 2011).
Bleeding can be extensive during the procedure because of the
proximity of the bladder to a large venous plexus.

Box 62.1 Summary of authors’ approach to anaesthesia for
laparoscopic and robotic major urological and gynaecological
procedures
◆
◆

◆

◆

Heating mattress or blanket
General anaesthesia. Induction with propofol/thiopental and
maintenance with a volatile anaesthetic (sevoflurane/desflurane) or with total intravenous anaesthesia
Intraoperative analgesia with infusion of remifentanil or intermittent fentanyl
Neuromuscular block for tracheal intubation and during the
operation as needed

◆

Antibiotics according to local protocols

◆

Large-bore intravenous access is recommended

◆

Arterial catheter for monitoring of the arterial blood pressure
and measurement of arterial blood gases

◆

Cardiac output monitoring in compromised patients

◆

PEEP 5–15 cm H2O to minimize atelectasis

◆

Postoperative analgesia with morphine or ketobemidone

◆

Antithrombotic therapy.

Laparoscopic and robot-assisted
nephrectomy
Laparoscopic living donor nephrectomy is an attractive surgical
procedure (Ungbhakorn et al. 2012). Although the duration of
the procedure and the warm ischaemic time were longer and the
cost was higher than for open nephrectomy, there was less blood
loss and lower pain scores. Robot-assisted partial nephrectomy
is a minimally invasive option for patients undergoing nephron-
sparing surgery. Kidney-sparing approaches have become the ‘gold
standard’ for management of small renal tumours and have equivalent oncological outcomes to radical nephrectomy (Sukumar and
Rogers 2011). Robot-assisted partial nephrectomy has emerged
as a feasible alternative to other minimally invasive approaches. It
has been used in patients with bilateral renal tumours. Anomalies
in the kidney can also be corrected with these minimally invasive
techniques.

Laparoscopic and robot-assisted
gynaecological surgery
Advanced laparoscopic procedures are increasingly being used as
an alternative to laparotomy in gynaecological surgery (Smith et al.
2009; Weinberg et al. 2011). In general and reproductive gynaecology, the robot is being used for procedures such as hysterectomies,
myomectomies, adnexal surgery, and tubal anastomosis.
Lower overall hospitalization costs have been reported for robot-
assisted surgery for endometrial cancer compared with open
surgery as a result of the reduced length of stay and fewer complications (Bell et al. 2008). However, there is a lack of randomized controlled trials comparing robot-assisted gynaecological surgery to
laparoscopic surgery or open surgery (or both) regarding primary
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outcome measures (survival) and complication rates, length of hospitalization, quality of life, costs, and so on. In a Cochrane review,
it was concluded that there was no evidence from randomized controlled trials to support the use of robot-assisted gynaecological
surgery for the treatment of gynaecological cancer (Lu et al. 2012).
In another Cochrane review of surgery for benign gynaecological conditions (Liu et al. 2012), two randomized controlled trials
comparing robot-assisted and laparoscopic surgery were identified
(Sarlos et al. 2010; Paraiso et al. 2011) but these showed no benefits
of robotic surgery.
The development of robotic technology has facilitated the application of minimally invasive techniques for the treatment and evaluation of patients with early, advanced, and recurrent cervical cancer
(Magrina and Zanagnolo 2008). For early cervical cancer, radical
parametrectomy and fertility-preserving trachelectomy have been
performed using robotic technology and been shown to be feasible,
safe, and easier to perform compared with laparoscopy for technically challenging operations performed to treat primary, early or
advanced, and recurrent cervical cancer (Magrina et al. 2008).

The shockwaves build to sufficient strength only at the target,
where they generate enough force to fragment a stone (Wein and
Kavoussi 2011).
ESWL represents the initial treatment modality in approximately
90% of patients with urinary tract stones, and is done predominantly
on an outpatient basis. Nearly 6% of patients experience an inadequate
ESWL result, and may require endourological or operative stone
removal. Pregnancy and the presence of coagulopathy are contraindications to ESWL. Patients with large calculi or with distal ureteral
stricture or obstruction may not be candidates for ESWL monotherapy. Patients with calcium oxalate monohydrate, calcium phosphate,
or cystine calculi, which are resistant to fracture with ESWL, may
require alternative techniques. Percutaneous nephrolithectomy alone
or with ESWL and open surgical intervention remain alternative
treatment options for these patients (Gravenstein 2000).

Anaesthesia

Cystoscopy and ureteroscopy are performed to diagnose and treat
lesions of the lower (urethra, prostate, bladder) and upper (ureter,
kidney) urinary tract, respectively. Heated irrigation fluids are used
to improve visualization and to remove blood, tissue, and stone
fragments. Warm saline is used for cystoscopy.
Depending on the patient and the procedure, anaesthesia can
range from topical to regional or general anaesthesia. Placement
of a rigid cystoscope (particularly in males) and distension of the
bladder and ureters can be painful. When regional anaesthesia is
used, block to the level of the sixth thoracic dermatome (T6) is
required for upper urinary tract instrumentation, whereas block to
T10 is sufficient for lower urinary tract procedures. Spinal anaesthesia is commonly used for example with bupivacaine in doses of
5–15 mg with or without an opioid such as sufentanil 5 μg or fentanyl 10 mcg. Intravenous conscious sedation can be added.
Laser lithotripsy is used for kidney and ureteral stones that are
not amenable to extracorporeal shock wave lithotripsy (ESWL).
The laser beam is reflective so the user, other personnel, and the
patient should wear protective eyeglasses. The smoke must also
be evacuated. Stones in the kidney and ureter can be treated with
a transurethral technique. If the stones are in the kidney, general
anaesthesia is frequently used, with tracheal intubation and neuromuscular block to avoid patient movement. In patients with severe
co-morbidity, spinal or epidural anaesthesia with or without an
indwelling catheter can be used.

The location of a stone influences the pain experienced; treatment
of stones in the upper caliceal system is more painful than treatment of middle and lower caliceal stones. Furthermore, increased
applied voltage, pressure, and energy density at the skin entry point
and in the traversed tissues also heightens pain (Gravenstein 2000).
Adequate pain control can generally be achieved with intravenous
short-acting opioids such as remifentanil or alfentanil with additional sedation using midazolam or propofol.
Another approach to minimize anaesthesia requirements during ESWL has been the use of topical agents. A eutectic mixture
of lidocaine and prilocaine has been shown to significantly reduce
anaesthesia requirements during ESWL (Basar et al. 2003; Yilmaz
et al. 2005). The topical anaesthetic agent should be applied at least
45 min before ESWL. The combination of topical agents and short-
acting intravenous agents is likely to shorten recovery times.
Not all patients are well served by treatment with a low-energy
ESWL technique, and therefore a variety of factors need to be considered in choosing the preferred approach for ESWL. Delivery of
higher levels of shockwave energy will increase anaesthesia requirements (Wein and Kavoussi 2011). These procedures can be tolerated
only under regional or general anaesthesia. Hyperbaric bupivacaine,
administered as a continuous spinal infusion, has been shown to
be effective for ESWL, with little hypotension (Gravenstein 2000).
Epidural opioids alone (e.g. alfentanil, fentanyl, sufentanil) may be
effective in providing comfort during ESWL.
Thin patients have more pain during ESWL because the converging shockwave is more concentrated at the point of skin penetration. Paediatric patients, who often require repeated treatments,
and extremely anxious individuals may be best served by general
anaesthesia.

Extracorporeal shockwave lithotripsy

Complications of ESWL

When kidney or ureteral stones are treated with ESWL, shockwaves
are generated from a source external to the patient’s body. The
energy source rapidly generates pulses of energy into a fluid environment, which results in a shockwave. These waves move faster
than the speed of sound. The stronger the initial shock, the faster
the shockwave moves. Although the shockwaves in the lithotripters
generate large pressures, they induce only slight compression and
deformation of tissue. The uniqueness of the shockwave lithotripter
is its ability to focus the shockwave. Relatively weak, non-intrusive
waves are generated externally and transmitted through the body.

◆

Cystoscopy and ureteroscopy

◆
◆

◆

Haematuria is very common and treated with hydration and
diuretics.
Renal contusion because of damage to renal vasculature.
Cardiac arrhythmias such as bradycardia, premature atrial contractions, and premature ventricular contractions.
Trauma to organs such as the liver and skeletal muscle, as evidenced by elevated concentrations of bilirubin, lactate dehydrogenase, serum aspartate transaminase, and creatine kinase within
24 h of treatment.
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Trauma to the intestine manifested as nausea, vomiting, or
bradycardia.

Late symptoms
◆

Neuromuscular disturbances (i.e. twitching, seizures)

◆

Pancreatitis.

◆

Visual disturbances

◆

Pneumothorax.

◆

Hypotension

Percutaneous nephrolithectomy

◆

Dyspnoea

Stones and tumours in the kidney can also be treated with a percutaneous technique. If the procedure is performed in a radiology department, epidural anaesthesia with an indwelling catheter
is often preferred. If the procedure is performed in the operating
theatre, it can be performed either under epidural or general anaesthesia. Some surgeons will prefer general anaesthesia with neuromuscular block and tracheal intubation, as it is very important that
the patient does not move during the procedure, especially if the
tumour or stone is in the kidney as this can cause major bleeding
or damage to the kidney. Some surgeons prefer that the patient is
placed in the prone position during the procedure.
Laser is often used and the laser beam is reflective so the user,
other personal and the patient should wear protective eyeglasses.
The smoke must also be evacuated.

◆

Cyanosis

◆

Myocardial ischaemia

◆

Renal tubular necrosis and decreased urinary output

◆

Cerebral oedema

◆

Coma

◆

Death.

Transurethral resection of the prostate
Patients with symptomatic benign hypertrophy of the prostate
gland with voiding difficulties or cancer are treated with transurethral resection of the prostate (TURP). During surgery, large venous
sinuses are opened, which allows irrigation solution to be absorbed.
If the gland is large (>60 g) and the resection time is prolonged,
the patient is at risk of excessive absorption of hypotonic bladder
irrigation fluid. When a monopolar cautery is used, non-electrolyte
solutions have to be used (Michielsen et al. 2010a). Glycine, sorbitol, and mannitol are non-conductive but intravascular absorption
can cause haemolysis and hyponatraemia.
Absorption of small amounts of fluid (1–2 litres) occurs in 5–10%
of patients undergoing TURP and results in an easily overlooked
mild TURP syndrome (Hahn 2006). When larger volumes of fluid
are absorbed, overt TURP syndrome can develop. This is a potentially fatal condition (Cury et al. 2008). Technological advances
using laser and bipolar cautery (Hawary et al. 2009; Michielsen
et al. 2010b) together with advances in training of the surgeon have
helped to minimize the risk of TURP syndrome. However, a high
index of suspicion and intensive monitoring is vital.

Early symptoms of TURP syndrome
◆

Blurred vision

◆

Confusion

◆

Nausea, vomiting, or both

◆

Disorientation

◆

Dizziness

◆

Headache

◆

Hypertension

◆

Bradycardia

◆

Lethargy

◆

Hyponatraemia (serum sodium < 125 mmol litre−1)

◆

Abdominal distension.

Treatment of TURP syndrome
◆

Fluid restriction

◆

Loop diuretics such as furosemide

◆

Hypertonic saline in patients with hyponatraemia.

When using a laser or bipolar resection technique with saline
irrigation, the risk of transurethral resection syndrome is much
less. A bipolar resection technique is associated with a reduction in blood loss and improvement of voiding (Fagerstrom et al.
2009, 2011).
Even though there is a declining trend in the incidence of TURP
syndrome, the risk still exists. To be able to monitor the patient’s
mental status during the operation and to detect the early symptoms of the TURP syndrome these patients are optimally anaesthetized using a regional technique: spinal anaesthesia, for example
with bupivacaine in doses of 7–15 mg with or without an opioid
such as sufentanil or fentanyl. General anaesthesia may be necessary in patients who have contraindications to regional anaesthesia,
or who refuse regional anaesthesia.
Another common complication of TURP is perforation of the
bladder. Most perforations are extraperitoneal. In a conscious
patient the symptoms are obvious. Observation of the patient’s vital
signs is therefore very important. Also, the wall of the bladder can
be perforated. In these cases, the patient will get pain in the upper
part of the abdomen (for symptoms see ‘Transurethral resection of
bladder tumour’).
In patients with an indwelling urinary catheter, there is an
increased risk of bacteraemia that might lead to sepsis. In these
cases, prophylactic antibiotics are used.
If the prostate gland is large, perioperative bleeding might be significant. The estimation of blood loss is difficult. The blood is mixed
with a large volume of irrigation fluid and it is extremely difficult to
quantify the bleeding.
Videos of the surgical procedure can be viewed at http://www.
youtube.com/watch?v=Njm1BtrEf1w&feature=related and http://
www.youtube.com/watch?v=Qn0Bo3GM4_w&feature=related.

Scrotal operations
Patients with torsion of the testis may require emergency reduction
and orchidopexy to prevent ischaemia. Testicular cancer is treated
with orchidectomy. These patients are often young and surgery is
performed under general anaesthesia.
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In patients with metastatic prostate cancer, bilateral orchidectomy is performed under spinal anaesthesia or under general
anaesthesia, depending on the patient’s general health.

Retroperitoneal lymph node dissection
In some types of testicular cancer, retroperitoneal lymph node
dissection (RPLND) is performed in addition to orchidectomy.
RPLND can be performed through an open abdominal approach
or laparoscopically. RPLND may make the patient infertile by damaging sympathetic nerve fibres involved in ejaculation. A unilateral
(ipsilateral to the tumour) nerve-sparing RPLND below the level of
the inferior mesenteric artery can minimize the risk of this complication. The patients are often young and otherwise healthy, with
anxiety about their prognosis often over-riding any concerns about
the impending procedure: general anaesthesia is recommended.
Regional anaesthesia for postoperative pain relief can be considered after open procedures.

Brachytherapy for prostate cancer
High-dose-rate (HDR) brachytherapy for cancer of the prostate gland is often performed under spinal anaesthesia giving
good intra-and postoperative pain relief (Clarke et al. 2009).
Brachytherapy requires a dedicated facility which is often separate
from the operating theatre department. Patients with prostate cancer have a high incidence of cardiovascular and respiratory disease.
They are often treated under spinal anaesthesia, for example with
bupivacaine in doses of 10–15 mg with or without an opioid such
as sufentanil or fentanyl, but general anaesthesia with or without
tracheal intubation is an alternative.

Open radical prostatectomy
Open radical prostatectomy may be indicated in patients with
prostate cancer or benign prostatic hyperplasia. Perioperative
blood loss and postoperative pain need to be actively managed.
General endotracheal anaesthesia combined with regional analgesia is associated with reduced blood pressure and significantly less
blood loss compared with general anaesthesia alone (Tikuisis et al.
2009) and a reduced risk of clinical cancer progression (Biki et al.
2008; Wuethrich et al. 2010). The regional anaesthetic component
may be provided using an epidural catheter technique or using spinal anaesthesia with a mixture of local anaesthetic and morphine,
for example with bupivacaine in doses of 7–15 mg and morphine
0.2–0.4 mg.
Videos of the surgical procedure can be viewed at http://www.
youtube.com/w atch?v=FU6v_m 9SFG4&feature=related and
http://  w ww.youtube.com/ w atch?v=QvHpHEYCA10&feature=
related.

Incontinence
The increasing number of radical prostatectomies has resulted in
increasing numbers of patients suffering from postoperative stress
incontinence. This has a major impact on the quality of life of these
patients. Some 2–5% of patients with incontinence after radical
prostatectomy have persistent incontinence a year after surgery,
despite conservative measures. For these patients, one of several
surgical options is recommended (Bauer et al. 2009):

AdVance sling
The functional retro-urethral sling (AdVance sling) is a non-
obstructive, functional therapeutic approach (Bauer et al. 2009).
The sling lifts the supporting structures of the urethral sphincter to
regain their anatomical position. Surgery is often performed under
general anaesthesia but spinal anaesthesia is an alternative when
there are relative contraindications to general anaesthesia.

Pro-ACT system
The proACT system is an adjustable physical device (Bauer et al.
2009). Two balloons are placed bilaterally at the bladder neck.
Titanium ports are placed in the scrotum for volume adjustment.
Surgery is often performed under general anaesthesia but spinal
anaesthesia is again an option. Postoperative readjustment can be
performed under local anaesthesia.

Artificial urinary sphincter
The artificial urinary sphincter (AS-800) is the gold standard for
the surgical treatment of male incontinence (Bauer et al. 2009).
Complications include a high rate of infection and a high occlusion
pressure on the urethra with a risk of urethral atrophy. Surgery is
often performed under general anaesthesia but spinal anaesthesia
is an option.

Transurethral resection of bladder tumour
Patients with superficial tumours of the bladder are treated with
transurethral resection. This treatment may cure the patient but in
some patients the tumour will recur and may require regular transurethral resection of bladder tumour for the rest of the patient’s
life. Most patients are elderly and therefore have a high incidence of
cardiovascular and respiratory disease.
Perforation of the bladder is a severe complication that is likely
to be recognized earlier in a conscious patient (see Box 62.2 for a
list of symptoms).
Spinal anaesthesia is therefore a good option using, for example,
bupivacaine 5–15 mg with or without an opioid such as sufentanil
5 μg or fentanyl 10 μg. Patient anxiety can be managed using intravenous conscious sedation. If spinal anaesthesia is contraindicated
or refused by the patient, general anaesthesia using a facemask or
laryngeal mask may be used.
If the tumour is close to the lateral bladder wall, the obturator
nerve can be stimulated during the resection, leading to involuntary

Box 62.2 Symptoms of bladder perforation
◆

Abdominal pain

◆

Shoulder pain

◆

Hiccups

◆

Bradycardia

◆

Hypotension

◆

Nausea

◆

Restlessness

◆

Dyspnoea.
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leg movements with a risk of perforation of the bladder. The risk of
activating the obturator jerk reflex may be reduced by using general
anaesthesia with neuromuscular block. An alternative is to block the
obturator nerve with local anaesthetic (Kuo 2008 and Chapter 55).
A video of obturator nerve block can be viewed at http://www.
youtube.com/watch?NR=1&v=oynJgzUjTb0&feature=endscreen.
A video of the surgical procedure can be viewed at http://www.
youtube.com/watch?v=TuRoPGmR0io.

Open radical cystectomy
Radical cystectomy with pelvic lymph node dissection remains
the standard treatment for patients with cancer invading the
bladder muscle (Melnyk et al. 2011). Patients undergoing radical cystectomy are usually more than 60 years of age and often
present late in the disease process. In addition, surgery is frequently prolonged involving cystoprostectomy (males), and cystectomy with hysterectomy and bilateral salpingo-oophorectomy
(females), followed by bilateral pelvic lymph node dissection. The
surgical procedure is completed with formation of an ileal conduit or orthotopic bladder reconstruction. Morbidity and mortality in these patients are associated with co-morbidities such
as ischaemic heart disease, hypertension, and renal failure, and
smoking history, gender, and age. The high postoperative mortality is linked to the functional status of the patient with an average
60-day mortality of 6% increasing to 11% in patients older than
65 years (Pillai et al. 2011).
Despite improvements in surgical techniques, preoperative preparation, and perioperative care, radical cystectomy is still associated
with significant morbidity and mortality. The incidence of perioperative complications has been reported as 27% with a mortality of 0.8% (Novotny et al. 2007; Stimson et al. 2010). The most
frequent complications are ileus, wound dehiscence, deep venous
thrombosis, and pelvic lymphocoele. Major complications include
bleeding, which can necessitate surgical re-exploration, myocardial
infarction, stroke, respiratory failure, pulmonary embolus, bowel
leak, urinary leak, sepsis, wound dehiscence, bowel obstruction,
and death.
Enhanced recovery after surgery (ERAS) protocols, are multimodal perioperative care pathways designed to achieve early recovery after surgical procedures by maintaining preoperative organ
function and reducing the profound stress response after surgery
(Kehlet 1997; Melnyk et al. 2011) (see also Chapter 61). The key
elements of ERAS protocols include preoperative counselling,
optimization of nutrition, standardized analgesic and anaesthetic
regimens, and early mobilization. For radical cystectomy, early
postoperative provision of artificial nutrients (enteral and parenteral) has shown beneficial effects, with a return of bowel movements within a median of 2 days, and reinstitution of regular diet
by a median of 4 days (Maffezzini et al. 2008). Multimodal perioperative management combining thoracic epidural analgesia,
forced mobilization, and oral nutrition improved convalescence
after major urological procedures, including radical cystectomy
(Brodner et al. 2001).
Reconstructive surgery, without cystectomy, is performed in
patients with bladder pain syndrome/interstitial cystitis. The
decision to embark on this major reconstructive surgery should
be preceded by a thorough preoperative evaluation (Rossberger
et al. 2007).

Anaesthesia
The bladder is close to a large venous plexus and bleeding can be
extensive during the operation. The combination of general and
epidural anaesthesia is associated with reduced blood loss (Ladjevic
et al. 2007) and with better postoperative analgesia without increased
complications (Ozyuvaci et al. 2005). The afferent nerves sensation
of stretch and fullness of the bladder are parasympathetic, whereas
pain, touch, and temperature sensation are carried by sympathetic
nerves. Sympathetic nerves to the bladder and urethra originate from
the 11th thoracic to the second lumbar segments. Parasympathetic
nerves arise from the second to fourth sacral segments and are the
main motor supply to the bladder and far outnumber sympathetic
fibres in the bladder. Effective epidural analgesia can therefore be
provided by a catheter sited in the lower thoracic region.
The combination of general anaesthesia, epidural anaesthesia,
potential for large blood loss, and a prolonged procedure in elderly
patients with cardiovascular compromise necessitates advanced
monitoring. An arterial catheter for continuous blood pressure
measurement and a means of monitoring cardiac output using a
dynamic non-invasive system are recommended. Vasoconstrictor
therapy may be required to counteract excessive vasodilation.
Perioperative fluid optimization has been associated with improvements in markers of postoperative outcome (Pillai et al. 2011).
For the authors’ approach to anaesthesia for open radical cystectomy, see Box 62.3. A video of the surgical procedure may be viewed at
http://www.youtube.com/watch?v=0nogrQQ10po&feature=related.

Nephrectomy
The kidneys have several functions, including excretion, regulation of electrolyte and water balance, maintenance of acid–base

Box 62.3 Authors’ approach to anaesthesia for open
radical cystectomy
◆
◆

◆

◆

◆

◆
◆

◆
◆

◆

Heating mattress or blanket
Thoracic epidural analgesia with indwelling catheter at T9–11
for intra-operative or postoperative pain relief, or both
General anaesthesia. Induction with propofol/thiopental and
maintenance with sevoflurane/desflurane or with total intravenous anaesthesia
Neuromuscular block for tracheal intubation and during the
operation as needed
Arterial catheter to monitor the arterial blood pressure and
arterial blood gases
Large-bore intravenous access
Noradrenaline if needed to counteract the vasodilator effect
from the general and epidural anaesthesia
Antibiotics according to local protocols
Postoperative analgesia with an epidural infusion of ropivacaine 2 mg ml−1 in combination with sufentanil 0.5 μg ml−1 at
an infusion rate of 4–10 ml h−1
Antithrombotic therapy.
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homeostasis, and regulation of blood pressure. The kidneys produce
hormones including calcitriol, erythropoietin, and renin. The kidneys are under the influence of antidiuretic hormone (ADH) and
atrial natriuretic peptide. Impaired renal function can range from
mild with no functional consequences to severe requiring dialysis.
The kidneys receive their blood supply through the renal arteries, which branch directly from the abdominal aorta. The kidneys
receive approximately 20% of the cardiac output and so bleeding
can be extensive during nephrectomy.
Cancer of the kidney is often treated with nephrectomy although
partial resection is used where possible (Nabi et al. 2010). About
10–20% of renal tumours extend into the renal vein and the inferior
vena cava (IVC) (Wagner et al. 2009). The tumour may partially
or fully occlude the IVC. These patients are at risk of acute pulmonary embolization from tumour fragments during surgery. The
full extent of the lesion must be defined preoperatively and further
treatment planned. In rare cases a vena cava filter can be inserted.
Renal operations and pyeloplasties may be conducted in a near-
full lateral position with some extension at the waist for a retroperitoneal approach or in the supine position with the affected side
slightly elevated for a transabdominal approach.

Box 62.4 Authors’ approach to anaesthesia for open nephrectomy
◆
◆

◆

◆

◆

◆
◆

◆
◆

Anaesthesia
The general principles of anaesthesia for open nephrectomy are
largely similar to those for open radical cystectomy although on
average, nephrectomy patients are younger and encompass a wide
range of ASA physical status. Again it is useful to combine epidural
with general anaesthesia to reduce blood loss and to optimize postoperative analgesia. Pain from the kidney and ureter is referred
mainly to the somatic distribution of the 10th thoracic to the second
lumbar segments. Effective neural block of these segments is necessary to provide adequate analgesia or anaesthesia. Sympathetic
pre-ganglionic nerves originate from the eighth thoracic to the first
lumbar spinal segments. From here, postganglionic fibres travel to
the kidney via the autonomic plexus surrounding the renal artery.
Parasympathetic fibres originate from the vagus nerve and travel
with the sympathetic fibres to the autonomic plexus along the renal
artery. It is interesting to note that the kidneys function well even
without this innervation as evidenced by the successful function of
transplanted kidneys (Wein and Kavoussi 2011).
For the authors’ approach to anaesthesia for open nephrectomy,
see Box 62.4.

◆

Autonomic dysreflexia
Autonomic dysreflexia is also known as autonomic hyperreflexia
and occurs most often in tetraplegic patients with a spinal cord
injury above T6. These patients will often need urological surgery
because of various voiding problems. Acute autonomic dysreflexia
is a reaction of the autonomic nervous system to stimulation. It
is associated with a sudden, uncontrolled sympathetic response,
triggered by stimuli below a spinal cord injury (see Box 62.5 for
clinical features). It is a potentially life-threatening condition which
can be considered a medical emergency requiring immediate attention. For example, a blocked urethral catheter can induce life-
threatening complications (Hagen et al. 2011). It can start to occur
after the initial phase of spinal shock has passed, when the spinal
reflexes return, and can occur throughout the patient’s lifespan. It is
believed that the afferent stimuli trigger and maintain an increase

Heating mattress or blanket
Thoracic epidural analgesia with indwelling catheter at T7–11
for intra-operative and/or postoperative pain relief
General anaesthesia. Induction with propofol/thiopental and
maintenance with sevoflurane/desflurane or with total intravenous anaesthesia
Neuromuscular block for tracheal intubation and during the
operation as needed
Arterial catheter to monitor the arterial blood pressure and
arterial blood gases
Large-bore intravenous access
Noradrenaline if needed to counteract the vasodilator effect
from the general and epidural anaesthesia
Antibiotics according to local protocols
Postoperative analgesia with an epidural infusion of ropivacaine 2 mg ml−1 in combination with sufentanil 0.5 μg ml−1 at
an infusion rate of 4–10 ml h−1
Antithrombotic therapy.

Box 62.5 Clinical features of autonomic dysreflexia
◆

Severe paroxysmal hypertension

◆

Severe pounding headache

◆

Profuse sweating

◆

Flushing of the skin above the level of lesion

◆

Goose bumps

◆

Apprehension and fear

◆

Nasal stuffiness

◆

Bradyarrhythmias

◆

Hypotension

◆

Cognitive impairment

◆

Cerebral haemorrhage

◆

Death.

in blood pressure via a sympathetically mediated vasoconstriction
in muscle, skin, and splanchnic vascular beds. The most common
causes are irritation of the bladder, bowel, or skin.
If the patient, when the bladder is full, experiences headache,
profuse sweating, and flushing, the patient is at risk of developing
severe autonomic dysreflexia during urological surgery. These procedures should then be performed under spinal anaesthesia with
careful observation. Some tetraplegic patients may wish to undergo
urological procedures without anaesthesia, but they will be at risk
of developing autonomic dysreflexia during cystoscopy or vesical
lithotripsy (Vaidyanathan et al. 2012a).
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Box 62.6 Treatment of autonomic dysreflexia
◆

Removal of the triggering stimuli

◆

Catheterization of the bladder

◆

Relief of a blocked urinary catheter

◆

Hypertension is treated with rapidly acting vasodilators

◆

Bradycardia is treated with anticholinergic drugs

◆

Autonomic dysreflexia is abolished temporarily by spinal
and epidural anaesthesia. General anaesthesia must be deep
enough to prevent reactions from taking place. The concentration of sevoflurane required to block autonomic hyperreflexia
is high (Yoo et al. 2008).

Treatment of autonomic dysreflexia (see Box 62.6) involves
immediate identification and removal of the triggering stimuli
(Vaidyanathan et al. 2012b) and administration of antihypertensives with short onset time such as nitrates, nifedipine, sodium
nitroprusside, hydralazine, clonidine, or propranolol (Rabchevsky
and Kitzman 2011). The rectum should be cleared of impacted
stool. If the noxious precipitating trigger cannot be identified, drug
treatment will be needed. Bradycardia is likely to be most profound
in patients younger than 50 years (Huang et al. 2011).
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CHAPTER 63

Anaesthesia for orthopaedic
and trauma surgery
Alex Sell, Paul Bhalla, and Sanjay Bajaj
Introduction
This chapter discusses surgery involving the skeletal system with
the exception of the skull: it considers the patient population, specifically the chronic diseases that require orthopaedic services; general principles of anaesthesia for orthopaedic and trauma surgery;
and then looks at specific surgical procedures and their anaesthetic
considerations.

The patient population
The general population is ageing, so it comes as no surprise that the
same is also true of the surgical population; along with this comes
these patients’ co-morbidities and polypharmacy. Although trauma
conjures up images of high-speed impacts, one of the most common injuries is a fractured neck of femur resulting from simple
slips, trips, and falls.

Rheumatoid arthritis
Rheumatoid arthritis affects between 1% and 3% of the population
worldwide, with a peak prevalence between 30 and 50 years of age.
Females are affected three times more frequently than males; other
risk factors include a family history. There is a very strong association with the human leucocyte antigen (HLA)-DR4 subtype but the
exact cause remains unidentified and is likely to be multifactorial.
Rheumatoid arthritis is a chronic symmetrical polyarthritis with
extra-articular organ involvement. The underlying pathology is
inflammatory infiltration of the synovium, causing a proliferation
of the synovium; this produces a pannus, which destroys the articular cartilage and subchondral bone. The typical manifestation is of
insidious onset of pain, stiffness, and swelling in the small joints
of the hands and feet; the pattern of joint involvement is typically
one of a proximal progression with involvement of wrists, ankles,
elbows, knees, shoulders, and cervical spine. Early features include
swelling of joints, which leads to limitation of movement and wasting of muscles around the affected joints. Later features are of joint
deformity, subluxation, and instability; this is the point at which
patients present to orthopaedic surgeons. See Table 63.1.
When a patient with rheumatoid arthritis presents for orthopaedic surgery, aside from the specific considerations of the surgery,
one has to take into account the other joints involved and how this
will affect the positioning of the patient. The joint that deserves
most attention is the atlantoaxial joint (Fig. 63.1). Problems with
this joint can lead to instability in approximately 25% of rheumatoid

Table 63.1 The extra-articular manifestations of rheumatoid arthritis
Systemic

Fever, fatigue, weight loss

Pulmonary

Pleural effusion, fibrosing alveolitis, rheumatoid nodules,
small airways disease, costochondral disease, rheumatoid
pneumoconiosis (Caplan’s syndrome)

Cardiac

Pericarditis, pericardial effusion, amyloid disease,
increased risk of ischaemic heart disease, diastolic heart
failure

Renal

Amyloid disease, analgesic nephropathy

Neurological

Atlantoaxial subluxation, carpal tunnel syndrome, cord
compression, polyneuropathy

Ocular

Secondary Sjögren’s syndrome, scleritis

Haematological

Anaemia of chronic disease, iron deficiency secondary
to NSAID-related gastrointestinal blood loss, haemolysis,
thrombocytosis, drug-induced myelosuppression

Reticuloendothelial Lymphadenopathy, Felty’s syndrome (rheumatoid
arthritis, splenomegaly, neutropenia)
Vascular

Vasculitis, leg ulcers, nail fold infarcts, gangrene of fingers
and toes

Hepatic

Fibrosis secondary to drug therapy, amyloid disease,
hypoalbuminaemia

patients and acute subluxation can result in compression of the
cervical cord and the vertebral arteries with resultant neurological
symptoms: in extreme cases, compression of the vertebral arteries
can result in death.
Two other joints that can be affected that are of importance to
anaesthetists are the temporomandibular and cricoarytenoid joints.
Temporomandibular joint involvement can lead to a limitation in
mouth opening, which can result in difficulty with direct laryngoscopy. Cricoarytenoid involvement is associated with dyspnoea,
hoarseness, or other changes in the character of the voice, while
stridor with airway obstruction may present during anaesthesia or
postoperatively.
Rheumatoid patients will also be taking multiple medications: those that provide symptom control, those that modify and
slow down disease progression, and also medications associated
with extra-articular manifestations. It is important to be aware of
the effects and side-effects of these medications.
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is physiotherapy to maintain posture and mobility as the disease-
modifying drugs used in rheumatoid arthritis do not alter the progression of the spinal disease: more recently, anti-tumour necrosis
factor (TNF) therapy has shown positive results in treating ankylosing spondylitis. The majority of patients will lead a normal life and
be able to remain at work. At the severe end of the spectrum, the
spine becomes completely fused; the fixed kyphosis of cervical and
thoracic spine leads to impaired ventilation; and the spine becomes
brittle and is at risk of fracture, which can cause cord compression.
It is for one of these complications that patients with ankylosing
spondylitis most commonly present for surgery. As indicated earlier, the patient’s posture will lead to difficult intubating conditions,
they will have restrictive lung disease, and, rarely, associated cardiac disease. They are also challenging to position on the operating
table due to the fused spine; in extreme cases, a preoperative visit
may involve assessment of patient positioning.

Figure 63.1 Flexion view (a) shows an 8.4 mm anterior translation of C1 in
relationship to the odontoid peg on flexion as compared with the extension
view (b).

Medication
This section is not an exhaustive account of drug therapies that
are commonly found when assessing orthopaedic patients, but it
concentrates on the medications taken by the patient populations
discussed in the previous section.

Osteoarthritis

Non-steroidal anti-inflammatory drugs

Osteoarthritis is a very common condition with approximately 50%
of the population over the age of 60 having radiographic changes,
although symptoms are present only in a proportion of these individuals. Females are twice as likely to be affected as males and
there is a lower prevalence in the black, compared with the white,
population. The underlying pathology is loss of articular cartilage,
with the exposed subchondral bone becoming sclerotic, leading to
increased vascularity and cyst formation. As the body attempts to
repair the defect in the cartilage, cartilaginous growths at the joint
margins become calcified to form osteophytes. The pathogenesis
of primary osteoarthritis is thought to involve the production of
metalloproteinases, which degrade collagen and proteoglycans.
Secondary osteoarthritis occurs in abnormal joints, and is either
congenital or traumatic.

Non-steroidal anti-inflammatory drugs (NSAIDs) are found
almost ubiquitously in patients presenting for orthopaedic surgery
unless they have suffered side-effects and are unable to take them
due to co-morbid disease or allergy. The mechanism of action is
that of non-selective reversible blockade of the cyclooxygenase
(COX) enzyme and this prevents production of prostaglandins
and thromboxanes from membrane phospholipids. Side-effects
include gastric irritation, which can lead to erosions and substantial gastrointestinal blood loss. NSAIDs will cause bronchospasm
in a significant minority of asthmatics; this is associated with
chronic rhinitis or nasal polyps. Prostaglandins PGE2 and PGI2
produced in the kidney are required for vasodilation of the renal
vasculature and maintaining the balance with renin, angiotensin,
and noradrenaline (norepinephrine). In circumstances where the
vasoconstrictor concentration is high and renal blood flow is low,
inhibition of the renal prostaglandins may lead to acute kidney
injury. Analgesic nephropathy is distinct from the acute kidney
injury seen with NSAIDs. The underlying cause is poorly understood but chronic use of NSAIDs is associated with renal papillary
necrosis leading to chronic interstitial nephritis and chronic renal
failure. Chronic NSAID use can also lead to hepatotoxicity with
an increase in serum transaminases; this can also be seen after a
short course used in the acute setting. While aspirin is now rarely
used for its analgesic properties, because it irreversibly binds to
COX and is most commonly used for its anti-platelet action, the
other non-selective NSAIDs were believed to be guilty by association; indeed, the majority of spinal surgeons at the authors’
institution ask for NSAIDs not to be prescribed in the immediate postoperative period. Recently it has become evident that
the pharmacology of NSAIDs is not as simple as this, probably
highlighted by the development of COX-2 blocking drugs. COX
exists in two forms, the constitutive form COX-1 and the inducible
form COX-2. It was believed that COX-2 was mainly responsible
for the production of inflammatory prostaglandins and COX-1

Ankylosing spondylitis
Ankylosing spondylitis is one of the seronegative spondyloarthritides, which describes a group of arthritides that affect the spine and
peripheral joints and are linked to HLA-B27. The synovitis is histologically similar to rheumatoid arthritis but is negative for production of rheumatoid factor and hence seronegative. The reason for
the association with HLA-B27 is unknown but these conditions do
tend to cluster in families. The other seronegative spondyloarthritides include psoriatic arthritis, reactive arthritis, and enteropathic
arthritis. Ankylosing spondylitis typically affects young adults with
increasing morning stiffness and pain in the lower back; although
it affects males as commonly as females the condition is often more
severe in males. In advanced cases, the patient will adopt a typical
posture with loss of lumbar lordosis, exaggerated thoracic kyphosis, and a compensatory hyperextension of the neck. They will also
develop fixed flexion of the hips and a compensatory flexion of
the knees. Extra-articular features include iritis in about 25% of
patients and, less commonly, apical lung fibrosis, aortic regurgitation, and cardiac conduction defects. The mainstay of treatment
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was directly involved in the production of prostaglandins necessary for renal blood flow and the gastric mucosal barrier. COX-2
is therefore an ideal target for pharmacological inhibition.
Unfortunately, patients were shown to have an increased risk of
myocardial infarction and stroke. This then led to non-selective
NSAIDs being investigated and a meta-analysis (Trelle et al.
2011) showed the only NSAID that did not appear to cause an
increase in relative risk for a cardiovascular event is naproxen. But
what must be remembered is that postoperative pain carries with
it its own morbidity and that alternative analgesics are not free of
side-effects or risk.

Corticosteroids
As a result of the serious nature of side-effects observed with long-
term corticosteroid therapy, it is less common to find patients on
high-dose steroids for inflammatory disease control; this is also as
a result of the development of newer biological therapies. Patients
who are taking prednisolone need to be assessed for hypothalamic–
pituitary axis suppression: those who are taking less than 10 mg
a day are presumed to have a normal hypothalamic–pituitary axis
and those who take 10 mg or more a day will require perioperative supplementation; the amount and duration is dependent on
the nature of surgery, and up-to-date guidance is found in the
British National Formulary. It is also worth remembering that the
hypothalamic–pituitary axis is presumed to be suppressed for up to
3 months on cessation of steroid therapy.

Disease-modifying antirheumatoid drugs
Unlike analgesics, which provide symptomatic treatment, disease-
modifying antirheumatoid drugs (DMARDs) target the underlying
disease and reduce the disease load. First-line treatment is methotrexate, an antimetabolite, which first gained popularity in cancer
chemotherapy. Methotrexate works by inhibiting dihydrofolate
reductase, an enzyme required in the pathway for purine synthesis.
Second-line DMARDs include hydroxychloroquine, leflunomide,
ciclosporin, azathioprine, sulfasalazine, anakinra, and gold salts.
While all of these have specific side-effects related to their mechanism of action, they are all capable of bone marrow suppression
and therefore patients are at increased risk of infection.

Biological agents
Biological agents are now commonly prescribed to patients whose
disease is resistant to DMARDs or in combination, there is also
increasing use with other inflammatory diseases such as ankylosing spondylitis and inflammatory bowel disease. First-line biological agents target TNFα; as with DMARDs, they increase the
risk of infection, particularly with opportunistic infections and
re-activation of tuberculosis. Perioperatively, the obvious question is do DMARDs or biological agents increase the risk of surgical site infection? Unfortunately the evidence is inconclusive.
Although a large retrospective observational study (den Broeder
et al. 2007) from the Netherlands showed that the continuation of
anti-TNF was not significantly associated with an increase in surgical site infection rates, it was an observational study and therefore
not powered to answer the question. In practice, this is a question
for the patient, the rheumatologist, and the surgeon looking after
the patient; while the surgical site infection rate may or may not be
increased, stopping therapy will put the patient at risk of a disease
flare-up.

anaesthesia for orthopaedic and trauma surgery

Surgical considerations
Positioning
Orthopaedic surgery involves many different positions to enable
optimal access: lateral for hip surgery; ‘beach chair’ for shoulder
surgery; and prone for posterior spinal surgery, and posterior access
to the leg. Compared with the supine position, the other positions
each carry extra potential risks that need to be balanced with the
need for surgical access. While many orthopaedic procedures can
be performed on conscious patients, for the purpose of this section
we will assume the patient is unconscious and therefore the positioning of the patient is wholly the responsibility of the anaesthetist and theatre team. An analysis of litigation against the National
Health Service in the United Kingdom over a 12-year period (Cook
et al. 2007) showed that patient position was responsible for 31
(4%) claims, the majority of which were as a result of neurapraxia.
This figure represents the number of claims, not the true incidence
of patient injury related to positioning on the operating table. All
positions create pressure areas and the risk of reduced tissue perfusion is dependent on the length of procedure and the underlying patient physiology and anatomy. Unfortunately we do not have
much influence on the time taken to perform surgery but anatomically we need to concentrate on padding of these pressure points
and physiologically maintaining adequate tissue perfusion.

Supine position
In all positions, care needs to be taken to prevent corneal dryness
by assuring that the eye is closed; this will also reduce the risk of
corneal abrasion. The supine position specifically puts the heel
at risk from pressure; this can be reduced by the use of ankle gel
pads that keep the heels off the operating table. The ulnar nerves
are also vulnerable as they run through the ulnar groove. They can
be damaged by direct pressure from the side of the operating table
and arm supports, or from stretch related to excessive flexion at the
elbow joint.

Lateral position
Care needs to be taken with excessive lateral positioning of the
neck, which can lead to stretch on the brachial plexus; as with all
positions, maintenance of a neutral neck position is paramount.
The dependant axillary neurovascular bundle needs to be assessed
and insertion of an appropriate axillary roll will reduce the compression. If the surgery does not involve frequent repositioning of
the non-dependant leg then padding will need to be put between
the legs. There is an exaggerated change in ventilation/perfusion
mismatch with the dependant lung receiving more blood compared
with the non-dependant lung but as a result of the position, the
dependant lung is compressed by the mediastinum and abdominal
contents, thus leading to reduced ventilation in comparison with
the non-dependant lung.

Prone position
This position carries the greatest risk of injuries that are directly
attributable to mal-positioning (Table 63.2). Again, the neck needs
to be kept in a neutral position. For cervical spinal surgery the use
of Mayfield pins inserted by the surgeon provides optimal access
and has been shown to reduce pressure-related injuries when compared with a horseshoe head rest. If turning the patient prone for
other procedures, there are many positioning aids for the face,
head, and neck; the aim of all of them is to avoid direct pressure
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Table 63.2 Complications of the prone position
Problem

Mechanism

Cardiovascular

Abdominal compression Decreased cardiac index
causing inferior vena
Increased bleeding at the
cava obstruction
surgical field

Respiratory

Increased functional
residual capacity
Ventilation/perfusion
changes
Tracheal tube
movement

Improved oxygenation

Arterial occlusion from
excessive neck rotation

Acute stroke

Central nervous system
injury

Resulting issue

Endobronchial intubation

Venous congestion from Spinal cord ischaemia
thoracic/abdominal
pressure
Peripheral nervous
system injury

Stretch or compression
of nerves

Brachial plexus injury
Ulnar nerve injury at the
olecranon
Peroneal nerve injury at
the fibula head
Lateral femoral
cutaneous nerve injury at
the iliac crest

Pressure injury

Excessive cutaneous
pressure
Peripheral vessel
occlusion
Compression of viscera
Excessive supraorbital
pressure

Skin necrosis

Trauma to cornea
Direct increase in
intraocular pressure
Increased venous
pressure causing
decreased retinal nerve
perfusion

Corneal abrasion

Ophthalmic injury

Distal ischaemia
Visceral ischaemia
Supraorbital nerve injury

Retinal ischaemia
Ischaemic optic
neuropathy

to the eye, orbit, nose, and lips, while maintaining a neutral positioning of the neck. Apart from neck surgery, where the arms will
be down by the sides, the arms will normally be brought up to
either side of the head simultaneously. Careful attention needs to
be paid to the axilla and pressure on the brachial plexus and the
ulnar nerve that again will be at risk of compression and stretch.
There are many types of surgical table available to improve surgical
access and support the body. The most common is the Montreal
mattress, which comes in different sizes. It is essential to get the
correct size for the patient, in order that the abdomen is free to
move with respiration—avoidance of abdominal pressure will
reduce pressure on the inferior vena cava. Increased inferior vena
cava pressure will lead to increased pressure in the venous epidural
plexus—this can have a significant effect on blood loss during spinal surgery. Careful attention needs to be paid to the pressure areas
created by whichever mattress, frame, or table that is used; the areas

most at risk are breasts, genitalia, knees, and the dorsum of the feet.
There have also been case reports of compartment syndrome of the
anterior compartment of the thigh as a result of excessive pressure
on the thigh secondary to mal-positioning for a long procedure.
A single-centre observational study (Chang and Miller 2005) of
14 102 spinal operations showed an incidence of 0.028% of ischaemic optic neuropathy. The cause is unclear as ischaemic optic
neuropathy is rarely associated with ischaemic injury of any other
organ. The anaesthetist’s role is to ensure there is no external pressure on the globe and maintain adequate tissue perfusion.

Beach-chair position
The beach-chair position is used for shoulder surgery and brachial
plexus surgery; the most serious risk is cerebral ischaemia as a
result of compromised perfusion pressure because of the elevation
of the head and attenuation of cerebral autoregulation while under
general anaesthesia. It has been demonstrated that the beach-chair
position is associated with episodes of cerebral desaturation when
compared with the lateral position (Murphy et al. 2010), which
may also be used for shoulder arthroscopy. Despite this, strokes
are a rare but devastating occurrence. While the obvious solution
would be to perform this type of surgery in the lateral position, the
authors’ experience is that the majority of shoulder surgeons prefer
the beach-chair position. Attention needs to be paid to the patient’s
blood pressure and also the alignment of the neck—not only does
the neck need to be placed in the neutral position but also care must
be taken to secure the head and neck, with regular checks under
the drapes to make sure the alignment has not been changed by
enthusiastic surgical manipulation of the arm and shoulder. When
setting up the operating table in a beach-chair position, it is essential that blood pressure is maintained and that the patient’s bottom
is at the lowest point of the beach chair to avoid further movement
of the patient during surgery.

Venous thromboembolism
When you consider that there were 25 000 deaths attributable
to venous thromboembolism (VTE) in the United Kingdom in
the period 2004–2005, VTE is an area of tremendous importance. Orthopaedic patients are at high risk as they often have
the combination of major surgery followed by extended periods
of immobility.
Surgical and trauma patients are considered to be at increased
risk either from the nature or duration of the procedure:
◆

◆
◆

Combined surgical and anaesthetic time of greater than 90
min or greater than 60 min if the surgery involves the pelvis or
lower limb
Expected significant reduction in mobility
Acute surgical admission with inflammatory or intra-abdominal
condition.

They are also at increased risk if they have any pre-admission risk
factors:
◆

Active cancer or treatment

◆

Over 60 years of age

◆

Admission to critical care

◆

BMI over 30 kg m−2

◆

Hormone replacement therapy
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◆
◆

Oestrogen-containing contraceptive device

Avoidance of hypothermia

Past medical history of VTE or a first-degree relative with a
history of VTE

National Institute for Health and Care Excellence (NICE) guidelines
(2008) define inadvertent hypothermia as a core temperature below
36°C; the normal temperature range is between 36.5°C and 37.5°C
and this is the optimum temperature range for homeostatic mechanisms. Hypothermia has been shown to increase the rate of surgical site infection, increase cardiac morbidity, and prolong clotting.
Therefore NICE guidance recommends the use of fluid warmers if
a volume greater than 500 ml of fluid is to be infused, and the use of
forced air warmers for any procedure with a combined surgical and
anaesthetic time of more than 30 min. They also recommend that
the theatre temperature should be at 21°C while the patient is being
exposed for surgery and any irrigation fluid should be warmed to a
temperature between 38°C and 40°C. Consideration should also be
given to preoperative warming of the patient. NICE recommends
that elective surgery is not carried out in a patient with a temperature below 36°C, but notes that further research is required to identify the optimal pre-anaesthetic temperature.

◆

Thrombophilia

◆

Significant medical co-morbidity

◆

Dehydration

◆

Varicose veins with phlebitis

◆

Pregnancy and up to 6 weeks postpartum.

The first line of treatment is to alter any risk factors, this includes
advising patients to stop hormone replacement therapy or
oestrogen-containing contraceptive devices 4 weeks before surgery.
Regional anaesthesia should be considered but this needs to be balanced against patient and anaesthetist preference; if used, timing of
pharmacological VTE prophylaxis needs to be planned.
Before prescribing pharmacological VTE prophylaxis, the individual patient needs to be assessed for bleeding risk:
◆

Active bleeding:
• Untreated genetic bleeding disorder
• Acquired bleeding disorder

◆

Acute stroke

◆

Thrombocytopenia

◆

Uncontrolled systolic hypertension

◆

anaesthesia for orthopaedic and trauma surgery

Neuraxial block insertion or removal of catheter within the next
12 h or performed within the previous 4 h.

Specific guidelines exist for several orthopaedic procedures
(National Institute for Health and Care Excellence 2010). For elective hip replacement, it is recommended to use mechanical VTE
prophylaxis from admission, using antiembolism stockings and
intermittent pneumatic compression devices. Provided there are
no contraindications, pharmacological VTE prophylaxis should be
started after surgery. Timing is dependent on the product manufacturer’s recommendation; for low-molecular-weight heparin this
is 6–12 h after surgery. Pharmacological VTE prophylaxis should
then be continued for 28–35 days postoperatively, depending on
local policy and the individual drug being used. Mechanical VTE
prophylaxis should be continued until the patient no longer has significantly reduced mobility.
Elective knee replacements have the same recommendations
as elective hip surgery, the only difference being that postoperative pharmacological VTE prophylaxis is used for 10–14 days.
Recommendations for hip fracture surgery are similar to elective
hip surgery, but the fact that immobility starts at the time of fracture requires the use of pharmacological prophylaxis from admission until 12 h before surgery. If surgery is to take place within
12 h of admission then pharmacological prophylaxis should be
started 6–12 h after surgery. The regimen for other orthopaedic
procedures will depend on an assessment of risk, and duration of
therapy will depend on postoperative mobility.
VTE prophylaxis for spinal surgery depends on the nature of surgery and the individual risk. Mechanical VTE prophylaxis should
be started on admission and pharmacological prophylaxis initiated when the spinal surgeon is satisfied that the risk of bleeding is
low because of the potential devastating consequences of bleeding
within the spinal canal.

Antibiotic prophylaxis
Antibiotic usage should be guided by microbiological advice; the
exact antibiotic will depend on the local pathogens, patient factors
and the surgical procedure.
Patient factors include drug allergies, bacterial colonization, and
deep-seated infection. Surgical factors include the nature of surgery
(diagnostic procedure, soft tissue surgery, or primary or revision
arthroplasty surgery), use of a tourniquet, and blood loss greater
than 1500 ml. All these factors need to be taken into account but for
a patient undergoing a straightforward primary arthroplasty, the
prophylactic antibiotic should be given less than 30 min before surgical incision with duration of therapy lasting no longer than 24 h.

Pneumatic tourniquet
Pneumatic tourniquets are used in distal limb surgery to provide
a relatively bloodless field. The advantages of using a tourniquet
are improved conditions for surgery and decreased blood loss at
the time of surgery. The disadvantages relate to pressure exerted
by the tourniquet and the reduction in blood supply to the limb.
Interestingly, the inflation pressure of the tourniquet appears to be
fixed in many surgeons’ minds, with an inflation pressure of 300 mm
Hg for the thigh and 250 mm Hg for the upper arm with a maximal
duration of 2 h; there is rarely any thought given to the patient’s preoperative or intraoperative blood pressure. Complications are rare
but include injuries related to direct pressure effects of the tourniquet or ischaemia. These include nerve injuries, muscle injury, skin
injury, and vascular injury. Nerve injury is believed to be secondary
to direct pressure; the nerves most commonly affected are the sciatic nerve in the thigh and the radial nerve in the upper arm. Muscle
injury results from ischaemia with a decrease in Po2 and an increase
Pco2 within muscle cells. As ATP stores are used up, the muscles
cells convert to anaerobic metabolism; this in turn increases lactate
and co2 production leading to intracellular acidosis. If tourniquet
duration exceeds 2 h, microvascular injury may occur, leading to
increased vascular permeability. The muscles directly underneath
the tourniquet exhibit fibre necrosis as a combination of ischaemia
and compression if tourniquet times exceed 2 h; as mentioned previously, 2 h is an arbitrary figure and it is possible that patients may
show these pathological changes with shorter tourniquet times.
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Skin damage can occur in a poorly applied tourniquet, either by
friction or by means of a chemical burn that occurs if a skin preparation that contains alcohol is applied in a manner that allows the
solution to run under the tourniquet and then is held there under
pressure. Vascular injury may occur as inadvertent damage is not
revealed until after release of the tourniquet: frequently this is after
skin closure and bandage application. Patients with peripheral
vascular disease often have calcified arteries that will not be easily compressed and are at risk of plaque rupture, causing a further
ischaemic assault that will not become apparent until the tourniquet is released. Patients with peripheral vascular disease will
already have poor blood flow to the limbs and therefore ischaemic
damage will occur at lower pressures of shorter duration and for
both these reasons peripheral vascular disease is a relative contraindication to tourniquet use. A tourniquet provides an increasingly
noxious stimulus over time and tourniquet pain may manifest in
the awake patient having surgery under regional anaesthesia even
though the block remains effective at the surgical site. In a patient
under general anaesthesia, the noxious stimulus of the tourniquet
will be reflected in increases in heart rate and blood pressure from
sympathetic discharge. The application and release of tourniquets
have a marked physiological effect as a result of the relative increase
and then decrease of the circulating volume. The relative decrease
in circulating volume that accompanies release of the tourniquet
is compounded by the re-perfusion of an ischaemic limb and the
release of ischaemic metabolites into the systemic circulation. This
combination can lead to a profound decrease in blood pressure and
an increase of up to 2.4 kPa in end-tidal carbon dioxide.

Blood conservation
This section discusses preoperative, intraoperative, and postoperative management and techniques that can be used to reduce the
rate of allogenic blood transfusion. The evidence against use of allogenic blood transfusion is mounting; not only is it expensive and a
limited resource, there are complications involved with transfusion,
both immunological and infective.

Preoperative management
The World Health Organization defines anaemia as a haemoglobin
concentration of less than 13 g dl−1 in men and less than 12 g dl−1
in women. Therefore the first measure that can be used to reduce
transfusion rates is to make sure elective surgical patients are not
already anaemic when they enter the anaesthetic room. An audit
(Kotze et al. 2012) showed that length of stay and re-admission rates
were both significantly reduced when blood transfusion rates were
reduced by preoperative optimization of haemoglobin concentrations, when compared with a retrospective audit. This strategy at
first seems straightforward but requires a pre-assessment service to
take a full blood count and haematinic studies; this service needs
to work in partnership with general practice to affect treatment.
A significant proportion of patients do not have a straightforward
iron deficiency anaemia and even those that do, may have an occult
malignancy that will need further investigation. Pre-assessment
will also identify those patients at increased risk of bleeding, either
as a result of drug therapy or a genetic or acquired bleeding disorder. A management plan can be decided with regard to stopping
medication if appropriate and discussion with a haematologist
about pre-optimization of bleeding disorders. Autologous blood
transfusion involves the patient’s own blood being re-transfused

back to them. In the preoperative period, autologous donation is
possible—this involves the patient’s own blood being collected preoperatively and then stored until it is required. This process will
make the patient anaemic; they can be treated with iron therapy
but some patients will not tolerate pre-donation. A large proportion
of pre-donated blood is not required and is therefore wasted; the
logistics and storage required for autologous blood means that it is
more expensive than allogenic blood.

Intraoperative management
Management during the intraoperative period includes techniques
to reduce red cell loss and also two techniques of autologous blood
transfusion. Red cell loss can be reduced by avoidance of hypertension, low central venous pressure, and maintenance of haemostasis both surgically and pharmacologically. Autologous strategies
include acute normovolaemic haemodilution and the use of cell
salvage. Acute normovolaemic haemodilution involves collection
of the patient’s blood in the anaesthetic room immediately before
surgery: volumes of 15–20 ml kg−1 are standard for this technique
with volume being replaced by crystalloid or colloid fluids. As a
result of this acute fluid shift and reduction in circulating volume,
some patients will be excluded by co-morbid cardiac disease. The
blood will be transfused at the end of surgery. Several meta-analyses
(Bryson et al. 1998; Segal et al. 2004) did not find a reduction in
rates of allogenic transfusion although they did find a reduction in
volume of allogenic blood transfused. Cell salvage involves collection of blood that is lost from the surgical field via a suction catheter, the blood is then collected and mixed with an anticoagulant
before being filtered, washed, and spun down before red cells are
re-transfused back to the patient. The obvious advantage is the
more blood that is lost from the surgical field, the more blood that
is salvaged and re-transfused. As the system is a virtual loop, some
patients who normally refuse blood transfusion will allow cell salvage. Cell salvage cannot be used for all operations, the exceptions
within the realm of orthopaedic surgery include exploration or
revision of an infected prosthesis and malignancy. Although now
accepted for some tumours, there have been no studies looking at
bone and soft tissue malignancy. Caution also needs to be exercised with revision arthroplasty as cement should be avoided and
this necessitates the use of a second suction system during cement
removal. The American Association of Blood Banks recommends
the use of cell salvage for any case in which a patient would normally be cross-matched preoperatively or where more than 10% of
patients undergoing this procedure would require transfusion.
Pharmacological strategies include controlled hypotension and
the use of antifibrinolytics. Hypotension has been shown to reduce
blood loss but the quality and size of studies mean that there are
no substantial data on the safety of induced hypotension, while the
benefits of reduced blood loss and clearer surgical field need to be
balanced against a patient’s co-morbidities. Two meta-analyses of
hip (Sukeik et al. 2011) and knee (Alshryda et al. 2011) surgery
have shown that there is a significant reduction in blood loss and
the need for allogenic blood transfusion with the use of tranexamic
acid. No increase of VTE has been found with tranexamic acid;
high-dose regimens used in cardiac surgery have been linked with
an increased risk of non-ischaemic epilepsy.

Postoperative management
Acceptance of restrictive transfusion thresholds will also help
reduce the use of allogenic transfusion; a widely accepted trigger is a
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haemoglobin concentration below 7 g dl−1 (Herbert et al. 1999; The
Association of Anaesthetists of Great Britain and Ireland 2008) but
the trigger for patients with known ischaemic heart disease is not
straightforward and many doctors now quote a concentration of
10 g dl−1. This figure is derived from a retrospective sub-group
analysis with a trend towards improved survival but which is not
statistically significant (Herbert et al. 1999). One study looking
specifically at elderly patients undergoing lower limb arthroplasty
and the risk of silent myocardial ischaemia found no difference
between a transfusion threshold of 8 g dl−1 compared with 10g dl−1
(Grover et al. 2006). Autologous transfusion is possible in the postoperative period with the re-transfusion of wound drainage, most
commonly used after total knee replacement. In one randomized
trial (Thomas et al. 2001), transfusion of wound drainage showed
a significant reduction of allogenic transfusion and furthermore in
those patients that did not require an allogenic transfusion, there
was a significant reduction in postoperative infections.

Bone cement implant syndrome
The majority of hip replacements are cemented, which involves
the use of polymethylmethacrylate to affix the femoral stem and
acetabular cup into place, as opposed to uncemented prosthesis,
which involves a force fit. The implication for the anaesthetist is
that of bone cement implantation syndrome (BCIS). BCIS may be
a slight misnomer, however, as although it has been shown to be
significantly more common when the prosthesis is cemented, the
same collection of physiological changes may be seen with an uncemented implant, indeed these same changes may be seen as early
as reaming of the femur. BCIS is associated with an up to 20-fold
increase in intramedullary pressure (IMP), from a normal IMP of
30–50 mm Hg to 800 mm Hg. The IMP is further increased up
to 1400 mm Hg during the insertion of a cemented femoral prosthesis. The physiological changes present as hypoxia and hypotension, and these changes have been graded (Donaldson et al.
2009) (Table 63.3).
The changes are a result of increased pulmonary vascular resistance that leads to a ventilation/perfusion mismatch that is exacerbated by the lateral position. The acute increase in pulmonary
vascular resistance leads to an increase in pulmonary artery pressure, which will reduce right ventricular output. Grade 3 BCIS
results from severe right ventricular failure to the extent that the
right ventricle becomes severely dilated and the interventricular
septum is shifted to the left, thereby compressing the left ventricle which is already struggling to maintain cardiac output as left
ventricular filling is greatly reduced as a result of right ventricular

Table 63.3 Bone cement implant syndrome classification
Grade

Description

Grade 1

SpO2 <94% or a decrease in systolic arterial pressure >20%

Grade 2

SpO2 <88% or a decrease in systolic arterial pressure >40% or in the
awake patient loss of consciousness

Grade 3

Cardiorespiratory arrest

Reproduced with permission from Donaldson, A. J. et al., Bone cement implantation
syndrome, British Journal of Anaesthesia, 2009, Volume 102, Issue 1, pp 12–22, by
permission of the Board of Management and Trustees of the British Journal of Anaesthesia.
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failure. Whist these features are clearly demonstrated on transoesophageal echocardiography, the exact pathophysiology is not
clearly understood but it is likely to be immunological as well
as a result of any mechanical obstruction secondary to emboli.
Treatment is supportive once the BCIS has occurred, therefore
avoidance and prevention is the key. Surgical measures include the
use of non-cemented prostheses, thorough lavage of the femoral
shaft to remove debris, use of a suction catheter placed into the distal tip of the shaft during cementing (this creates a vacuum in the
medullary cavity), and use of a cement gun that leads to a more
uniform IMP. Although low-viscosity cement is associated with
a lower incidence of BCIS compared with high-viscosity cement,
its physical properties will lead to a higher failure rate of a load-
bearing joint such as a hip prosthesis.

Surgical procedures
This section looks at specific procedures and gives a brief overview,
as the areas already discussed earlier in the chapter underpin all of
these operations from an anaesthetic perspective.

Hip surgery
Primary total hip arthroplasty is one of the most common operations performed; it increases function and reduces pain. As a result
of the profound positive effect this operation can have on a patient’s
life, there are few contraindications; they focus on factors likely
to lead to failure, such as infection or absolute dysfunction of the
abductor mechanism of the hip. Positioning of the patient can be
either supine with a sandbag under the pelvis or more commonly
the lateral position. Anaesthetic technique will consist of either
general anaesthesia, neuraxial anaesthesia, or a combination of the
two. Recently, two contrasting studies have been published ; one,
a large retrospective data analysis of 382 236 primary hip or knee
arthroplasties, showed superior perioperative outcomes with significant reductions in length of stay and morbidity and mortality for
neuraxial anaesthesia, either alone or in combination with general
anaesthesia, compared with general anaesthesia alone (Memtsoudis
et al. 2013). Conversely, a small randomized trial of 120 patients
undergoing primary knee arthroplasty, comparing general anaesthesia with local anaesthetic infiltration against spinal anaesthesia,
sedation, and local anaesthetic infiltration showed a significant
reduction in length of stay and overall morphine consumption in
the general anaesthesia group (Harsten et al. 2013). The study was
not designed to look at morbidity and mortality. Local anaesthetic
infiltration is gaining popularity in hip and knee arthroplasty and
what is clear, as with all techniques, is that its results are operator
dependant.
Indications for revision include aseptic loosening, deep infection,
instability resulting in recurrent dislocation, and periprosthetic
fracture. Revision hip arthroplasty is surgically more challenging
with higher expected blood loss, even when revision of only component is required. The set-up for revision hip surgery is similar to
primary arthroplasty, with precautions for major blood loss. One of
the reasons for hip resurfacing is that the femoral neck is preserved
and therefore if and when it requires revising to a total hip replacement, there is no femoral stem to be removed, but because of the
uncertainty surrounding metal-on-metal joint replacements and
joint resurfacing, this operation is unlikely to be a common operation in the near future, until further research has been carried out.
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Hip arthroscopy as a diagnostic and therapeutic tool is widely
practised; patients are normally young with little co-morbidity.
Positioning is supine or lateral with a pulley system to distract
the hip to enable camera insertion. General anaesthetic with
local anaesthetic infiltration by the surgeon is often the preferred
choice.
The estimated risk of primary hip prosthetic dislocation is 3%.
The main reason for urgent relocation is pain, but if the head has
dislocated posteriorly then the sciatic nerve is at risk of compression. Emergency departments will often attempt re-location but if
they are unsuccessful with analgesia and sedation then a general
anaesthetic is often required with normal precautions against gastric aspiration; occasionally neuromuscular block is required and, if
still unsuccessful, then an open reduction will be required.

Knee surgery
The anaesthetic requirements for knee surgery are very similar to
hip surgery, the obvious differences are supine positioning and use
of a thigh tourniquet. Intraoperative blood loss is minimal unless
surgical preference is to deflate the tourniquet to allow surgical haemostasis before closure. The majority of surgeons deflate the tourniquet after closure and bandage application and blood loss, seen
in drainage bottles, occurs in the postoperative period. Provided
there is no contraindication, the blood can be re-infused after processing, a technique that reduces allogenic blood transfusions in
total knee replacements (Thomas et al. 2001). The other main difference is that total knee replacements are more painful then total
hip replacements. Techniques include neuraxial anaesthesia alone
or in combination with general anaesthesia, or general anaesthesia in combination with peripheral nerve block or local anaesthetic
infiltration. Most important is the use of multimodal analgesia in
combination with an enhanced recovery programme that is discussed later in this chapter. Revision surgery is essentially similar
to primary arthroplasty but surgery is more challenging and will
therefore take longer, so careful attention should be paid to the
tourniquet time; the expected blood loss will be greater and may
only reveal itself in the post-anaesthetic recovery room when the
drain clamp is released. Frank bleeding at this time can quickly lead
to hypovolaemia in a patient population with little cardiovascular
reserve.

Foot and ankle surgery
This ranges from complex ankle replacements and reconstruction
to simple forefoot surgery. Both types of surgery lend themselves
to peripheral nerve blocks; indeed, it is common for foot and ankle
surgery to be performed under regional anaesthesia alone, the limiting factor is often the use of a tourniquet and where it is placed.

elbow, the most reliable position is the lateral position with the
cubital fossa resting on a padded bar.

Spinal surgery
There is crossover between neurosurgery and orthopaedic
surgery—in the authors’ institution, the spinal surgery department
consists of both orthopaedic surgeons and neurosurgeons. This
section concentrates on spinal deformity surgery as other forms of
spinal surgery are covered in a separate chapter on neurosurgery
(see Chapter 59) and traumatic spinal injury is covered later in
this chapter. Thoracic decompression, fixation, and fusion is usually performed by a posterior approach but a combined approach
with anterior instrumentation may be required if adequate surgical correction cannot be performed by a posterior approach alone.
Anterior approach is a slight misnomer as the patient is positioned
in the lateral position and refers to surgical exposure of the anterior
vertebral column. The pleura is incised with careful retraction of
the lung in order to expose the spine, therefore poor respiratory
function contraindicates an anterior approach. Thoracolumbar surgery is performed for unstable fractures, cord compression secondary to tumours or a degenerative process, and coronal or sagittal
deformity correction. Scoliosis is a sign present in a diverse range of
underlying conditions; planning of surgery and anaesthesia needs
to reflect this. These conditions can be divided into idiopathic, neuromuscular, congenital, and degenerative (Table 63.4).
The indications for surgery are severe deformity, curve progression, cosmesis, back pain or radicular pain in degenerative cases,
and the inability to sit unaided with progressive neuromuscular
orders. The severity of the curve is measured by drawing perpendicular lines from the maximally tilted upper and lower vertebrae,
the angle at which these lines intersect is known as the Cobb angle
(Fig. 63.2).
Anaesthetic management depends on the underlying cause for
the scoliosis and also the surgical plan. Surgical treatment can
range from plaster jacket casting, which often has to be performed
under general anaesthesia in very young or syndromic children,
Table 63.4 Scoliosis classification
Classification

Description

Idiopathic

Infantile 0–3 years
Juvenile 4 years–puberty
Adolescent puberty–skeletal maturity
Adult

Neuromuscular

Cerebral palsy
Spinal muscular atrophy
Myopathies

Congenital

Syndromes involving vertebral
anomalies, will often also have rib
anomalies and may have associated
cardiac, renal defects with a high
incidence of cord abnormality
especially spinal dyraphism

Degenerative

Trauma
Infection
Radiation

Shoulder and elbow surgery
Like foot and ankle surgery, upper limb surgery lends itself to
regional anaesthesia; this is covered in great detail in a separate
chapter (see Chapter 54). The type of surgery encountered will
depend on the institution; this will also dictate the patient population which can range from an athlete having a diagnostic shoulder
arthroscopy to a patient with severe rheumatoid arthritis having a
revision shoulder replacement. Patient positioning will be beach-
chair for open shoulder surgery and is often used for shoulder
arthroscopy; the alternative for shoulder arthroscopy is lateral
positioning. Elbow surgery will often require access to the posterior

1079

chapter 63

anaesthesia for orthopaedic and trauma surgery

setting postoperatively. This enables close neurovascular observation and careful titration of analgesic medication; organ support is
rarely needed. One of the more unusual complications of scoliosis
correction is superior mesenteric artery syndrome, also known as
cast syndrome. The superior mesenteric artery normally leaves the
abdominal aorta at an angle between 38° and 52°; the third part of
the duodenum passes underneath the superior mesenteric artery,
therefore if this angle is decreased, which may occur in correction
of severe scoliosis, there is a risk of partial or complete duodenal
obstruction. Symptoms are of upper abdominal pain, nausea, and
vomiting, all of which could be ascribed to the surgery and opioid
medication, so a high index of suspicion is required. Diagnosis is
made with contrast radiography demonstrating extrinsic obstruction of the third part of the duodenum; the patient should be
referred to a general surgeon. Treatment is initially conservative
as for any small bowel obstruction although total parental nutrition will need to be initiated as this patient population will be in a
catabolic state. Occasionally a laparotomy is required for surgical
intervention.

Paediatric orthopaedic surgery

Figure 63.2 Measurement of the Cobb angle.

to anterior and posterior correction. If surgery is to involve both
posterior and anterior approaches this may be done in one theatre session or it can be staged, normally with a week between the
two operations. A combined approach carries with it an increased
risk of complications compared with a single approach, an anterior
approach has an increased risk of complications compared with a
posterior approach (Memtsoudis et al. 2011). In the authors’ institution, when spinal deformity surgery is carried out, continuous neurophysiological monitoring in the form of somatosensory-evoked
potentials and transcranial motor-evoked potentials (MEPs) are
recorded. Depression of intrinsic spinal cord activity is greatest
with halogenated anaesthetic agents and nitrous oxide. While it
is possible to obtain MEP recordings with low-dose halogenated
agents, it appears that end-tidal concentration is not the only factor. For this reason, in the authors’ institution, if MEP recordings
are being monitored then maintenance of anaesthesia is with a
total intravenous anaesthetic of propofol and remifentanil. There
are a few cautions to be observed with transcranial MEP recording: they are related to the passage of an electrical stimulus from a
cranial electrode, therefore this is best avoided in epileptics and any
patient with an implanted electrical device. With the widespread
use of continuous intraoperative neurophysiological monitoring,
the wake-up test is rarely performed; as the wake-up test is not continuous it only gives a snapshot of the patient’s motor pathways,
but as mentioned previously, there are contraindications to transcranial MEPs. If the wake-up test is to be performed, then after
turning off the anaesthetic agent the patient will have to be gently
restrained to avoid injury and accidental extubation by excessive
movement. At the authors’ institution, all patients who have undergone major spinal correction are admitted to a high dependency

Paediatric anaesthesia is covered in more detail in Part 10 of this
textbook, but it is worth briefly looking at the type of surgery and
the underlying conditions that present for orthopaedic surgery
in the paediatric population. Paediatric orthopaedic surgery concentrates on scoliosis (discussed previously in ‘Spinal surgery’) or
conditions which affect the child’s ability to walk. Cerebral palsy is
an umbrella term for a vast array of neurological disorders, therefore a definition is difficult but the underlying problem is a non-
progressive abnormality of the immature brain. This may occur
during pregnancy, the peripartum period, during the first 2 years
of life, or as a result of a congenital disorder. Patients will present
with a varying degree of neurological impairment, both at an intellectual level and with regard to motor function. Treatment is aimed
at improving posture and mobility; this requires a multidisciplinary
approach as any surgical treatment offered will need to be in conjunction with physiotherapists, occupational therapists, and paediatricians. Treatments offered range from botulinum toxin injections
for muscle spasticity to surgical correction of hip subluxation and
scoliosis surgery. Arthrogryposis multiplex congenita is a term that
implies the child is born with multiple curved joints, therefore like
cerebral palsy it is a descriptive term as the underlying causes are
many. The child presents with multiple rigid joint contractures, frequently involving all four limbs; tracheo-oesophageal fistulae are
often also present. Initial treatment is with stretching and splinting of the affected joints but corrective surgery is often required.
Unsurprisingly, difficult airways and difficulty in obtaining intravenous access are encountered in this patient population. There
are also reports of intraoperative pyrexia (Hopkins et al. 1991) but
there has been no positive diagnosis of malignant hyperthermia;
in the same series of case reports, pyrexia was reported despite all
malignant hyperthermia triggers being avoided.

Tumour surgery
As a result of the relatively low incidence of bone and connective
tissue malignancy (3.2:100 000 in the United Kingdom population
compared with an incidence of 125.9:100 000 for breast cancer),
this type of surgery is only performed in specialist centres that
have both the surgical experience and extensive multidisciplinary
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set-up, requiring expert histopathologists and radiologists for
accurate diagnosis and staging of the disease. Surgery ranges from
computed tomography (CT)-guided biopsies, which will require
general anaesthesia for children or lesions that are hard and lesions
that are difficult to access, to sacrectomy and hemipelvectomy.

Orthopaedic tumour surgery
A list of the most commonly performed procedures is given in
Box 63.1.
As can be seen from the list in Box 63.1, which is by no means
exhaustive, tumour surgery is extremely varied and preoperative
planning is paramount. These patients may have had radiotherapy
and chemotherapy. Almost all chemotherapeutic agents will cause
myelosuppression, cisplatin can cause nephrotoxicity; and doxorubicin can cause a cardiomyopathy with reduced left ventricular
ejection fraction. Positioning of the patient will depend on location
of the lesion and may require a change of position during the operation. Major tumour resection will often require involvement of
vascular, plastic, spinal, and general surgeons. Sacrectomy carries
with it a high morbidity rate. Surgical factors that improve a favourable oncological outcome are clear margins and en bloc resection
as opposed to piecemeal resection of the tumour (Schwab et al.

Box 63.1 Orthopaedic tumour procedures
◆

Biopsy, both open and CT guided

◆

Curettage of benign and locally aggressive bone tumours

◆

Excision of soft tissue masses

◆

Synovectomy

◆

Distal femur resection with reconstruction

◆

Proximal femur resection with reconstruction

◆

Proximal tibia resection with reconstruction

◆

Proximal humerus resection with reconstruction

◆

Long-stem arthroplasty

◆

Fixation of pathological fracture and prophylactic fixation

◆

Amputation:
• Above and below knee
• Above elbow
• Hip disarticulation
• Shoulder disarticulation
• Hindquarter
• Forequarter

◆

Scapulectomy

◆

Radical sarcoma resection requiring soft tissue reconstruction

◆

Radical pelvic resection with limb preservation

◆

Vertebrectomy

◆

Hemipelvectomy

◆

Sacrectomy.

2009). Because of the uncommon nature of these tumours, it has
not been possible to carry out trials of surgical treatment of total
sacral tumour resection. One recent case series of 25 patients that
included 8 staged and 17 non-staged procedures showed a trend of
improved clinical outcome and reduced intensive care stay for those
patients that underwent a staged procedure (Brown et al. 2011).

Analgesia in orthopaedic surgery
Adequacy of postoperative pain control determines the postoperative mobility and overall patient satisfaction. Good pain relief
is one of the most important factors in determining a patient’s safe
discharge.

Opioids
Opioids are the mainstay in postoperative pain control in orthopaedic surgery. The µ-agonist opioids such as morphine, fentanyl,
and oxycodone are the cornerstone of moderate to severe acute
pain management.
Opioid analgesics are available in several formulations and can
be administered by a variety of routes, the most common of which
are oral, subcutaneous, and intravenous. Oral opioids are available
in short-acting and long-acting (modified, controlled, or extended-
release) preparations. Parenteral formulations of opioids are available for subcutaneous, intramuscular, or intravenous administration.
Intravenous patient-controlled analgesia allows patients to manage
their pain by self-administering opioid doses and is one of the most
commonly used methods to treat acute postoperative pain.
Preservative-free preparations are available for epidural and
intrathecal delivery, which can be administered as single injections
or in solutions for epidural analgesia. The intramuscular route for
opioid administration is not recommended as injections are painful
and have highly variable absorption, with a 30–60 min lag to peak
effect.
The most common adverse effects of opioids are nausea, vomiting, pruritus, constipation, and sedation. Antiemetics, antihistamines, and stool softener plus a laxative should be prescribed to
tackle the adverse effects. The combination of an opioid with very
low-dose naloxone in oral form is now being used in practice. One
such oral preparation of naloxone with oxycodone reduces constipation by blocking the effect of the opioid on receptors in the gut.
With the exception of constipation, opioid adverse effects are dose
related. The most dangerous adverse effect of opioids is respiratory
depression.
The intrathecal opioids bind to G-protein-linked pre-and postsynaptic opioid receptors of the dorsal horn to activate potassium
channel opening (μ and δ) and calcium channel closure (κ), with an
overall reduction in intracellular calcium. This reduces the release
of excitatory transmitters (glutamate and substance P) from presynaptic C fibres with consequent reduction in nociceptive transmission. Other possible target sites for intrathecal opioids have been
proposed: fentanyl and pethidine have demonstrable local anaesthetic effects on sensory C primary afferent nerve fibres, which
may facilitate analgesic effects. Intrathecal morphine increases
adenosine concentration in cerebrospinal fluid (CSF), which opens
potassium channels with consequent hyperpolarization of nerve
fibres and reduction in neuronal activity. Intrathecal opioids also
reduce the release of γ-amino butyric acid (GABA) and glycine by a
calcium-independent process from dorsal horn neurones. Opioids
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may disinhibit inhibitory pathways, thereby reducing nociceptive
transmission.
Fentanyl is the most frequently used intrathecal lipophilic opioid
and, when administered in single doses of 10–30 µg, it has a rapid
onset (10–20 min) and short duration of action (4–6 h) with minimal cephalad spread, and hence is suitable for day case arthroscopic
procedures.
The combination of fentanyl (20–30 μg) or sufentanil (5–7.5 μg)
with bupivacaine or lidocaine leads to a faster onset of block and
better intraoperative and immediate postoperative analgesia without increasing the degree of motor block or the time until discharge
(Bujedo 2012). Fischer and Simanski (2005) state that intrathecal
morphine (preservative free) can provide excellent analgesia after
arthroplasty surgery. A European collaborative (PROSPECT) has
recommended intrathecal morphine 0.1–0.2 mg after total hip
arthroplasty without the need for supplementation by patient-
controlled analgesia or monitoring on a high dependency unit.
Intrathecal morphine has been reported to be a superior analgesic to diamorphine for arthroplasty surgery at the comparative doses investigated. Morphine is 1000 times more hydrophilic
than fentanyl and it crosses the blood–brain barrier slowly, binds
to the epidural fat to a lesser extent, and more strongly to specific receptors in the grey matter, and has a slow plasma reuptake,
maintaining higher concentrations in the CSF and for longer. After
intrathecal morphine administration, CSF concentrations are
maintained with a long cord exposure time of around 12 h; hence
there is a potential for delayed respiratory depression as a result of
rostral spread.
Intrathecal morphine is an effective pain control technique after
multilevel spinal surgery. Some authors have found that a dose of
20 µg kg−1 of morphine (0.14 mg for a 70 kg adult) reduced the need
for supplemental analgesia for the first 12 h after lumbar fusion surgery. However, Boezaart et al. (1999) recommended 20–40 µg kg−1
(0.15–0.3 mg for a 70 kg patient) for lumbar intrathecal surgery.
The extended-release epidural morphine (EREM) intended for
single-dose administration by epidural route at the lumbar level,
with mean duration of analgesia of 48 h after a single injection, has
been studied extensively in recent years. The peak concentration
in CSF is delayed until 3 h after epidural injection of the liposomal
EREM. In a review of five controlled clinical trials in knee replacement surgery, abdominal surgery and caesarean sections (n = 913),
comparing intravenous patient-controlled analgesia combined
with epidural placebo, with a group receiving epidural administration of 5 mg of morphine sulphate and with another given
EREM at various different doses (5–30 mg), it was demonstrated by
Mhuircheartaigh et al. (2009), that the EREM group was the most
effective at controlling postoperative pain after a single administration before surgery and also as preventive analgesia.
Diamorphine is a lipophilic prodrug with an octanol:water coefficient of 280 that makes it more likely to partition across the dura
more readily than morphine but more slowly than fentanyl. Its low
pKa (7.6) at physiological pH produces a 34% unionized fraction
(fentanyl 9%) available for diffusion onto the dorsal horn opioid
receptors.
A variety of doses of intrathecal diamorphine have been tested.
A study by Hammell et al. (2009) included 194 patients who
received intrathecal diamorphine during lumbar fusion surgery
with a mean dose of 1.6 mg (range 1–4 mg or 20–50 mcg kg−1).
Only 9% of patients had a pain score of 2/10 or greater within the
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first 24 h. No patients required rescue analgesia with intravenous
opiates. Apart from pruritus (9%), other side-effects were rare.

Multimodal pain relief
It has been suggested that excessive use of postoperative opioids
leads to decreased patient satisfaction and carries the potential of
the development of acute tolerance.
Multimodal analgesic techniques involving the use of smaller
doses of opioids in combination with non-opioid analgesic drugs
(e.g. local anaesthetics, ketamine, paracetamol, NSAIDs, and anticonvulsants) are becoming increasingly popular approaches to
postoperative pain relief.
The non-opioid options in orthopaedic pain relief are as follows:

Local anaesthetics
When administered before surgery, local anaesthetics can decrease
anaesthetic and analgesic requirements during surgery, and reduce
the need for opioid-containing analgesics postoperatively. More
effective pain relief in the early postoperative period, as a result of
the residual sensory block produced by local anaesthetics, facilitates recovery by enabling earlier mobilization and discharge. The
use of local anaesthetic-based techniques for preventing pain can
decrease the incidence of postoperative nausea and vomiting and is
suitable for superficial procedure.
Commonly used local anaesthetic techniques in orthopaedic
procedures are:
1. Nerve blocks: commonly performed blocks are femoral/obturator/lateral cutaneous nerve of thigh/sciatic/fascia iliaca block for
lower limb and brachial plexus/axillary/ulnar/radial/median
for upper limb surgeries.It has been suggested that performing
neural blockade with local anaesthetics before surgical incision prevents the nociceptive input hence altering excitability
of the central nervous system by pre-emptively blocking the N-
methyl-D-aspartate (NMDA)-induced ‘wind up’ phenomena,
and subsequent release of inflammatory mediators.
2. Local infiltration: this is common after arthroscopic procedures
of knees and shoulders. In addition to the local anaesthetics,
a wide variety of other adjuvants (e.g. morphine, ketorolac,
steroids, and clonidine) have also been injected into the intra-
articular space to decrease post-arthroscopic pain.
3. Continuous local anaesthetic infusion systems, where the catheter is placed at the sub-fascial level or near a peripheral nerve,
have shown better patient satisfaction and decreased opioid use
(e.g. continuous popliteal-sciatic or brachial plexus blocks).The
availability of longer-acting local anaesthetic suspensions and
‘delayed-release’ formulations containing liposomes or polymer microspheres may minimize the need for a continuous
infusion catheter delivery system in the near future. Liposomal
bupivacaine appears to be a promising therapeutic option for
prolonged reduction of postsurgical pain in soft tissue and orthopaedic surgeries. Currently it is only licensed for wound infiltration, but various ongoing trials in peripheral nerve blocks and
wound infiltration of sustained-release bupivacaine have shown
pain relief for up to 3–4 days with good acceptability by patients.

NSAIDs
Oral NSAIDs are used for treating surgical pain because of their
well-known anti-inflammatory and analgesic properties. When
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parenteral preparations of NSAIDs (e.g. ketorolac, diclofenac, and
ibuprofen) became available, these drugs were more widely used
in the management of acute perioperative pain. NSAIDs block the
synthesis of prostaglandins by inhibiting cyclooxygenase (COX)-
2, thereby reducing production of mediators of the acute inflammatory response, and COX-1. It has been shown that the central
response to painful stimuli is modulated by NSAID-induced inhibition of prostaglandin synthesis in the spinal cord.
The benefits of NSAIDs are improved recovery profile, including less vomiting, no urinary retention, and faster mobilization
with earlier discharge home. They also include better global patient
satisfaction and less constipation than opioid-containing oral
analgesics.
Despite the obvious benefits of using NSAIDs in the perioperative period, controversy still exists regarding their use because of
the potential for gastrointestinal mucosal and renal tubular damage,
platelet dysfunction, and potential delayed bone healing.
Selective COX-2 inhibitors have the advantage of fewer gastrointestinal complications. Both preoperative and postoperative
administration of COX-2 inhibitors resulted in significant opioid-
sparing effects, reduced adverse effects, and improved the quality
of recovery and patient satisfaction with their postoperative pain
management
The studies suggested that parecoxib (40–80 mg intravenously)
was as effective and longer-acting than ketorolac (30 mg intravenously) in reducing pain after surgery. Unfortunately, there is a
growing controversy regarding the potential adverse cardiovascular
risks of the COX-2 inhibitors as discussed earlier in the chapter. In
addition, many orthopaedic surgeons are also concerned about the
negative influence of these compounds on bone growth as COX-2
activity appears to play an important role in bone healing.

Paracetamol
Paracetamol is perhaps the safest and most cost-effective non-opioid
analgesic when it is administered in analgesic doses. Although both
parenteral and rectal paracetamol produce analgesic effects in the
postoperative period, concurrent use with a NSAID is superior to
paracetamol alone.

NMDA antagonists
The use of small doses of ketamine (0.1–0.2 mg kg−1 intravenously)
appears to be associated with an opioid-sparing effects and a less
frequent incidence of adverse events. It is frequently used in multimodal analgesic regimens for spinal and major joint surgeries.
Dextromethorphan, another NMDA receptor antagonist that
inhibits wind-up and NMDA-mediated nociceptive responses in
dorsal horn neurones, has been proposed to enhance opioid, local
anaesthetic, and NSAID-induced analgesia.

α2-agonists

The α2-adrenergic agonists, clonidine and dexmedetomidine,
produce significant anaesthetic and analgesic-sparing effects.
Clonidine also has been shown to improve and prolong central neuraxial and peripheral nerve blocks. However, their use is associated
with potentially increased postoperative sedation and bradycardia.

Anticonvulsants
Gabapentin and pregabalin (structural analogues of GABA)
are anticonvulsants and have proved useful in the treatment of
chronic neuropathic pain and may also be useful adjuvants in the

management of acute postoperative pain. Many studies have demonstrated an opioid dose-sparing effect of both gabapentin and
pregabalin in the perioperative period. These anticonvulsants act
by stabilizing nerve membranes, reducing excitability, and reducing
spontaneous neuronal firing. They may have a role in the prevention of persistent postsurgical pain syndromes.

Miscellaneous
A bolus dose of magnesium (50 mg kg−1 intravenously) at induction of anaesthesia also led to improved pain control and better
patient satisfaction with less opioid requirement after major orthopaedic surgery (Levaux et al. 2003). Benzodiazepines are analgesic
only for pain associated with muscle spasm, especially in major
spinal surgery.
Tramadol is a dual-mechanism analgesic. It binds to µ-receptors
and it also weakly inhibits noradrenaline and serotonin reuptake,
which is believed to augment pain signal transmission inhibition.
Tapentadol is a newer medication, is considered an opioid agonist, and binds to the µ-receptor. Unlike other opioid medications,
except tramadol, its µ-receptor activity is supplemented by its inhibition of noradrenaline reuptake, believed to enhance the inhibition of pain signal transmission.
Methadone is a µ-agonist opioid. However, it is also a NMDA
antagonist and produces excellent pain relief. As methadone has
a very long half-life, caution must be used in its administration,
dosage adjustments must be made slowly, and it should be used by
experts only.

Enhanced recovery
The concept of ‘enhanced recovery’ was described and promoted by
Henrik Kehlet in patients after colonic surgery, with its principles
centred on a multimodal rehabilitation programme to reduce postoperative pain and accelerate rehabilitation. The enhanced recovery model has successfully been used in major joint replacement
and spinal surgeries. Since its implementation across various NHS
hospitals in the United Kingdom, there have been various reports
of positive results such as reduced length of stay, better patient satisfaction, and reduced co-morbidities after primary joint surgery.

Generic principles of enhanced recovery
Preoperatively
The steps involve thorough preoperative assessment and intervention to optimize health and medical conditions before surgery.
In addition, adequate patient education and making discharge
arrangements are very important in preoperative preparation. All
this preparation facilitates the admission on the day of surgery and
avoids prolonged fasting. The pre-emptive use of analgesics such
as paracetamol and gabapentinoids (pregabalin or gabapentin) as
premedication has been used in many hospitals in the enhanced
recovery programme protocols for orthopaedic surgery (Dauri
et al. 2009).

Intraoperatively
The steps include minimally invasive surgical techniques with shortened surgical times and optimized anaesthesia, preferably regional
anaesthetic techniques with or without sedation. Maintenance
of normovolaemia, normothermia, and prevention of hypoxia
ensures a better outcome. For enhanced recovery for major joint
surgery, intraoperative local infiltration analgesia is recommended;
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this involves the surgeon injecting a high volume, about 100–150
ml, of very dilute local anaesthetic into all the tissues that are traumatized during surgery. When done meticulously, this can provide
high-quality pain relief without the need for strong opioids.

Postoperatively
The aim is to achieve early mobilization with early physiotherapy
and multimodal analgesia. Early mobilization reduces the incidence of deep vein thrombosis, a major cause of death.
Multimodal analgesia attempts to limit the use of morphine,
which causes sedation and nausea, and epidurals or nerve blocks
that cause muscle weakness, thereby aiding same-day mobilization.
Intraoperative local anaesthetic infiltration and postoperative oral
analgesics are the main components of pain relief after the effect of
regional block starts wearing off. The anaesthetist should prescribe
regular oral analgesics such as paracetamol and anti-inflammatory
drugs, if not contraindicated. Pregabalin or gabapentin may also be
used in the perioperative period.
Removal of catheters, drains and drips as soon as possible can
promote the sense of well-being after surgery. The reduced length of
hospital stay might also reduce the incidence of hospital-acquired
infections such as MRSA and Clostridium difficile.
Patients are discharged home with clear instructions on how to
progress with rehabilitation independently and appropriate use of
prescribed analgesic medication.

In-hospital anaesthetic management
of orthopaedic trauma
Major trauma consists of multiple, serious injuries that could result
in death or serious disability. These might include serious head injuries, severe gunshot wounds, or road traffic accidents. Orthopaedic
trauma is injury specific to the musculoskeletal system.
Injuries account for 17 000 deaths per year in the United
Kingdom. The most common cause of major trauma in the United
Kingdom is road traffic accidents, accounting for more than 21 000
cases and approximately 1713 deaths in 2013 (Department for
Transport 2014).
Trauma management begins at the scene of the injury, and can
be seen as a continuum of care to the point of rehabilitation. The
initial priorities of in-hospital trauma management are control of
haemorrhage; resuscitation to address shock, coagulopathy, and
hypothermia; pain relief; and infection control. Management of
orthopaedic trauma then progresses to fracture stabilization, mobilization, and return of function.

Initial assessment
In-hospital trauma generally begins in the emergency department.
In the severely injured patient, a dedicated trauma team will take
a handover from pre-hospital care providers. A standard protocol will be followed for initial assessment and stabilization of the
patient, along the lines of those taught in the Advanced Trauma Life
Support algorithm. The priority is to determine the patient’s physiological status using the ‘ABCDE’ approach—airway, breathing,
circulation, disability, and exposure. Severe trauma, particularly
pelvic and long-bone fractures, may cause hypovolaemic shock
resulting in tissue hypoperfusion and hypoxaemia. Injuries are triaged by location and severity and more life-threatening issues are
addressed. Early reduction of fractures may be necessary to control
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haemorrhage and shock and therefore can be a part of the initial
resuscitation. Alternatively, assessment of orthopaedic injuries may
have to wait until other life-threatening issues are dealt with.
The initial role of the anaesthetist within a trauma team is rapid
airway assessment and control, with stabilization of the cervical
spine. They may also be called on to help with securing intravenous access, placement of chest drains, and providing pain relief
and sedation or anaesthesia for other procedures or investigations
that form part of the initial survey, such as CT scanning.
If emergency surgery is indicated, the anaesthetist must facilitate
this as safely as possible by identifying and addressing key areas of
risk. There has been a shift in trauma surgery toward early fracture stabilization and fixation (Bone et al. 1989; Pape et al. 2002).
The exact timing of surgery depends upon the overall risk:benefit
ratio, and good communication between the surgeon, trauma team,
and anaesthetist is vital to balance the decision-making process.
Concepts relevant to this decision-making process are discussed in
the following subsections.

Timing of trauma surgery
The ultimate aim of orthopaedic intervention in fracture management is the restoration of function with avoidance of complications. Generally, early fracture fixation has numerous advantages:
◆

Decreased pain

◆

Decreased fat embolism

◆

Improvement in respiratory function

◆

Decreased sepsis

◆

Earlier mobility

◆

Easier wound care.

Timing of orthopaedic intervention therefore depends upon the
precise anatomical site of fracture(s), the mechanism of injury, and
the presence and severity of other non-orthopaedic injuries or co-
morbidities. The purpose of a trauma team is to identify and triage
life-and limb-threatening injuries and address them in order to
minimize mortality and morbidity. Table 63.5 outlines examples of
musculoskeletal trauma with respect to urgency.

Acute traumatic coagulopathy
The classic view of coagulopathy in trauma victims is as a triad of
dilution of clotting factors from haemorrhage and fluid administration, acidaemia, and hypothermia (Lier et al. 2008). More
recently, the concept of acute traumatic coagulopathy has emerged
after evidence that shock and tissue hypoperfusion is the most significant initial cause of coagulopathy, via activation of the protein
C pathway and hyperfibrinolysis (Brohi et al. 2007; Mercer et al.
2013). This is then exacerbated in the resuscitation phase by hypothermia, haemodilution, and acidosis. A large randomized controlled trial of more than 20 000 patients across 40 countries, the
CRASH-2 trial, showed a significant reduction in all-cause mortality and death as a result of bleeding when the antifibrinolytic agent
tranexamic acid was administered within 8 h of injury (CRASH-2
Trial Collaborators et al. 2010). Metabolic acidosis as a marker of
tissue hypoperfusion can be assessed by measurement of blood pH,
lactate, or base deficit; normalization of these values within 24 h of
injury is a predictor of survival. In particular, base deficit is a reasonable indicator of resuscitation and is used as a guide to volume

1083

1084

1084

PART 9

the conduct of anaesthesia by surgical specialty

Table 63.5 Urgency of musculoskeletal injuries
Musculoskeletal
emergencies

Life-threatening

Pelvic ring fractures
Long bone fractures
(bilateral femoral shaft or
multiple long bone)

Limb-threatening

Traumatic amputation
Vascular injury
Compartment syndrome

Urgent musculoskeletal
problems

Surgery within 6–8 h

Open fracture
Traumatic arthrotomy
Dislocations
Displaced neck of femur
in young adults

Surgery within 24 h

Unstable pelvis or
femoral fracture
Proximal femoral fracture
in the elderly
Femoral neck fractures
Intertrochanteric
fractures

status and tissue oxygenation (Davis et al. 1988; Pape et al. 2001).
Acute traumatic coagulopathy has been shown to predict death,
prolonged intensive care stay, multiorgan failure, and acute lung
injury (MacLeod et al. 2003; Maegele et al. 2007).
Traditional ‘massive transfusion protocols’ do not address acute
traumatic coagulopathy, as they tend to focus on initial infusion
of packed red blood cells, followed by laboratory-guided infusion of clotting factors and platelets. These protocols have largely
been replaced by ‘major haemorrhage protocols’, which have been
shown to improve delivery of blood components, reduce waste, and
improve outcomes such as length of stay of survivors (Khan et al.
2013). An example of a trauma haemorrhage management algorithm is shown in Figure 63.3.

Damage-control resuscitation
Permissive hypotension
An adequate circulating volume is required in order to allow
perfusion of vital organs. However, administration of too much
fluid contributes to dilutional coagulopathy and hypothermia.
Furthermore, an increase in blood pressure beyond the minimum
required for perfusion will result in increased haemorrhagic loss.
Thus the current approach of permissive hypotension limits fluid
therapy and allows a lower systolic pressure until bleeding is controlled (Jansen et al. 2009). The National Institute for Health and
Care Excellence has endorsed permissive hypotension, at least in
the civilian pre-hospital setting, and advises against fluid administration in patients without head injury if a radial pulse is palpable
(Dretzke et al. 2004).

over the last decade (Kirkman et al. 2007; Mercer et al. 2013).
Strategies include earlier administration of fresh frozen plasma
and platelets; use of recombinant factor VIIa, cryoprecipitate,
and tranexamic acid; and calcium replacement. Blood and blood
products are used as the primary resuscitation fluid after severe
injury rather than crystalloid or colloid solutions in an attempt
to limit acute traumatic coagulopathy and prevent the development of dilutional coagulopathy. Suggested ratios of 1:1:1 of red
blood cells:fresh frozen plasma:platelets are becoming more widely
used in civilian trauma centres. However, the recent multicentre
PROPPR (Pragmatic, Randomized Optimal Platelet and Plasma
Ratios) trial looked at this 1:1:1 strategy and found that while it
enabled haemostasis to be achieved more effectively, it conferred
no mortality benefit at 1 day or at 1 month (Holcomb et al. 2015).
Diagnosing coagulopathy and monitoring the response to resuscitation remains challenging. Commonly available laboratory tests
such as full blood count, prothrombin time, activated partial thromboplastin time, and fibrinogen concentration are often unhelpful in
a traumatic haemorrhage situation because of the delay in sending
samples and obtaining results. Furthermore, there is a lack of consensus on the definition of traumatic coagulopathy and on values
that should be used to trigger treatment (Curry et al. 2011). More
recently, near-patient testing using thromboelastography or thromboelastometry has been used to provide a rapid real-time picture of
clot formation and lysis and guide management.

Damage-control surgery
The concept of damage-control surgery involves minimizing the
physiological ‘hit’ to the patient caused by invasive surgery. In the
two-hit model of organ dysfunction, the first hit consists of the systemic inflammatory response syndrome that may occur in severely
injured patients. A subsequent secondary inflammatory event,
such as an orthopaedic fracture fixation, can result in a secondary
insult leading to multiple organ failure (Pape et al. 2003). Adequate
resuscitation of a patient is vital in order to minimize the impact of
the second hit. Damage-control surgery therefore involves limited
resuscitative surgery in order to control haemorrhage and reduce
contamination. An example would be an initial washout and external fixation of compound femoral fracture in a patient with multiple injuries. This would be prioritized in order to limit further insult
to the patient. Delaying surgery to obtain laboratory or radiological studies, await cross-matched blood products, or place invasive
monitors is contraindicated. Instead, these activities should occur
in parallel without delaying the transfer of the patient to theatre.
This limited surgery would be followed by a period of intensive
care for correction of coagulation, hypothermia, and acidosis. Only
once the patient is stable with normal physiology would the definitive intramedullary nailing be undertaken (Scalea et al. 2000).
Damage-control surgery has been shown to be beneficial, but it is
not applicable to all cases of trauma. For example, not all fractures
can be externally fixed. It also requires a second surgical procedure
with all its associated risks and costs. It is likely that careful clinical judgement and patient selection is required for damage-control
surgery to be of significant benefit (Rixen et al. 2005).

Haemostatic resuscitation

Other preoperative considerations

The replacement of circulating volume while limiting coagulopathy and further loss of blood is termed haemostatic resuscitation, a
concept that has largely emerged from military trauma experience

In addition to the traumatic injury itself, the manner of the initial
presentation of patients can make planning of anaesthesia more difficult. They may be confused, intoxicated, or unconscious, making it
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Systolic BP <90
Poor response to initial fluid resuscitation
Obvious activate haemorrhage
Suspected active haemorrhage

Massive haemorrhage declared by
trauma team

Baseline laboratory blood samples prior to transfusion
FBC, U+Es, LFTs plus CLOTTING screen
Near patient testing—ABG and FBC
ROTEM/TEG if available

Call blood bank to inform of activation of massive haemorrhage protocol
• Request:
TRAUMA TRANSFUSION PACK 1, contains: 6 units RBC, 4 units FFP)
OR (if Pack 1 already given)

Check if bolus
dose of
Tranexamic acid
(TxA) has been
given prehospital prior
to arrival in ED
• Give bolus of
1 g i.v. TxA over
10 min (within 3 h
of massive
haemorrhage)
followed by i.v.
infussion of 1 g
over 8 h

TRAUMA TRANSFUSION PACK 2 (contains: 6 units RBC, 4 units FFP, 1 unit platelets, 2
pools cryoprecipitate)
• Send porter, to collect pack immediately
• Use O NEG units in females or O POS units in males
• Use group specific blood as soon as available
Check Ca2+ levels after 6 units of RBC

If bleeding is controlled repeat FBC
and CLOTTING SCREEN/ROTEM/TEG and
administer:
• Platelets: if count <100×109 litre–1
• Cryoprecipitate: if Fibrinogen <1.5 g litre–1
• FFP: to maintain PT/APTT ratio >1.2
• Keep Temp >36°C and ionized Ca2+>1.0
Monitor K+ levels and give dextrose/insulin
as required

If bleeding persists after 2 ×
Transfusion pack 2
Haematologist must be contacted

Clarify on-going plan; may include:
Continued transfusion, with:
1. Surgery 2. Interventional radiology 3. CT scanning 4. Intensive care

Figure 63.3 Trauma haemorrhage algorithm.
Reproduced with permission from Sengupta, S. and Shirley, P. Trauma anaesthesia and critical care: the post trauma network era. Continuing Education in Anaesthesia, Critical Care, and Pain, 2014,
Volume 14, Issue 1, pp. 32–37, by permission of the British Journal of Anaesthesia.

difficult or impossible to obtain an adequate medical history including allergies, medications, and co-morbidities. Intoxication with
alcohol or illicit substances can cause agitation, confusion, or unconsciousness, and changes in cardiovascular and respiratory physiology.

There is also the risk associated with a full stomach and uncleared
spine, both of which must be assumed in the absence of an adequate history. These risks may combine with those present in other
higher-risk groups: extremes of age, the obese patient, and the
pregnant patient.
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Table 63.6 Examples of trauma scoring systems in use
Type of scoring system

Example

Components

Physiological

Revised Trauma Score (RTS) (Champion
et al. 1989)

Glasgow Coma Score (GCS); systolic blood GCS difficult to measure in sedated,
pressure; respiratory rate
ventilated, or intoxicated patients

Anatomical

Abbreviated Injury Scale (AIS)
(Association for the Advancement of
Automated Medicine 2016)

Grades injuries from 0 (no injury) to 6
(fatal injury) by anatomical site

Consensus-derived coding, requires
dedicated manual and does not reflect
increasing severity of multiple injuries

Injury Severity Score (ISS)
(Baker et al. 1974)

Sum of the squares of the highest AIS
scores in three defined body regions

Cannot account for multiple injuries in the
same body region
Limited to three most severe injuries
Non-linear scoring

TRISS (TRauma score and Injury
Severity Score) (Boyd et al. 1987)

RTS
ISS
Age
Blunt or penetrating injury

Limited accuracy in predicting survival
Combines limitations of its individual
components

Combined scores

Limitations

Data from: Champion HR, Sacco WJ, Copes WS, Gann DS, Gennarelli TA, Flanagan ME (May 1989). “A revision of the Trauma Score”. The Journal of Trauma 29(5): 623–9; Association
for the Advancement of Automated Medicine. http://w ww.aaam.org/about-ais.html. Accessed 14th March 2016; Baker SP, et al, “The Injury Severity Score: a method for describing
patients with multiple injuries and evaluating emergency care”, J Trauma 14: 187–196; 1974; and Boyd CR, Tolson MA, Copes WS: “Evaluating Trauma Care: The TRISS Method”,
J Trauma 27: 370–378; 1987.

Trauma scoring systems
A number of scoring systems exist in order to quantify injury severity. These have arisen from a need for research into the relationship between injury severity and morbidity and mortality. Thus
their use is primarily intended for auditing performance and as
quality indicators and not to inform clinical decision-making on
an individual basis. Broadly speaking, these scoring systems are
divided into those that use anatomical data, those that use physiological data, and those that use a combination of the two. All of
them attempt to categorize injury severity by mortality risk (Yates
1990). See Table 63.6.

General vs regional anaesthesia
Trauma surgery may be performed under general anaesthesia,
regional anaesthesia, or a combination of both. As is the case for
all surgery, the decision depends on patient preference and consent, the preference of the anaesthetist, and the type and duration
of surgery. There is currently no evidence to suggest that regional
anaesthesia provides a better overall outcome than general anaesthesia (Bonnet 2005). In trauma surgery, the risk of compartment
syndrome may be a reason to avoid the use of regional anaesthesia,
although whether these techniques delay the diagnosis of compartment syndrome by masking the ischaemic pain has been a subject
of some controversy, and is based on a few case reports rather high-
quality evidence (Walker et al. 2012).
In general, most isolated extremity trauma surgery can be performed under regional anaesthesia if the benefits are judged to outweigh the risks. However, in major polytrauma involving multiple
limbs plus other soft tissue or visceral injury, the benefit of superior
postoperative pain relief and avoidance of opioids offered by regional
anaesthesia diminishes greatly, particularly as these patients face a
period of sedation and invasive ventilation in an intensive care unit.
The issue of a coagulopathy in the presence of peripheral nerve catheters or epidural catheters must also be taken into account.

Haemodynamic monitoring and management
of haemorrhage
Trauma surgery can be associated with significant blood loss, especially in major pelvic, femoral, and spinal surgery. In addition to the
haemodynamic changes associated with blood loss, cardiovascular
and pulmonary instability may be caused by reactions to methyl
methacrylate cement and emboli of fat or bone during surgery.
All patients undergoing such surgery should have two large-bore
peripheral intravenous lines, and if massive haemorrhage is suspected, then large-bore central venous access should also be considered. Arterial line placement is usually indicated for accurate
beat-to-beat blood pressure measurement and sampling of blood
for blood gas analysis and coagulation tests. It also allows for pulse
contour analysis to guide optimal volume therapy. Monitoring
urine output is indicated for major trauma surgery.
Major haemorrhage is managed as previously described, with
permissive hypotension and volume replacement with appropriate fluid including blood and blood products. Equipment for rapid
transfusion of fluid should be available to use if required.
Administration of blood products is guided by clinical judgement plus laboratory and near-patient tests of coagulation, and in
line with local protocols. Patients in whom massive haemorrhage
is expected should be discussed with the local transfusion service
and adequate cross-matched blood and blood products should be
available. Use of autologous blood using a cell saver is also possible
in trauma surgery.

Acute compartment syndrome
Compartment syndrome is a condition in which increased pressure within a closed compartment compromises the circulation and
function of tissues within that space. A direct injury causes an initial increase in compartmental pressure, which reduces perfusion
and causes local ischaemia. Ischaemic damage to tissue membranes
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causes fluid leak and further increases in pressure, eventually compromising venous outflow and causing further fluid transudation
and tissue swelling. Once capillary pressure is exceeded, local perfusion is no longer possible and infarction of tissue is inevitable.
Irreversible tissue damage can occur within 4 h of injury. Ischaemia
and necrosis of muscle tissue may result in rhabdomyolysis and
renal failure secondary to muscle breakdown. Trauma involving
limb injury, with or without a fracture, is a common cause of acute
compartment syndrome. Fractures of the tibial shaft and of the distal forearm are particularly at risk (McQueen et al. 2000). Soft tissue injuries, injuries to vasculature, and excessively tight dressings
or plaster casts may also cause compartment syndrome.

Diagnosis
Early diagnosis is paramount to the successful treatment of compartment syndrome. Pain that is disproportionate to the injury
is the cardinal sign. This may present as an increased analgesic
requirement, particularly in patients who are unable to communicate pain magnitude effectively. Paraesthesia, weakness, and pulselessness may present as late signs, but sensitivity is poor. Diagnosis
of compartment syndrome relies on well-trained staff maintaining
a high index of suspicion. Measurement of compartment pressure
can aid diagnosis and be used for monitoring high-risk patients,
but thresholds for diagnosis and treatment vary. The choice of analgesic technique is an area of controversy in patients who are at risk
of compartment syndrome. It has been advocated that regional
anaesthesia may mask the pain of compartment syndrome and
delay diagnosis. However, there is no good evidence of this occurring with epidural analgesia or peripheral nerve block if patients
are monitored adequately (Farrow et al. 2011).

Treatment
Any suspicion of compartment syndrome should prompt removal
of any external dressings or plaster casts and rapid assessment by a
surgeon. Compartment syndrome requires urgent surgical decompression in order to restore tissue perfusion and prevent tissue
necrosis and subsequent loss of function. This is achieved by open
fasciotomy and debridement of any necrosed tissue, followed by
splinting to prevent contractures. Any delay from diagnosis to fasciotomy increases the risk of loss of function.

Fat embolism syndrome
Fat embolism occurs relatively frequently in patients with orthopaedic trauma, and a proportion of these develop adverse clinical symptoms and signs, termed fat embolism syndrome. After
trauma, fat particles enter the circulation and damage capillary
beds resulting in an intense inflammatory response. Capillary
beds develop increased permeability and inflammatory mediators damage surrounding tissues (Kwiatt and Seamon 2013).
Depending on the criteria used for diagnosis, fat embolism syndrome can develop in 9–29% of patients with a long bone fracture
(Mellor and Soni 2001).

Diagnosis
The features are non-specific, with the classical presentation of a
triad of hypoxia, neurological disturbance, and a petechial rash.
Respiratory failure is the most commonly seen manifestation.

anaesthesia for orthopaedic and trauma surgery

Pulmonary hypertension and decreased cardiac function may also
be present. Thrombocytopenia and unexplained anaemia are common, and fat globules may appear in blood and urinary analysis.
A chest X-ray classically shows multiple bilateral patchy areas of
consolidation typically in the middle and upper zones, while a chest
CT scan will show diffuse areas of vascular congestion and pulmonary oedema.

Treatment
Numerous pharmacological treatment strategies have been tried.
The administration of glucose, ethanol, heparin, and corticosteroids in numerous trials has not shown any clear clinical benefit
(Kwiatt and Seamon 2013).
Treatment therefore centres on close monitoring and organ support. Lung involvement may manifest as acute respiratory distress
syndrome and require mechanical ventilation; shock requires fluid
resuscitation and cardiovascular support with inotropes or vasopressors; neurological injury as a result of cerebral oedema may
require monitoring of intracranial pressure.
Surgery may also influence the incidence and severity of fat
embolism syndrome (Mellor and Soni 2001). Early fracture fixation may reduce the incidence, as the movement of fracture ends
during conservative management causes showering of fat emboli.
Specific surgical techniques aimed at decreasing intramedullary
pressure during operative fixation have not been shown to reduce
the incidence of fat embolism syndrome.

Management of specific fractures
Fractures of the hip
Hip fractures are seen most commonly in the elderly population,
with 30% being seen in those more than 85 years old. This group
is associated with prolonged hospital stays and high morbidity and
mortality (Kearns et al. 2012). Mortality at 30 days is over 10%, rising to over 25% at 1 year (Foss and Kehlet 2005). With a projected
incidence of 100 000 cases in England alone by 2033 at an annual
cost of £3.6–5.6 billion (White and Griffiths 2011), there is also a
growing public health issue relating to hip fractures.
Anaesthetic management of these patients must take into
account the high chance of co-morbidity and frailty in this group.
On the one hand, optimizing them for safe anaesthesia may mean
delaying surgery while unstable medical conditions are treated.
On the other hand, early fixation of hip fractures has been shown
to be beneficial. A review of the evidence concluded that patients
who underwent surgery earlier had lower rates of non-union,
avascular necrosis of the femoral head, urinary tract infections,
decubitus ulcers, pneumonia, VTE, and death, and better long-
term functional status than those who underwent surgery later
(Whinney 2005). The same review found that delaying surgery
also resulted in increased pain, leading to delayed discharge,
delayed rehabilitation, and postoperative delirium. When UK
national guidelines on the management of proximal femoral
fracture were examined, all were found to emphasize the advantages of expedited surgery, with all but one setting a standard of
surgical repair on the day of or day after injury, and within daylight hours. The exception was the 2009 Scottish Intercollegiate
Guidelines Network guideline, which reduced this to within 24 h
(Kearns et al. 2012).
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Fractures of the pelvis
Relatively high force is required to fracture the bones of the pelvic ring, and so the incidence of pelvic fractures is low compared
with all other orthopaedic fractures. They are usually associated
with high-speed road traffic accidents. As the bony pelvis is closely
related to the arterial supply, this type of injury can result in rapid
massive haemorrhage and carries a relatively high mortality rate
among orthopaedic injuries. Major pelvic trauma with haemodynamic instability has a mortality rate of 42% (Mucha and Welch
1988), although rapid blood loss may be slowed by tamponade
within the retroperitoneal pelvis. External devices such as pneumatic antishock trousers can play a role in limiting blood loss and
certain types of fracture may be amenable to external fixation.
However, with ongoing life-threatening haemorrhage, the options
are limited to therapeutic embolization within an angiography suite
or immediate transfer to theatre for open surgery.
Whether surgery is performed for a life-threatening emergency
or as a delayed urgent procedure, surgery involving the pelvis and
acetabulum are major interventions associated with significant
blood loss, and careful anaesthetic preparation is vital. Between
30% and 49% of unstable pelvic fractures require over 10 units
of blood during operative fixation (Cryer et al. 1988). Large-bore
intravenous access, rapid infusion devices, and adequate blood and
blood products are all essential. Positioning of the patient depends
on the fracture location and may be supine, lateral, or prone. There
may also be a requirement for neurological monitoring of the sciatic nerve, which may present a significant challenge for the anaesthetist. High-dose volatile agents or benzodiazepines interfere with
somatosensory-evoked potentials, and neuromuscular blocking
agents cannot be used if MEPs are monitored. Propofol may not
be tolerated in haemodynamically unstable patients, and nitrous
oxide is contraindicated in trauma patients because of its potential
to expand gas-filled spaces. Opioids and α2-agonists may be used
for analgesia and sedation, but the risk of awareness during general
anaesthesia in these patients is increased.

Fractures of the spine
Traumatic spinal injuries can present multiple challenges to the
anaesthetist, which vary depending on their site and severity. Loss
of neurological function should be looked for and documented.
Loss of neurological function and involvement of the autonomic
nervous system is determined by the level of the trauma. Spinal
cord transections at and above C5 require constant artificial ventilation. Injury from T1 to L2 may result in sympathectomy, and
above T6 the parasympathetic system may be unopposed, causing the neurogenic shock picture of hypotension, bradycardia, and
hypothermia.

Initial management of spinal injury
Management of spinal cord injury begins with control of the airway
and breathing to ensure adequate oxygenation followed by optimization of circulation by controlling haemorrhage, fluid resuscitation, and use of vasopressors if required. Concurrent injuries are
evaluated and managed in accordance with standard ATLS protocols (ATLS Subcommittee et al. 2013). A high index of suspicion
for unstable spine injury should be maintained in any high-energy
trauma even in the absence of neurological signs or symptoms.
Such patients should be treated with complete spine immobilization

until the possibility of spine injury has been formally excluded.
Neurological deficit such as numbness, paraesthesia, weakness, or
bowel or bladder dysfunction is suggestive of a spinal cord injury
and requires urgent radiological investigation. Magnetic resonance
imaging in a haemodynamically unstable patient is not advised.
An unstable fracture of the spine with acute neurological impairment requires urgent surgical intervention in order to reduce the
fracture, decompress the spinal canal, and then stabilize unstable
segments by fusion and instrumentation (Stahel et al. 2012). There
is no clear evidence from clinical trials to support early surgical
decompression in improving neurological outcomes when compared with those performed after 72 h. However, earlier surgery
does appear to result in shorter hospital stays, shorter intensive care
unit stays, less days on mechanical ventilation, and lower pulmonary complications (Carreon and Dimar 2011).
Other strategies that have been used in the past in neurological
injury include therapeutic hypothermia and corticosteroid administration. Hypothermia has shown neuroprotective benefit in animal models (Maybhate et al. 2012), but its use in humans remains
experimental and must be balanced with the potential deleterious
effect on coagulation and cardiovascular function. Corticosteroid
therapy was popular a few decades ago but its use has become obsolete after the ‘CRASH’ trial (Corticosteroid randomization after
significant head injury), which showed an increased mortality in
acutely head-injured patients who were given methylprednisolone
(Roberts et al. 2004).

Anaesthetic management of the patient with spine injury
Anaesthetic management of patients with acute spinal cord injuries
must involve an understanding of the pathophysiology of the injury.
Neurogenic shock may be confused with late hypovolaemic shock.
A decrease in vascular resistance requires administration of a vasopressor, and atropine may be required to treat increased vagal tone.
Other precautions may need to be taken depending on the duration of time since the injury. For example, autonomic hyperreflexia
may present from a few days to several years after an injury, usually
transections at T5 or above. A profound autonomic response can
result from minor stimulation below the level of injury, such as during bladder catheterization or skin incision. Marked vasoconstriction below the level of the lesion causes hypertension and reflex
bradycardia. Dysrhythmias and myocardial infarct may result.
Prevention or early recognition of the phenomenon is important
and requires knowledge of the level of injury, careful history-taking
in those with long-standing injuries, and appropriate monitoring of
the patient during anaesthesia. Vasodilating agents and β-blockers
should be immediately available during the procedure.
Patients presenting for surgery after the acute phase of injury are at
risk of succinylcholine-induced hyperkalaemia as a result of upregulation of acetylcholine receptors, and this agent is generally avoided
for 24 h after spinal cord injury (Martyn and Richtsfeld 2006).
In addition to the pathophysiological changes of neurological injury, spine surgery itself can present major challenges to
the anaesthetist. An anterior approach to the thoracic spine may
require lung isolation, and for lumbar surgery necessitates a laparotomy, both of which can contribute to blood loss and fluid shifts.
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CHAPTER 64

Anaesthesia for plastic
surgery and burns
Sandip K. Pal
Introduction
Plastic surgery is a branch of medicine concerned with correction
and restoration of form and function of tissues. The term plastic
denotes ‘sculpting’ and is derived from the Greek word plastikē
meaning ‘art of modelling’ of malleable tissue (‘Plastic’, 1996).
Plastic surgery originated in India as early as 600 bc (Rana
and Arora 2002). An Indian surgeon, Sushruta, performed rhinoplasty in that era. Amputation of the nose was performed as a
punishment for committing adultery and hence the need for nasal
reconstruction.
Anaesthesia was non-existent and surgeons used wine to dull
the pain of surgical incisions. With the introduction of anaesthetics, surgery became painless and with advances in anaesthesia it
became possible to perform longer and more complex surgical procedures safely, and major advances in surgery took place.
In World War I, (Sir) Harold Gilles, while caring for soldiers suffering from horrific facial injuries, developed techniques of plastic surgery which are still practised. During World War II, (Sir)
Archibald McIndoe pioneered a treatment strategy for Royal Air
Force aircrew with severe burns.
Plastic surgery is a broad field, and may be subdivided into:
◆

Reconstructive surgery:
• Trauma (e.g. laceration, scar, hand surgery)
• Congenital abnormalities (e.g. cleft lip and palate, craniofacial
abnormalities, and congenital hand deformities such as brachial plexus injury)
• Cancer/tumour (e.g. skin cancer—basal cell carcinoma/squamous cell carcinoma, tumour removal, breast reconstruction
after mastectomy)

◆

Cosmetic (aesthetic) surgery

◆

Burns.

Anaesthesia for free flap surgery
Free flap surgery is a complex method of large wound closure
used when it is not possible to close the wound directly (primary
closure). The term ‘free’ denotes vascular detachment of an isolated region of the body (skin, fat, muscle, bone, bowel, or any

combination) followed by transfer of that tissue to another region
where tissue loss has occurred; the circulation is restored by reattachment of the divided vessels using microvascular anastomoses.
The tissue loss may be caused by trauma, infection, burn, extensive
surgery for head and neck cancer, or after mastectomy.
The first reported experimental free flap surgery was carried
out by Krizek in 1965 (Krizek et al. 1965). The first free microvascular flap surgery in a patient was carried out by Antia and
Buch (1971) when they used a lower abdominal flap to reconstruct a post-traumatic facial defect. However, the flap developed
partial necrosis. The following year, McLean and Buncke (1972)
successfully carried out microvascular free tissue transfer using
an omental flap to fill a large scalp defect. Since then, free tissue transfer has become commonplace in many centres around
the world. The advantages of a free tissue transfer include stable
wound coverage, improved aesthetic and functional outcomes,
and minimal donor site morbidity. With improved safety and
advanced surgical and anaesthetic techniques, the success rate
has improved substantially and is currently higher than 95%
among experienced surgeons and anaesthetists working together
in established centres. However, postoperative flap perfusion
failure still occurs even in the most experienced hands, requiring immediate surgical exploration and restoration of perfusion
in the flap. Early detection of compromised flap perfusion is
imperative, allowing timely re-exploration and salvaging of failing flaps. Various objective monitoring devices apart from close
clinical observation have been developed and used clinically.
Postoperative free flap salvage rates exceeding 50% have been
reported (Wei et al. 2001; Top et al. 2006).

Types of free flap
Examples of free flaps are free fibular flap for mandibular reconstruction; transverse rectus abdominis myocutaneous (TRAM),
muscle-sparing TRAM, microsurgical inferior epigastric vessel
enhanced pedicled TRAM flap which can be either ‘supercharged’
(venous) or ‘turbocharged’ (arterial and venous); deep inferior
epigastric perforator (DIEP), superficial inferior epigastric artery,
thoracodorsal artery perforator, superior and inferior gluteal perforator flaps for breast reconstruction; anterior lateral thigh and
gracilis flaps for lower limb trauma; and toe transfer for trauma or
congenital deformities of the hand.
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The use of perforator flaps minimizes donor site morbidity
(Blondeel et al. 1997). Supercharge and turbocharge can increase
the length of operating time which the anaesthetist should be
aware of.
In trauma patients, the timing of free-flap reconstruction is of
prime importance (Nahabadian et al. 2004). Free tissue transfer
should be carried out within 6 days to allow time for adequate
debridement and declaration of the zone of injury, but before
colonization of the wound takes place with resultant risk of complications. In patients with multiple trauma, it is vital that any
life-threatening injury is addressed first and the patient’s haemodynamic status stabilized before contemplating reconstructive
surgery.

Steps of flap surgery
The stages of free flap transfer are as follows:
1. If cancer is involved, it is removed (perhaps by a different team
of surgeons).
2. Flap elevation: the flap is dissected and freed from the surrounding tissue.
3. Before the vascular pedicle is clamped and divided, the area the
flap will be attached to is prepared by identifying a recipient
artery and vein to which the free flap’s vascular pedicle can be
attached.
4. The blood supply including at least one vein and one artery is
dissected. This segment is called the vascular pedicle. The vascular pedicle is clamped and divided. Primary ischaemia develops as blood flow ceases and intracellular metabolism becomes
anaerobic (this is dependent on surgical time taken to anastomose the vessels and lasts 60–90 min in experienced hands).
5. The vein and artery from the flap (vascular pedicle) are anastomosed to the vein and artery identified in the wound using
a microscope. Clamps are released allowing reperfusion of
the flap.
6. The free flap is sutured to the defect area.
7. The donor site area is sutured closed.
Characteristics of free vascularized tissue include the following:
◆

◆

◆

◆
◆

Denervated hence no sympathetic innervation to respond to
autonomic regulation.
Responds to local and humeral factors including circulating catecholamines, pharmacological agents, and cold.
No lymphatic drainage (at least initially) and therefore susceptible to interstitial oedema.
Usually only a single (and damaged) feeder artery and vein.
Subject to ischaemia during transfer which causes alteration
in the microcirculation (discussed in detail in the next section,
‘Physiology of free flap surgery’) leading to a decrease in blood
flow to the flap itself. This may take a few days to recover.

Physiology of free flap surgery
A sound understanding of the physiology of the circulation and of
denervated tissue, and pharmacology is essential when providing
anaesthesia for free flap surgery. The following will provide that
understanding:

Microcirculation
The microcirculation in the free flap provides oxygen delivery and
is vital to its viability. Regulation of blood flow through a series of
successive branching of arterioles and venules from central vessels
is achieved in three distinct regions: resistance vessels, capillaries,
and venules.
Resistance vessels are the arterioles, ranging in diameter from
20 to 50 µm and containing large amounts of smooth muscle in
their walls that control regional blood flow. The arteriolar muscular
wall can constrict the vessels completely or dilate them several-fold.
The vascular tone in the resistance vessels responds to adrenergic
stimulation.
Capillaries consist of a single layer of endothelial cells, and are
responsible for exchange of nutrients, hormones, electrolytes,
and other substances between the blood and the interstitial fluid.
Precapillary sphincters containing a band of smooth muscle are
located at the arterial end of capillaries and they control blood
flow into the capillaries. Blood flow in the capillaries is controlled mainly by local factors such as hypoxia, hypercapnia, and
increases in potassium, osmolality, and magnesium, which may
cause relaxation; although adrenergic stimulation may have an
effect. Other vasoactive hormones (e.g. renin, vasopressin, prostaglandins, and kinins) also play a role in controlling microvascular circulation.
The venules located beyond the capillaries collect blood from the
capillaries and act as capacitance vessels. Venous tone is important
for maintenance of the return of blood to the heart (e.g. in severe
haemorrhage) when adrenergic stimulation causes venoconstriction (Guyton and Hall 2006).

Primary ischaemia
When the flap is raised, clamped, and divided, blood ceases to flow
into the flap which then becomes anoxic. In the absence of oxygen, anaerobic metabolism sets in which leads to an accumulation
of lactate, depletion of ATP, reduction in intracellular pH, and a
rise in calcium concentration, and pro-inflammatory mediators.
The extent of damage caused by anoxia is directly proportional to
the duration of ischaemia. Tissues with a high metabolic rate such
as muscle are more susceptible to ischaemia, hence a TRAM flap
(myocutaneous flap) is more sensitive to ischaemia than a DIEP
flap (cutaneous flap). At the end of primary ischaemia the following
changes take place in the flap ready to be reperfused (Anaesthesia
UK 2006):
◆

◆
◆

◆

◆

Endothelial swelling, vasoconstriction, and interstitial oedema
leading to narrow capillaries
Leucocyte migration and sequestration
Endothelial cells become less capable of releasing vasodilators
and degrading vasoconstrictors
Cell membrane dysfunction leading to accumulation of toxic
products
Release of inflammatory mediators.

Reperfusion and ischaemia-reperfusion injury
When the vascular clamps are released, blood flow is re-established
and in the majority of cases it reverses the changes produced by primary ischaemia and the flap recovers fully. However, if the conditions are not favourable, it may result in an ischaemia–reperfusion
injury (I/R injury).
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Reperfusion after a prolonged ischaemic insult initiates a multifaceted cascade of pathological events that can paradoxically cause
severe tissue injury, resulting in tissue necrosis and systemic effects.
This fascinating phenomenon is termed I/R injury, where tissue
injury is exacerbated by the restoration of a blood supply rather
than the ischaemia itself. Several theories have been proposed over
recent years to explain the mechanisms of I/R injury (especially in
myocardium). Although there are likely to be multiple components
involved, it is generally accepted that oxidative stress plays a central role in mediating the destructive effects. This is further reinforced by the observation that ischaemic tissues must be exposed to
molecular oxygen upon reperfusion for I/R injury to occur (Hearse
1977). During a prolonged phase of ischaemia, ATP is broken down
under anaerobic metabolism, leading to an accumulation of hypoxanthine within cells (Balakumar et al. 2008). Ischaemic conditions
also promote the conversion of xanthine dehydrogenase to xanthine oxidase (Granger and Korthuis 1995). Consequent reperfusion with oxygenated blood enables xanthine oxidase to metabolize
hypoxanthine; crucially this reaction converts molecular oxygen
to free radicals, thereby generating reactive oxygen species (ROS).
This pathway appears to be the principal source of ROS in reperfused tissue (McCord 1985). ROS are cytotoxic molecules that
can directly lead to cell death by interacting with cellular proteins,
DNA, and membrane lipids.
Another focus of investigation more recently has implicated the
extent of opening of the mitochondrial permeability transition
pore (MPTP) as a major determinant of I/R injury. The MPTP is
a non-specific pore located in the inner mitochondrial membrane
that is closed under physiological conditions (Halestrap et al. 2004).
However, under conditions of cellular stress (especially mitochondrial Ca2+ overload) it can open, which interferes with the permeability barrier of the inner membrane that usually affords protection
to the mitochondria. This transition can have devastating impacts—
it causes an imbalance in the osmotic pressure gradient that results
in mitochondrial swelling, which in turn leads to the release of proteins associated with apoptosis. Also, the mitochondria become permeable to H+ ions (mitochondrial proton leak), causing the ATPase
enzyme involved in oxidative phosphorylation to reverse direction
and hydrolyse ATP instead. The decline in ATP means that ionic
pumps and other metabolic reactions are eventually inhibited. The
cell cannot maintain homeostasis and subsequently faces irreversible damage and death. It has been shown that MPTP opening occurs
upon reperfusion, but not during the ischaemic period (Javadov
et al. 2003). The conditions that exist during reperfusion are favourable for opening the MPTP to produce the deleterious effects mentioned previously. Generation of ROS during reperfusion enables
Ca2+ to accumulate in mitochondria, which is the main stimulus for
MPTP opening (Halestrap et al. 2004).
I/R injury can produce systemic effects leading to pulmonary
oedema and myocardial depression.
Prevention of I/R injury
◆ Limit ischaemia time to a minimum.
◆

◆

Ultimately it is the preservation of ATP and subsequent reduction in ROS production that is thought to offer protection against
I/R injury.
Dexamethasone has been reported to reduce IR injury in flaps
in an animal study (Dolan et al. 1995). Currently all patients
(except patients with diabetes mellitus) receive dexamethasone

anaesthesia for plastic surgery and burns

on induction of anaesthesia in the author’s centre. Many clinicians use it as an antiemetic without realizing its potential beneficial effect in reducing I/R injury.
◆

◆

◆

◆

◆
◆

Is there a place for preconditioning? Ischaemic preconditioning
has been shown to reduce mitochondrial proton leak and ROS
production in post-ischaemic heart in rats (Quarrie et al. 2011);
however, earlier studies claim that temperature (cold) preconditioning has better outcomes than ischaemic preconditioning
(Khaliulin et al. 2007).
Preconditioning with remifentanil has been shown to attenuate
liver I/R injury in animals via inducible nitric oxide synthase
expression (Yang et al. 2011). Its use during maintenance of
anaesthesia for free flap may be beneficial.
Exogenous adenosine is controversial. Some workers have demonstrated that in addition to its vasodilator effects, exogenous
adenosine inhibits neutrophil-mediated cellular injury and free
radical production after prolonged ischaemia (Ely and Berne
1992; Bouma et al. 1997). However, this has been challenged by
Ulusal et al. (2006).
Nicorandil, a nitrovasodilator and adenosine triphosphate-
sensitive potassium channel opener has been shown in animals
to be a potential prophylactic treatment against skeletal muscle
I/R injury in reconstructive surgery (Cahoon 2013).
Activated protein C may be beneficial (Park et al. 2009).
Further clinical studies are needed to translate the above-
mentioned findings in animal studies to clinical situations.

Secondary ischaemia
Secondary ischaemia occurs after the flap is reperfused and
may be as a result of intravascular thrombosis, pressure effects
of interstitial oedema, or both, and kinking of the anastomosed vessels. Associated findings are raised concentrations of
fibrinogen and platelets. Close observation of the flap and quick
surgical intervention may salvage a failing flap. Thrombolytic
therapy has been shown to have a role in free flap salvage (Yii
et al. 2001).

Factors determining perfusion of free flap
The outcome of free flap surgery depends on the physiological status of the patient. Adverse outcomes occur as a result of poor surgical technique; prolonged surgery; poor conduct of anaesthesia; and
postoperative management which leads to hypovolaemia, hypotension, hypothermia, haematoma formation, inadequate analgesia,
bleeding, and sepsis; leading to flap failure and deterioration in the
patient’s condition.
To understand the factors which determine good perfusion of free
flaps one needs to understand the factors that influence blood flow
through the vessel. Laminar flow through a rigid tube is described
by the Poiseuille–Hagen equation (Davis and Kenny 2013):
Blood Flow =

∆Pπr 4
8hl

(64.1)

where ΔP = pressure difference between two ends of a tube (perfusion pressure), r = radius of the tube, η = viscosity, and l = length
of the tube.
Although the equation applies to a rigid tube and not entirely
to the circulation, it can be assumed, however, that alterations in
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the diameter, perfusion pressure, and viscosity will influence blood
flow to the flap.
Perfusion pressure
The systemic arterial pressure will determine the pressure gradient across the flap. Maintaining a good perfusion pressure with a
wide pulse pressure will ensure good perfusion of the flap. Use of
an appropriate depth of anaesthesia and optimum fluid therapy are
usually sufficient. However, if they are not, the situation may be
tricky because many surgeons request that inotropes are not given,
as they believe that systemically administered catecholamines
adversely affect flap blood flow, even though there is little evidence
to support this view. In fact, inotropes may actually improve blood
flow to the flap by increasing mean arterial pressure. Some centres
use dopexamine or dobutamine because these agents will increase
cardiac output (CO) with systemic vasodilation.
Radius of the vessel
This is the most important determinant of blood flow to the flap.
According to equation (64.1), flow is related to the fourth power
of the radius, hence a small decrease in vessel diameter will result
in a large drop in blood flow. Also the blood vessel diameter follows Laplace’s law which states that intraluminal pressure can influence blood vessel diameter. Transmural pressure may be decreased
by either an extravascular pressure rise (e.g. interstitial oedema,
haematoma, application of tight dressing, or awkward positioning creating direct pressure on the vessels) or a fall in intravascular
pressure (e.g. hypovolaemia) (Adams 2003). Vasodilation should
be aimed at in order to improve perfusion of the flap. Vasodilation
is dependent on (a) temperature, (b) fluid, (c) type of anaesthesia,
and (d) sympathetic innervation. The patient should be kept warm
(cold can cause vasoconstriction) in the theatre, recovery, and high
dependency unit (HDU)/ward. This can be achieved by increasing the ambient temperature in the theatre or HDU and by using a
warm air blanket and a fluid warmer. Hypothermia not only causes
vasoconstriction but also raises haematocrit and viscosity, rouleaux
formation of red blood cells, and platelet aggregation leading to a
reduction in perfusion of the flap. Underestimation of fluid loss is
common as insensible loss can be quite large and this can lead to
vasoconstriction. The type of anaesthesia can influence the perfusion of a flap. Isoflurane can cause vasodilation with minimal
myocardial depression. Propofol inhibits platelet aggregation and
increases synthesis of nitric oxide by leucocytes, thereby reducing
the risk of thrombosis. Vasospasm of the flap pedicle vessels during surgery is common because of surgical handling and intimal
damage of the vessels. This can be treated with topical application
of vasodilators [e.g. papaverine, lidocaine, or verapamil (a calcium
channel blocker)]. Regional anaesthesia has been used to provide
sympathetic blockade to facilitate further vasodilation. However,
this can be counterproductive as the denervated transplanted vessels are unable to dilate in response to sympathetic blockade and
the normal vessels will dilate, resulting in a ‘steal’ effect diverting
blood flow away from the flap. Furthermore, sympathetic blockade can also cause hypotension which may require vasoconstrictor
in addition to fluid therapy. Concerns have been raised in patients
who are hypovolaemic as animal models have demonstrated that
in the presence of only 10% hypovolaemia, epidural anaesthesia
may reduce the blood flow in the flap by 40% (Adams and Charlton
2003). The disadvantages may outbalance the advantages of sympathetic blockade viz. reduction in blood loss, lower incidence of

deep vein thrombosis (DVT), and good analgesia which reduces
the concentration of circulating catecholamines (causing vasoconstriction) released in response to pain.
Viscosity
The relationship between blood viscosity and haematocrit is non-
linear in that viscosity rises steeply when haematocrit exceeds 40%.
Isovolaemic haemodilution to 30% increases blood flow. Further
reduction of blood viscosity does not improve blood flow markedly
and any advantage may be offset by a reduction in oxygen-carrying
capacity. In patients with poor cardiac reserve, a low haematocrit
could be detrimental as it increases myocardial work.
Length of the pedicle
Blood flow is inversely proportional to the length of the vessel.
Blood flow through a long pedicle may have reduced flow.

Practical conduct of anaesthesia
Pre-anaesthetic assessment
All patients presenting for free flap surgery must be thoroughly
assessed and investigated in the pre-assessment clinic before
anaesthesia. The author’s centre has a joint clinic with surgeons and
patients are pre-assessed by both teams on the same day. Surgeons
can identify the perforator vessels with a hand-held Doppler probe
and plan the flap surgery. Risk factors are identified, for example,
smoking, obesity, use of alcohol, hypertension, diabetes mellitus,
and previous chemotherapy or radiotherapy. Patients with head
and neck cancer are generally elderly with poor nutritional status, heavy smokers and drinkers, and may have significant cardiac
and respiratory co-morbidities. Some patients may need a percutaneous endoscopic gastrostomy tube inserted and feeding commenced to improve their nutritional status before major head and
neck surgery. Airway anatomy may be distorted as a result of the
presence of a mass in the neck or as a result of previous chemotherapy or radiotherapy, and a difficult tracheal intubation must
be anticipated. A full explanation of awake fibreoptic intubation
should be given to the patient if this is planned. Routine investigations should include a full blood count, urea and electrolytes,
clotting screen, and group and save. Chest X-ray, ECG, respiratory function tests, arterial blood gases, echocardiogram, and cardiopulmonary exercise testing should be considered in patients
with cardiac and respiratory risk factors. Blood should be cross-
matched if extensive dissection and reconstruction is planned
where excessive blood loss may be anticipated. A careful explanation to the patient about the anaesthetic is required, including
prolonged surgery and anaesthesia, pain relief, invasive monitoring, urinary catheter, possible blood transfusion, and postoperative care. A benzodiazepine premedication is often prescribed (e.g.
temazepam 10–20 mg or lorazepam 1–2 mg orally 1 h before surgery) in anxious patients.

Monitoring
Routine monitoring should include ECG, non-invasive blood pressure, pulse oximetry, and core and peripheral temperature. In the
author’s centre it is routine practice to monitor (continuous, non-
invasive) CO, stroke volume (SV), and corrected flow time using an
oesophageal Doppler probe. This may not be practical in patients
undergoing free flap surgery for head and neck cancer. In such cases,
a femoral central line and an arterial line are placed. The majority of DIEP cases are performed with non-invasive monitoring;
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however, it must be emphasized that oesophageal Doppler is not
a substitute for invasive monitoring. For example, an arterial line
can provide information about the acid–base status of the patient;
a central venous pressure (CVP) line can be useful to administer
drugs that will reach the right heart quickly. It has been debated
that CVP readings may not truly reflect the fluid status (Marik
2008). Care should be taken to prevent complications, for example, compartment syndrome; alopecia; fluid overload—generalized
oedema, pleural effusion; pulmonary oedema; bleeding diathesis;
haematoma; and sepsis.
Prophylaxis against DVT is essential using subcutaneous enoxaparin (Clexane®) perioperatively, antiembolism stockings, and
intermittent calf compression devices.

block/infiltration at the donor site will reduce pain and intake of
morphine postoperatively (see ‘Reperfusion and reperfusion–
ischaemia injury’ for other actions of remifentanil and other anaesthetic agents).
Papaverine or lidocaine is used topically by the surgeon to
vasodilate the anastomotic vessels.
Some plastic surgeons prefer heparin 5000 IU to be given intravenously on releasing clamps.

Induction of anaesthesia

Type of fluid
◆ Crystalloids: electrolytes (Na+, K+, Cl−) in water (e.g. normal
saline, Hartmann’s solution). Normal saline contains 150 mmol
litre−1 of Na+ and equal amount of Cl−. Hartmann’s is a balanced
solution containing Na+ 131 mmol litre−1, K+ 5 mmol litre−1, Cl−
112 mmol litre−1, and Ca2+ 4 mmol litre−1.

Usually intravenous induction of anaesthesia is used and total
intravenous anaesthesia (TIVA) is a popular technique. Midazolam
1–2 mg intravenously at the start ensures a smooth induction.
The airway may be maintained either by a ProSeal™ (Teleflex, Inc.,
Wayne, PA, USA) laryngeal mask airway (LMA) or cuffed tracheal
tube. Advantages of the ProSeal™ LMA are that it is quick and easy
to insert, avoids coughing and bucking on the tube on extubation
which raises venous pressure leading to poor perfusion of flap: an
oesophageal Doppler probe can be inserted via the side port.
However, a cuffed tracheal tube isolates the airway completely and
has less chance of misplacement and partial obstruction of the airway during crucial parts of the surgery.

Perioperative fluid therapy
Fluid should be started at induction through a fluid warmer. The
type and amount of fluid can influence the outcome of free flap
surgery.

◆

Maintenance of anaesthesia
Free flap surgery is a lengthy procedure and so careful positioning to prevent pressure injuries such as nerve paralysis, alopecia,
compartment syndrome, and eye damage are vitally important.
Anaesthesia can be maintained, for example, by either of the following: (a) a volatile agent (isoflurane preferred) and remifentanil
infusion, or (b) TIVA with a target-controlled infusion (TCI) of
propofol and target-controlled remifentanil.
◆ TCI propofol—induction target is around 4.0 ng ml−1 and maintenance between 2.6–4.0 ng ml−1.
◆

Remifentanil—concentration of 40–80 µg ml−1 at 0.1–0.5 µg kg−1
min−1 (equates to a TCI target of 2.0–4.0 ng ml−1) for maintenance.

Remifentanil has the advantages of enabling mechanical ventilation
of the lungs without the need for neuromuscular blockade and it is
rapidly metabolized. If remifentanil is used, then morphine 10–20
mg (for adults) should be given at least 40 min before the end of
surgery to avoid patients waking up in pain as remifentanil clears
from plasma very rapidly when the infusion is stopped. Prolonged
use of remifentanil is also associated with hyperalgesia. Pain can
cause release of catecholamines, which cause vasoconstriction and
may compromise flap perfusion. Exadaktylos et al. (2006) reported
that the breast cancer recurrence rate was higher in patients who
received a volatile agent and morphine analgesia than those who
received propofol and paravertebral block for their anaesthesia.
However, this study was retrospective with low power. There is
also experimental evidence to suggest that morphine can suppress
tumour growth (Sasamura et al. 2002; Koodie et al. 2010). Further
prospective clinical trials in patients are warranted before abandoning morphine use in free flap surgery for cancer. Whatever the
outcome, it would seem sensible to use remifentanil in reducing
the morphine requirement during surgery while local anaesthesia

◆

◆

Colloids: a homogenous mixture of one or more solutes dissolved in a solvent. These contain large molecules which do not
cross semipermeable membranes easily and hence stay intravascular for a longer period of time. Examples include gelatins—
Gelofusine® and Volplex®, and hetastarches—Voluven® and
Volulyte®. Gelatins are derived from animal protein whereas
hetastarch is a plant product. The solvent in Voluven® is saline
and in Volulyte® is balanced solution. Hetastarches have been
withdrawn from the market because of their adverse effect on
renal function. Currently gelatins are commonly used as colloid.
Plasma: Na+ 140 mmol litre−1, K+ 5.0 mmol litre−1, Cl− 102 mmol
litre−1 and Ca2+ 2.4 mmol litre−1.
5% glucose: contains glucose in water and no electrolytes.

Normal saline contains too much Na and Cl: too much chloride
leads to hyperchloraemic acidosis.
When compared with crystalloids, colloid solutions cause rapid
intravascular expansion and therefore less volume can be administered so there is a low risk of oedema. However, there is an increased
risk of allergic reaction, they are more expensive, and some patients
raise religious objections to gelatine administration.
The following is a guide to intraoperative fluid management:
◆

Crystalloids:
• 10–20 ml kg−1 to replace preoperative deficit
• 4–8 ml kg−1 h−1 to replace insensible losses

◆

Colloids: goal-directed therapy.

Goal-directed fluid therapy
The relationship of pressure and flow in the circulation is given by:
Flow (CO) =

BP
SVR

(64.2)

Or
BP=HR × SV × SVR

(64.3)

where SVR = systemic vascular resistance, BP = blood pressure,
SV = stroke volume, and HR = heart rate.
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Thus when SVR is kept low, SV or HR (or both) needs to increase
to improve perfusion pressure.
Currently goal-directed fluid therapy is practised in the author’s
centre. Invasive monitoring is now not routinely used in DIEP flap
surgery because of the advantages of oesophageal Doppler: Several
studies show that CVP (and pulmonary artery wedge pressure)
does not correlate well with volume or flow status (Sakka et al.
1999; Kumar et al. 2004; Kuntscher et al. 2006). In addition, CVP
does not give any information about SV. Marik et al. (2008) recommended that CVP should not even be used in ICUs, emergency
departments, and operating rooms because of its lack of accuracy.
In a retrospective study, Sasai et al. have suggested CVP unreliably
reflects left ventricular preload for fluid management during initial
phase of septic shock (Sasai et al. 2014).
Optimizing SV in surgical populations has resulted in a substantial decrease in hospital length of stay and the frequency of
postoperative complications (Sinclair et al. 1997; Gan et al. 2002;
McKendry et al. 2004).
The trend of using corrected flow time as a goal has been shifted
to SV because concerns have been raised that corrected flow time
does not reflect preload (Singer 2006; Bundgard et al. 2007).
Fluid algorithm when using stroke volume as a goal
When SV is used as the end-point, fluid is administered rapidly and
if the SV increases by more than 10% then more fluid is needed.
The concept of Starling’s law of SV and left ventricular end-diastolic
volume is used at this point. Fluid is stopped when SV does not
increase by more than 10% (Fig. 64.1). This algorithm allows the
anaesthetist to administer fluids precisely and the patient does not
receive too much or too little fluid.

Postoperative care
Patients are nursed in the HDU by nurses specially trained in plastic surgery. They maintain a HDU observation chart that includes
a flap monitoring chart. The goals of perioperative care are listed
in Box 64.1.

Box 64.1 Goals of perioperative care for free flap surgery
◆

Maintain normal blood pressure

◆

Low systemic vascular resistance and high cardiac output

◆

Isovolaemic haemodilution with haematocrit 30–35%

◆

Haemoglobin not more than 100 g litre−1

◆

◆
◆

◆
◆

◆

◆

Urine output greater than 0.5 ml kg−1 h−1
Goal-directed fluid therapy: maintain stroke volume index at
greater than 35 ml m−2
Sa O2 greater than 96%

Effective analgesia with oral or subcutaneous morphine—
patient-controlled analgesic morphine not needed
Monitor flap perfusion to detect early signs of failure.

Analgesia
Regular simple analgesic plus subcutaneous morphine or oxycodone is sufficient. A recent audit in the author’s centre showed this
regimen is very satisfactory.
Patient-controlled morphine analgesia is not essential [it may
increase the incidence of postoperative nausea and vomiting (PONV)].
Flap monitoring
Apart from monitoring vital signs of the patient to gather information about oxygenation, fluid balance, CO, urine output, acid–base
balance, and signs of sepsis, the following specific observations are
made with regard to flap monitoring:
◆

Fluids
◆ Crystalloid as maintenance fluid at 1.0–1.5 ml kg−1 h−1.
◆

Normothermia with a difference between core and peripheral
temperature of less than 2°C

Flap observation—hourly for the first 24 postoperative hours,
then every 2 h for the next 1–2 days, and thereafter every 4–8 h
until discharge.
• Colour score: white (0), blue/white (2), paler (4), normal (6),
darker (8), mauve/blue (10), or purple/black (12)

Colloid (gelatins in the author’s centre): boluses of 250 ml to
challenge mean arterial blood pressure above 60 mm Hg or urine
output greater than 0.5 ml kg−1 h−1.

• Temperature (touch chart): cold, cooler, warm, or hot
• Texture: spongy, soft, firm, or hard
• Capillary refill (press firmly for 10 s and release): no blanch,
longer than 3 s, slow, 3 s, less than 3 s, or no refill

Reassess response.

• Light source—: natural, ward lights, lamps, torch, or other.
• Leeches applied: no, yes; result = good, no difference, or poor

<10%
Stroke
volume

• Heparin: soak, injected; result = good, no difference, or poor
• Divet bleeding: fast, medium, or slow

Starling curve
◆

>10%

Objective measurements—several techniques and monitoring
devices have been used for assessing tissue perfusion postoperatively in an attempt to find one that is non-invasive, accurate,
continuous, easy to use, reproducible and inexpensive:
• Temperature of the flap using a temperature probe into the
flap tissue

Left ventricular end-diastolic volume fluid challenge

Fig. 64.1 Optimizing dynamic (flow-related) goals.

• Tissue pH monitor
• Transcutaneous Po2 using polarographic microcatheter
(Serafin et al. 1982)
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• Laser Doppler flowmetry (Jones and Mayou 1982)
• Doppler ultrasound (Lorenzetti et al. 1999)
• Microdialysis (Setala et al. 2006)
• Near infrared spectroscopy (Repez et al. 2008)
• Plethysmography (Stack et al. 2003)
• Orthogonal polarization spectral imaging: (Langer et al. 2001)
• Positron emission tomography scanning (Schrey et al. 2006)
• Pulse transit time index (Visscher et al. 2010).
All of these techniques share advantages and disadvantages, and
have limitations that preclude their routine application for monitoring perfusion in skin flaps. Therefore, to date, there is no widely
accepted and readily available intraoperative or postoperative technique to reliably assess the viability of free flaps.
There should be a high degree of suspicion and clinical observation is still the mainstay of monitoring flaps. The author, in collaboration with City University, London, United Kingdom, has
successfully developed and completed a clinical trial using a new
non-invasive opto-electronic measuring device. The results are
encouraging (Zaman et al. 2011, 2013).

Anaesthesia for cleft lip/palate surgery
Cleft lip, cleft palate, or both, have a huge impact on the life of a
patient and their family. Management of these congenital abnormalities requires a multidisciplinary team (comprising surgeons,
anaesthetists, orthodontists, paediatricians, speech therapists, special nurses, and psychologists), to look after them. Surgery aims
to correct anatomical defects and restore normal function. It is a
worldwide problem and in the United Kingdom the incidence of
cleft lip is 1:600 live births and cleft palate is 1:2000 live births.
Twenty-five per cent of cleft lip cases are bilateral and 85% of these
are associated with cleft palate. Cleft lip/palate is more common in
males and cleft lips are usually left sided. The aetiology is unknown,
but is likely to include environmental and genetic factors that combine to cause defects in palatal growth during the first trimester.
As with any other congenital abnormality, the presence of
other associated congenital abnormalities including cardiac and
renal should be looked for. Many syndromes have been associated with cleft lip/palate (Box 64.2) with considerable anaesthetic
implications including potential airway problems (Hatch 1996).

Box 64.2 Common syndromes associated with cleft lip/palate

Pierre Robin
Micrognathia, glossoptosis, atrial septal defect, ventricular septal
defect, and patent ductus arteriosus.

Treacher Collins
Maxillary, zygomatic, and mandibular hypoplasia, retrognathia,
narrow nasopharynx, basilar kyphosis, and hearing difficulties.

Goldenhar
Hemifacial microsomia, micrognathia, vertebral hypoplasia, and
cardiac anomalies.

anaesthesia for plastic surgery and burns

Fortunately these are rare. The most well known are (a) Pierre
Robin (cor pulmonale as a result of chronic upper airway obstruction, difficult laryngoscopy and intubation, feeding difficulties),
(b) Treacher Collins (obstructive sleep apnoea, difficult mask ventilation and intubation), and (c) Goldenhar (difficult mask fit, laryngoscopy, C1–2 subluxation). Other anomalies such as Klippel–Feil
syndrome include abnormalities of the cervical spine.
Other syndromes associated with cleft lip/palate are velocardiofacial, hemifacial microsomia, Stickler, Downs, and fetal alcohol
syndromes.
Changes have taken place in the organization of cleft services in
the United Kingdom following the recommendations of the Clinical
Standards Advisory Group (1998) that the number of hospitals providing cleft lip/palate surgery be reduced to 8–15 units managing
40–50 cases of primary cleft lip and cleft palate per annum. This has
resulted in care being centralized with the potential advantages of
improved outcomes.
Cleft surgery is divided into primary or secondary. Primary
surgical repair is to repair the primary cleft lip/cleft palate defect.
Secondary surgical repair may be required well into adulthood consisting of, for example, to improve lip aesthetics, close residual palatal defects, bone graft, and align alveolar and dental defects.

Primary cleft repair
Children with cleft lip/palate usually present for correction in
infancy. Primary repair of cleft lip is done at 3 months when body
weight of 4.5 kg and haemoglobin concentration of 100 g litre−1
have been achieved, because waiting until that age gives time to
detect most congenital abnormalities, and allows anatomical and
physiological maturation. However, in some centres neonatal repair
of cleft lip is undertaken using the argument that early repair may
improve mother–infant bonding and maintain the infant’s normal
cognitive development (Murray et al. 2008).
Primary cleft palate repair is usually carried out at 9–12 months
as further delay may cause speech impairment. However, it may
be delayed until 18 months by the investigation of other problems
or ongoing airway difficulties (e.g. in patients with Pierre Robin
syndrome).

Preoperative assessment
All children with cleft lip/palate are seen in the pre-assessment
clinic. A detailed history is taken and a thorough clinical examination is carried out to rule out any associated abnormalities.
Assessment of the degree of difficulty of intubation preoperatively
may not be possible because the method of assessment requires the
infant’s cooperation which is not easy to achieve. It is important
to record preoperative oxygen saturation and consider echocardiography (Black and Nadarajan 2010). The weight of the baby is
recorded. Preoperative investigations include only haemoglobin
in a healthy baby and a ‘group and save’ for palate repair. Some
patients may require stabilization in terms of nasogastric feeding,
airway management such as continuous positive airway pressure,
or even temporary tracheostomy to cover the perioperative period
(Bull et al. 1990). Upper respiratory tract infection is common in
cleft palate as a result of nasal regurgitation during feeds. If there is
active infection then the surgery is postponed.
Preparation for anaesthesia includes cessation of breastfeeding
for 4 h and formula feeds for 6 h with unlimited clear oral fluids
being given up to 2 h before induction.
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Premedication
No premedication is given in the author’s centre; however, in some
centres atropine 0.02 mg kg−1 is administered in order to dry oral
secretions (Blogg 1994).

Induction
ECG and pulse oximetry is begun before induction. Inhalation
induction with sevoflurane in 100% oxygen ensures that spontaneous
ventilation is maintained as manual ventilation with a facemask may
be difficult if the mask cannot fit closely. Peripheral venous access is
achieved when anaesthesia is sufficiently deep. A non-depolarizing
neuromuscular blocking agent is administered intravenously only
after effective bag and mask ventilation is confirmed. Neuromuscular
blocking agents are contraindicated before intubation if there is any
doubt about the ability to inflate the lungs. Tracheal intubation is
straightforward in the majority of cases and in one series of 800 cases,
Gunawardane (1996) found that despite difficulty in laryngoscopy,
failure to intubate occurred in only 1% of patients. Various methods
have been used in managing the child with a difficult airway, including firm pressure over the larynx to aid laryngoscopy and a bougie to
assist in intubation, a paraglossal approach using a straight laryngoscope blade, packing gaps in the palate with gauze, laryngeal mask,
retrograde wire technique, digital-assisted intubation, video laryngoscopy, and fibreoptic techniques.
◆

◆

Intubation is performed using a non-kinking, preformed RAE
tube which is fixed in the midline to allow insertion of a surgical
retractor without obstructing the airway. A throat pack is used.
Controlled ventilation is used to achieve normocapnia. Use of an
overhead heater in the induction room helps prevent heat loss.
Dexamethasone 0.1 mg kg−1 is given at induction.

Maintenance
Anaesthesia is maintained with oxygen, air, and sevoflurane.
Standard monitoring in theatre includes ECG, Sa O2 , non-invasive
blood pressure, end-tidal CO2, agent monitoring, temperature, and
ventilator alarm. The airway is shared between the anaesthetic and
surgical access hence extra care should be taken to avoid inadvertent extubation or endobronchial intubation especially during positioning which requires neck extension (Jordi Ritz et al. 2008). Local
anaesthetic is infiltrated by the surgeon.
Analgesia is maintained with a remifentanil infusion 20 mcg
kg−1 added to 50 ml normal saline and run at 4 ml kg−1 h−1
(0.2 mcg kg−1 min−1). Paracetamol intravenously is given at a dose
of 10 mg kg−1. In cleft lip, infraorbital nerve block is performed. In
cleft palate, local anaesthetic infiltration is done instead by the surgeon. Additionally rectal diclofenac 1–1.5 mg kg−1 is administered.
Morphine 100 mcg kg−1 is administered.
◆

◆

◆

Tranexamic acid 10 mg kg−1 is sometime administered to reduce
bleeding.
Fluids—boluses of 10 ml kg−1. Hartmann’s solution is given.
Blood is administered if loss of more than 10% of blood volume.
Theatre temperature is maintained at 22–24°C to minimize heat
loss.

Recovery and postoperative care
Neuromuscular blockade is antagonized and the trachea extubated
in theatre.

Postoperative care is focused initially on ensuring the child is
well oxygenated and maintaining a clear airway. Patients with
potential for airway problems will benefit from a nasopharyngeal
airway during the recovery period.
Postoperative analgesia—oral morphine, paracetamol and ibuprofen/diclofenac is usually sufficient. In some centres, nurse-
controlled ‘patient-controlled analgesic’ morphine has been used
successfully.
Postoperative complications include airway obstruction, laryngospasm, retained throat pack, swelling of tongue as a result of gag
pressure, obstructive sleep apnoea, and bleeding; leading to hypoxaemia and hypovolaemia. The child should be monitored postoperatively with Sa O2 , respiratory rate, pulse rate, blood pressure, and
apnoea monitors.
Feeding can be commenced at 2 h postop.

Other techniques of anaesthesia for cleft surgery
A range of techniques have been used around the world with various modifications depending on the availability of drugs, equipment, skilled personnel, and facilities for postoperative care. Some
are summarized briefly as follows:
◆
◆

◆

◆

Cleft lip can be repaired under infraorbital nerve block alone.
Ketamine and atropine, suxamethonium for intubation, and
spontaneous ventilation with halothane and oxygen-enriched air.
Halothane for induction and maintenance and intubation as previously mentioned.
Morphine for analgesia. Precordial stethoscope for continuous
monitoring of heart rate and breathing (can act as disconnection
monitor as well). Pulse oximetry may not be available everywhere.

Future developments
There is experimental evidence to suggest that in utero surgery for
cleft lip and palate repair provides superior wound healing without
scarring (Lorenz and Longaker 2003).

Anaesthesia for burns
A burn is a type of injury to the surface layers of the body resulting
from heat, electricity, chemicals, light, radiation, or friction causing
coagulative destruction. The commonest cause of burns in adults is
flame burn and in children is scald. Patients at the extremes of age,
with pre-existing morbidities such as epilepsy and alcoholism, and
psychiatric illness are more vulnerable to burn injury. Many children admitted with burns suffer non-accidental injuries. The annual
incidence of patients with severe burn injury in Europe has been
reported to be between 0.2 and 2.9:10 000 inhabitants (Brusselaers
et al. 2010). In the United Kingdom, about 10 000 patients are seriously injured requiring hospital admission each year and out of
these, 10% need formal fluid resuscitation and surgery. Most burns
occur at home and are preventable. The incidence has reduced in
the past three decades as a result of improved socioeconomic status and preventive measures being taken to reduce injury at work.
In recent years, there has been a decrease in mortality which has
been attributed to modern techniques of prompt resuscitation and
wound care (Roberts et al. 2012).
All anaesthetists should be competent in assessing burn injuries and safely managing their transfer to a specialist burns unit.
Anaesthetic personnel have a major role to play in the management of
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burn injuries which requires a thorough understanding of pathophysiological changes and treatment strategies. The anaesthetic team in
the specialized units must have specialized skills in resuscitation, airway management, intensive care, care of extremes of ages, and should
have access to expert help in managing non-burn co-morbidity. Burn
patients are best managed by a multidisciplinary team which includes
burn surgeons (plastic or general surgeons with special interest in
burns), anaesthetists, operating department practitioners, nursing
staff (theatre, ICU), microbiologists, pharmacists, pain team, nutritionists, psychologists, physiotherapists, occupational therapists and
play specialists. For such a diverse team to deliver in an effective
manner, it is vital to have great communication skills in dealing with
patients and their relatives. Regular commitment to burn care by each
member of the multidisciplinary team is required. A dedicated theatre
for burn cases is essential in a specialized burn centre.

Classification of burns
Skin is made up of the outer epidermis and inner dermis. The
deeper layer of dermis is termed adnexa and contains the hair follicle and sweat and sebaceous glands. The adnexa provides keratinocytes needed for epithelialization of the burn wound.
Burn injury to the skin can be classified according to depth of
burn as partial or full thickness. Partial-thickness injury can be
subdivided into superficial and deep.

First-degree burn
See Figure 64.2. Erythema, for example, sunburn:

Figure 64.3 Second-degree burn.

Second-degree (deep partial-thickness) burn
Burns destroy a larger proportion of the dermis and associated adnexa:
◆

White or red with fixed staining

◆

Do not blanch on pressure

◆

Diminished sensation.

Third-degree (full-thickness) burn

◆

Involves epidermis only

See Figure 64.4. Burns destroy all of the epidermis, dermis, and all
adnexal structures:

◆

Erythematous, pain, no blisters, but desquamation can occur later

◆

Dark and leathery

◆

Not life-threatening, do not require intravenous fluid.

◆

Charring, fixed staining, and haemorrhage areas

◆

Surface painless and generally dry.

Second-degree (superficial partial-thickness) burn
See Figure 64.3. Involves the epidermis and part of the dermis sparing a significant proportion of adnexa:
◆

Red or mottled, swelling, blisters

◆

Weeping wet appearance

◆

Blanch on pressure

◆

Painfully hypersensitive even to air current.

First-degree burn usually heals without any problem. Superficial
partial-thickness burn heals spontaneously with little or no scarring. Deep partial-thickness burn heals with hypertrophic scarring
and often needs skin grafting. Full-thickness burn requires surgical
intervention and skin grafting.

According to size of burn
◆

◆

Figure 64.2 First-degree burn.

Major: more than 15% total body surface area (TBSA) in adults,
and more than 10% in children
Minor: less than 15% TSBA in adults and less than 10% in children.

Figure 64.4 Third-degree burn.
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peaks of ACR observed in Yew and Pal’s study (2006) in the mortality group correlate with the two cascades of multiorgan failure
as described by Goodwin (1990). The early cascade, occurring
within the first week, is characterized by failure of reversal of burn
shock. The late cascade is typified by an infectious process, and
is usually associated with pneumonia. In a study of 50 patients in
a heterogeneous ICU population, MacKinnon et al. (2000) calculated probability of death and suggested that ACR can give a
rapid indication of outcome within 6 h of ICU admission. Other
researchers have shown that microalbuminuria can predict mortality within 15 min of admission in ICU (Gosling et al. 2003).
Microalbuminuria has also been shown to increase glomerular
permeability in post-septic patients (De Gaudio et al. 2000).

Prediction/markers of mortality in burns
Being able to accurately predict probability of death is important
for the burn care team. There is no single parameter which can
accurately predict mortality in burn patients. Objective estimates
and a few markers discussed next give indications for clinicians to
plan the management of these patients.

Objective estimates
◆

◆

◆

◆

Baux Score (Baux 1961): it is well known that the elderly are vulnerable and especially likely to die of burns. Burn mortality in
the elderly may be calculated by the Baux formula—age plus percentage body surface area (BSA) burned equals mortality. When
the TBSA of burn in an elderly patient is more than 70%, or if the
Baux score is greater than 130, mortality is nearly 100%. The formula is less accurate at extremes of age, and a significant number
of patients survive despite Baux scores reaching more than 100
(Wassermann and Schlotterer 1985; Bang and Ghoneim 1996;
Cadier and Shakespeare 1995).
Revised Baux Score (Osler et al. 2010): Osler et al. revised the
Baux score to include inhalation injury. They developed a single-
term logistic regression model using data on 39 888 burned
patients and showed that age and percentage burn contribute
almost equally to mortality, while the presence of inhalation
injury added the equivalent of 17 years (or 17% burn). The
Revised Baux Score performed well.
Probability with three identifiable risk factors (Ryan et al.
1998): three risk factors for death were identified by Ryan
et al.: age greater than 60 years, more than 40% of TBSA burned,
and presence of inhalation injury. The mortality formula predicts 0.3%, 3%, 33%, or approximately 90% mortality, depending on whether zero, one, two, or three risk factors are present,
respectively.
The mortality rate after smoke inhalation varies depending
on the presence or absence of cutaneous burns. Mortality rate
in the absence of cutaneous burn is less than 10%; however, it
rises considerably to 25–65% in the presence of cutaneous burns
(Herndon et al. 1986, 1987; Haponic and Summer 1987).

Markers
◆

◆

Cytokine concentrations: serum cytokine concentrations are
important markers of sepsis in burns patients. Gauglitz et al.
(2008) found that interleukin (IL)-10 on admission, or IL-6 and
IL-7 5–7 days later, may predict outcome. Mortality is increased
as serum IL-6 and IL-10 concentrations increase and serum IL-7
concentrations decrease. However, the validity of the results of
this study has been questioned by Myrianthefs and Baltopoulos
(2008) who argued that there are a variety of factors that are
capable of affecting circulating cytokines even in a subgroup of
critically ill patients and recommended serum cytokine-based
prediction models need to be compared with prediction models
based on clinical parameters.
Microalbuminuria (Yew and Pal 2006): microalbuminuria or
albumin–creatinine ratio (ACR) is a useful predictor of mortality
in burns patients. ACR of more than 20 mg mmol−1 is associated
with poorer outcome. There also appears to be a biphasic variation of mean ACR in patients who die, with either an early peak
in the first week of injury, or a later peak a month later. The two

◆

◆

◆

Antithrombin III (Del Principe 2003): the plasma antithrombin III concentration falls significantly in severe burns patients.
Antithrombin III concentration at the onset of burn injury correlates significantly with mortality.
C-reactive protein and lipoprotein(a). There is a major increase in
plasma C-reactive protein concentrations, whereas lipoprotein(a)
declines abruptly and transiently in burns and severe sepsis
(Mooser et al. 2000). These markers are not specific for burns.
Other markers: biphasic activated partial thromboplastin time
waveform (also termed A2 flag) has been shown to be a predictor of mortality in burn patients (Mathew and Pal 2002). Lactate
clearance (Nguyen et al. 2004, 2010) and soluble L-selectin
(Seidelin et al. 2002) are shown to predict mortality in severe sepsis in general ICU; however, an association with burn mortality
has not been studied.

Spies et al. (2003) showed prospectively that outcome in severely
burned children cannot be reliably predicted on the basis of patient
characteristics and injury characteristics alone. They also suggested that all severely burned children should be given a course of
treatment before consideration of withdrawal of treatment (Spies
et al. 2003).

Pathophysiology of burns
Burn injury leads to tissue necrosis; the resultant tissue is termed
‘eschar’. If untreated, the eschar slowly separates allowing viable
tissue underneath to grow and cover the exposed wound. Because
the underlying tissue is a good substrate for growth of microorganisms, it becomes infected if untreated. Burn injury can lead to local,
regional, and systemic effects.

Local effects
The local effects (Fig. 64.5) can be divided into three different zones
histologically (Jackson 1953):
1. Zone of coagulation (necrosis): in the centre of the wound the
cells are necrosed as a result of destruction by burn.
2. Zone of stasis (ischaemia): surrounds the central zone of coagulation where microvascular injury is occurring. There is priming
and attraction of neutrophils to the site of injury. Inflammatory
mediators such as oxidants, arachidonic acid metabolites, and
cytokines are released in this zone. These mediators although
locally beneficial have been implicated in causing tissue damage when they reach high concentrations. They are involved
in causing arteriolar and venular dilatation followed by platelet aggregation resulting in vascular stasis (Rose and Herndon
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Thermal, chemical burn
Zone of hyperaemia (oedema)
Zone of stasis (injury)

Neutrophil
migration

Central zone of
coagulation
(necrosis)

TXA2
Cytokines
IFN-χ

Moderate degree of vascular injury,
decrease tissue perfusion

Mediators: TXA2, TNF, IL-1,2,4,6,8,12, and IFN-γ (interferon)

Figure 64.5 Pathophysiology of burns—local effects. IFN, interferon; IL; interleukin; TNF, tumour necrosis factor; TXA2, thromboxane A2.

1997). Inflammatory mediators that are implicated are histamine, prostaglandins, leukotrienes B4–D4, thromboxanes A2
and B2, kinins, serotonin, catecholamines, free O2 radicals,
tumour necrosis factor α, IL-1, IL-2, IL-4, IL-6, IL-8, IL-12, and
interferon-γ (Young et al. 1992). These inflammatory mediators
can cause increased permeability of the microvasculature leading to tissue oedema, and can also cause microvascular stasis
and thrombosis (see earlier). The resultant effect is deepening of
the area of tissue burned. This zone is of tremendous interest to
scientists and clinicians as modulation of this zone can prevent
further progress of tissue injury.
3. Zone of hyperaemia (inflammation): the outer area of hyperaemia with increased permeability of vasculature leading to tissue
oedema.

Regional effects
Regional effects include compromised limb circulation as a result of
gross oedema in a limb resulting in venous obstruction. In circumferential burn, the eschar formed is incapable of distending which,
in the chest, can lead to ventilatory problems (hypoventilation leading to hypoxaemia), while in the limbs compartment syndrome can
result: the treatment in each case is immediate escharotomy (Fig. 64.6).
The circulation of the intrinsic muscles of the hand may be compromised because of oedema.

Systemic effects
Fluid loss
Fluid from damaged capillaries leaks out either as external loss or
accumulates internally into the tissues in the region of the burn
as oedema. In fact it may extend and involve the entire body. The
increased permeability of the capillaries is mediated by cytokines
and other inflammatory mediators acting on the microcirculation.
Effective fluid replacement will prevent hypovolaemia and minimize the risk of other systemic complications.
Altered cellular membranes and cellular oedema
There is a change in the membrane potential (from −90 mV to
−70 mV) in cells in non-burned area similar to the effect seen in

Figure 64.6 Escharotomy.

haemorrhage; however, it is different in that resuscitation of burn
injury only partially restores the membrane potential unlike in
haemorrhage where rapid restoration is seen. It results in increased
intracellular Na+ and water. Cell death occurs at −60 mV. There is
generalized oedema in burns affecting more than 25% TBSA. The
water content of burned tissue is increased by 70–80% within 30
min. Decreased oncotic pressure of plasma occurs as a result of
denatured proteins. Water content of all tissues gradually increases
over 12–24 h.
Haemodynamic consequences of acute burns
Burn shock hypodynamic phase (first 48 h) The CO is reduced
immediately before any reduction in plasma volume is detected
suggesting a neuronal response to increased circulating vasoconstrictor mediators. The SVR decreases, leading to reductions in
blood pressure, perfusion, urine output, and oxygen delivery. There
is some response to fluid challenge.
Burn shock hyperdynamic phase (after 48 h and lasts up to
9 months) In this phase, the SVR is reduced markedly and there is
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a pathological inability to respond to hypovolaemia and vasoconstriction. The CO rises markedly and the urine output falls further.
There is a poor response to fluid challenge and patients can get easily overloaded with oedema formation. There is a marked increase
in energy expenditure. The immune status is reduced.

water to neutralize the acid or alkali for several hours. When systemically absorbed, these substances can cause metabolic acidosis
and alkalosis (as the case may be). Hydrofluoric acid can lead to
hypocalcaemia.

Systemic complications

Burns in children
Children have thin skin hence the burn is deeper and more extensive. Compared with adults, children have different body proportions so it can be difficult to assess burn size accurately. Fluid
requirement is greater and glucose solution may be included.
Maintenance fluid (Hartmann’s) should be added for children
weighing less than 30 kg which should be titrated against oral
intake/nasogastric feed. In massive burn, intravenous access may
be extremely difficult if not impossible; however, intraosseous
access is a good alternative. Non-accidental injury is a common
cause of burns in children.

There are well-documented systemic complications which can
occur in association with burns such as:

Management of burns

Multiple organ failure
In the course of burn injury, multiple organ failure may occur (e.g.
progressive failure of renal or hepatic and myocardial function).
The cause of multiple organ failure is varied and has been attributed to fluid loss, ‘toxaemia’ from infection, or systemic inflammatory response to sepsis (systemic inflammatory response syndrome).
Multiple organ failure may develop without any obvious signs of systemic infection.

◆

◆
◆

◆

Pre-hospital management: first aid

Curling’s (gastric or duodenal) ulcer that may result in acute
upper gastrointestinal bleeding

Stop the burning process—removal of clothing and irrigation of the
burnt area with tepid water (at least 15°C for 20–30 min). Chemical
powder should be brushed away.

Immunosuppression which increases the risk of sepsis
Later in the course of burn injury, weight is lost as a result of a
catabolic response to trauma

Initial care in the emergency department
◆

Other non-specific complications include urinary tract infection
from catheterization, DVT, and pulmonary embolism.

◆

Electrical burn
Electrical burn is identifiable by a small entry and exit wound. Even
though there is only a small burn superficially there is massive
underlying muscle damage as current flows through the path of least
resistance leading to potential myocardial damage. Hence serial ECG
and troponin concentrations should be performed to rule out myocardial damage. Delayed arrhythmias are common. Compartment
syndrome is a possibility requiring fasciotomy. Urine shows myoglobinuria which can lead to renal failure. The aim should be to achieve
a high urine output of 1.5–2.0 ml kg−1 h−1 using mannitol.

Figure 64.7 Airway burn on admission (a) and a few hours later (b).

Taking universal precautions when examining the patient and
carrying out any invasive procedure until the drug abuse status is
known is good practice.

Primary survey: ABCDEF
Airway and control of cervical spine
◆ Initial compromise of the airway is almost always as a result of a
low Glasgow Coma Scale score and not the burn
◆

Chemical burn
Acids, alkali, and organic substance such as petrol can cause
chemical burn. Immediate management includes irrigation with
(A)

History is obtained from relatives/ambulance staff regarding the
mechanism and time of burn and associated injuries.

(B)

Coma as a result of trauma, drugs, alcohol, carbon monoxide,
and smoke inhalation

◆

Early maintenance of airway is important (Fig. 64.7)

◆

If there is history of trauma, the C-spine is immobilized

◆

Once the airway is clear, high-flow oxygen is administered
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Breathing and control of ventilation
Breathing may be compromised as a result of a depressed conscious
level. Exclude trauma, smoke inhalation, and a constricting circumferential burn to chest wall:
◆

Tracheal position is checked—exclude tension pneumothorax

◆

Tracheal intubation at early stage is technically easy

◆

Suxamethonium can safely be used in the first 24 h

◆

Escharotomy is performed in circumferential burn.

Circulation and control of breathing
Rapid assessment of circulation in burned and unburned
limbs: blood pressure, pulse, and capillary refill.
◆
◆

◆
◆

◆

Fluids
◆ Burns of more than 15% in adults and 10% in children will
require fluid resuscitation
◆

A pulse oximeter can give a spuriously high reading if the carbon
monoxide concentration is high

◆

anaesthesia for plastic surgery and burns

Rate of fluid administration:
• 3–4 ml kg−1 (% burn)−1 in 24 h
• ½ in first 8 h, rest in the next 16 h

◆

Calculation based on the time from injury

◆

Lactated Ringer’s solution is fluid of choice

◆

Glucose-containing solution in children

◆

Aim for urine output:
• Adults 0.5 ml kg−1 h−1
• Children 1 ml kg−1 h−1

Pressure is applied to bleeding points

◆

Frequent clinical assessment

Hypovolaemic shock is never because of burn alone—look for
underlying trauma

◆

Any formula provides only an estimate of fluid need.

Intravenous access and baseline carboxyhaemoglobin

Secondary survey

Two large-bore intravenous cannulae placed preferably through
unburned skin. Options: saphenous cut-down, femoral line, and
intraosseous in children less than 6 years old

◆

• Mechanism of injury
• Head to toe examination

Escharotomy in circumferential burn causing compartment
syndrome.

Disability
◆ AVPU score: alert, vocalizing, responding to pain, unconscious
Pupils checked.
Exposure and estimation
◆ Expose patient completely and remove all jewellery

History—AMPLE (Allergy, Medications, Past medical history,
Last meal, Event—what happened?):

• Tetanus prophylaxis
• Burn dressing with cling film
◆

◆

Lab investigations as in trauma patient—full blood count, urea
and electrolytes, blood gas analysis, and, if indicated, toxicology
analysis. ECG, chest X-ray, and other investigations (CT scan)
may be required as guided by clinical situation
Transfer arrangements—follow established guidelines.

◆

Keep patient warm

◆

◆

Log roll, inspect back for injuries and burns

British Burns Association referral criteria for burned patients
(See http://www.britishburnassociation.org/referral-guidance.)

◆

Estimate burn size and depth. The ‘rule of nines’ (Fig. 64.8) is a simple way of estimating size of burn. In an adult who has been burned,
the percent of the body involved can be calculated as follows:

◆
◆

• Head = 9%

◆

Burns of special areas: face, hands, feet, genitalia, perineum,
major burns

• Chest (front) = 9%

◆

Full-thickness burns more than 5% TBSA

• Abdomen (front) = 9%

◆

Burns with associated inhalation injury

• Upper/mid/low back and buttocks = 18%

◆

Electrical and chemical burns

• Each arm = 9% (front = 4.5%, back = 4.5%)

◆

Circumferential burns of limbs and chest

• Groin = 1%

◆

Burns of patients at the extremes of age

• Each leg = 18% total (front = 9%, back = 9%).1

◆

As an example, if both legs (18% × 2 = 36%), the groin (1%), and
the front chest (9%) and abdomen (9%) were burned, this would
involve 55% of the body

◆

◆

BSA of an infant’s head is twice that of an adult

◆

Palm (excluding fingers) represents 1%

◆

Laser Doppler is a useful tool to estimate depth of burn.

1

More than 10% TBSA in adults and 5% in children

(Reprinted from The Lancet, 257, 6653, Wallace AB, ‘The exposure treatment
of burns’, pp. 501–504, Copyright 1951, with permission from Elsevier.)

Burns in patients with pre-existing disease which may affect
management, recovery or mortality
Any burn associated with trauma.

Inhalation injury
Inhalation injury occurs when the victim is trapped in enclosed
spaces. Excessive consumption of alcohol may lead to a fire being
accidentally started and impairs judgement which can delay escaping and reporting a fire. Oxygen is consumed by a fire so the FIO2
may be as low as 12%. The degree of airway injury sustained is
related to the length of exposure to smoke, amount of smoke
inhaled, type of smoke inhaled, and depth of respiration (can be
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Figure 64.8 Calculating total body surface area (TBSA) burnt. (a) Rule of nines. (b) Lund and Browder chart.
(a) Reproduced from McLatchie, G., Borley, N., and Chikwe, J., Oxford Handbook of Clinical Surgery, Fourth Edition, 2013, Figure 16.4, Page 605, with permission from Oxford University Press.
(b) Reproduced from McLatchie, G., Borley, N., and Chikwe, J., Oxford Handbook of Clinical Surgery, Fourth Edition, 2013, Figure 16.5, Page 605, with permission from Oxford University Press.
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influenced by alcohol and CO2). It should be suspected in patients
with burns of the head and neck if there are two or more of the
following factors present: history of fire in enclosed space, carbonaceous sputum, perioral burn, altered level of consciousness, symptoms/signs of respiratory distress, hoarseness/loss of voice/stridor,
carboxyhaemoglobin greater than 15%, and impaired gas exchange.
The risk of impending airway obstruction increases in the
following order:
◆

Burns around nose/mouth

◆

Soot in nostrils or singed nasal hair

◆

Burns of tongue

◆

Intra-oral swelling

◆

Hoarse voice

◆

Oedema on laryngoscopy

◆

Stridor.

Various parts of the airway may be injured which may be as a result
of heat (thermal burn) or inhalation of toxic gases (chemical burn).
The inhalation of hot gases causes a thermal burn to the upper airway. This is manifest by hoarseness, cough, stridor, and respiratory
obstruction. Inhalation of the products of combustion (toxic gases)
causes a chemical burn to the bronchial tree and lung parenchyma.
This is manifest by hypoxia, acute respiratory distress syndrome,
and respiratory failure; it may be of delayed onset. The location of
injury in the airway depends on particle size, solubility of the substance, and duration of exposure. Particles larger than 10 µm are
deposited in the upper airway and those smaller than 3 µm into the
alveoli. Highly soluble chemicals (e.g. hydrochloric acid, sulphur

Confirm diagnosis
◆

◆

◆

◆

◆

◆

◆

◆

◆
◆

Box 64.3 Guidelines for management of airway burns

◆

Burns in closed space.

◆

Stridor, hoarseness, or cough.

◆

◆
◆

Upper airway burns

◆

◆

Chest X-ray (initial may be normal) on admission and first
thing each morning.
Carbon monoxide concentration (on admission and repeated
hourly until normal).

◆

◆

◆

100% oxygen until carbon monoxide concentrations are less
than 2%.
Pressure-controlled ventilation, permissive hypercapnia, positive end-expiratory pressure (<7.5 cm H2O).
Nebulized heparin 5000 IU diluted with 3 ml normal saline
4-hourly for 5–7 days. Monitor coagulation daily and discontinue if activated partial thromboplastin time is greater
than 1.5.
Nebulized 20% acetylcysteine solution 3 ml every 4 h (may be
irritant to airway and should be discontinued if bronchospasm
unresponsive to bronchodilation develops). Alternate medications so patient receives 2-hourly treatments.
Nebulized salbutamol 2.5–5 mg 4-hourly if wheezing present.
Aggressive pulmonary toilet—at least every 4 h—30 min after
acetylcysteine nebulization.
Chest physiotherapy at least four times a day. More frequently
if persistent plugging or poor gas exchange. Daily sputum bacterial surveillance.
Increased fluid requirements by as much as 50%. Restricting
fluids is detrimental to the pulmonary insult and does not
reduce oedema.
All patients with severe lower airway burns and those that
remain hypotensive or with poor urine output should have
continuous invasive/non-invasive cardiac output monitoring
and O2 delivery optimized with inotropic support.
Suspect cyanide poisoning if persistent acidosis (treatment
with 0.3 ml kg−1 of 10% sodium nitrate and 1.6 ml kg−1 of 25%
sodium thiosulfate as a single dose).
Prophylactic antibiotics should not be given. Antibiotics
according to culture reports for clinical infection.
Early enteral feeding—nasogastric/nasojejunal tube on admission and feed immediately.

◆

Early assessment may not be impressive. Later intubation may
be very difficult.

◆

If in doubt, intubate.

Early surgical debridement.

◆

Early mobilization/ambulation.

Control airway

◆

Repeat bronchoscopy if persistent lobar collapse or for
culture.

Must intubate the trachea early to avoid respiratory compromise when swelling increases.

Lower airway burns
◆

◆

Dyspnoea, decreased level of consciousness or confusion.

The consultant anaesthetist must be informed of admission of all
inhalation injuries.

◆

◆

Burns to face, lips, tongue, mouth, pharynx, or nasal mucosa
and soot in sputum, nose, mouth.
Clinical hypoxaemia (Sa O2 < 94%), increased carbon monoxide
concentrations (>2%).

All patients with suspected inhalation injury should have
bronchoscopy with or without lavage/culture on admission
and 24 h after admission.

Specific treatment

◆

Suspect if:

anaesthesia for plastic surgery and burns

Intubate with large low-pressure/high-volume cuffed tube
using sterile technique.
Nasal intubation in children.

Reduce risk of infection from remote sites (frequent line
changes, evaluate cutaneous burn sites).

Pulmonary function tests before discharge and at return clinic
visits.
This table is adapted from that published in Anaesthesia Review, Kaufman
et al. (eds), Akinniranya AK and Pal SK, ‘Inhalational injury: current
concepts and management’, Table 6.3, Copyright Elsevier 1999.
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dioxide, ammonia, and aldehydes) cause damage to upper airway
and bronchioles. Less soluble chemicals (e.g. nitrogen dioxide,
nitrous oxide, ozone, and phosgene) affect mainly distal airways
and the onset of symptoms is delayed (hours to days). Airway injury
includes direct mucosal injury; increased bronchial blood flow and
capillary permeability; mediator-induced actions such as oedema,
capillary leak, and bronchoconstriction; and loss of surfactant with
resultant impaired alveolar function. Consequences of these airway
injuries are bronchoconstriction, reduced lung compliance with
increased work of breathing, and secondary infection leading to
acute lung injury. Systemic absorption of toxic gases, in particular, carbon monoxide (but also hydrogen cyanide from burning
plastics) causes poisoning. Carbon monoxide has more affinity
(240 times) than oxygen to haemoglobin, and displaces oxygen
from haemoglobin to form carboxyhaemoglobin, thereby reducing
the oxygen-carrying capacity of the blood. It also has deleterious
intracellular effects. Patients who survive the original incident may
arrive confused or unconscious. The presence of inhalation injury
in cutaneous burn increases mortality.
Management of inhalation injury
The guideline shown in Box 64.3 (Akinniranye and Pal 1999) was
first introduced by the author in 1996 in the burns unit at St
Andrew’s Centre for Plastic Surgery and Burns (Broomfield
Hospital, Chelmsford, United Kingdom). Since then, the protocol has worked well in these patients. Internal audit has shown
good compliance with the protocol and good outcome of inhalation injury. As evident from the guideline, inhalation injury is a
dynamic process and early intervention can prevent a disastrous
situation developing. Fibreoptic bronchoscopy is the gold standard
in diagnosing inhalation injury (Fig. 64.9).
The decision to intubate a patient’s trachea in the referring
hospital may be difficult as delay can make it a ‘can’t intubate,
can’t ventilate’ scenario. The reasons to intubate are to protect
the airway, maintain patency of upper airway, ventilatory support, and to facilitate safe transfer to a regional burns centre.
There are, however, some clear indications when to intubate, that
is, reduced level of consciousness; impending signs of airway
obstruction (see list in ‘Inhalation injury’); and symptoms and

Figure 64.9 Bronchoscopic view of major airway burn showing redness, oedema,
and ulceration of bronchial mucosa.

signs of respiratory distress—tachypnoea, nasal flaring, intercostal recession, hypoxia, and hypercarbia. If there is any doubt,
it is better to intubate for safe transfer to a regional burns centre where the patient can be extubated if needed. If the decision
is made to proceed to intubate then it is advisable to place an
appropriate size of tracheal tube for long-term ventilation; not
to cut the tracheal tube as progressive oedema can cause it to
protrude with loss of airway; check and, if necessary, adjust tube
ties as oedema forms.
Patients with cutaneous burns and coexisting inhalation injury
require more resuscitative fluid especially in the first 24–48 h
by as much as 40–75%. The treatment of carbon monoxide poisoning is to give 100% oxygen until the carboxyhaemoglobin
concentration is less than 7%. Hyperbaric oxygen therapy is controversial as a result of the difficulties of managing a major burn
patient who is intubated and ventilated in a hyperbaric chamber.
Additionally, there are risks of barotrauma in an already friable
respiratory tract. Use of nebulized heparin and acetylcysteine
(mucolytic agent) has been shown to improve lung function in
paediatric burns patients by decreasing cast formation, small airway obstruction, and barotrauma (Desai et al. 1998). Sepsis or
inflammation can cause thrombin to trigger a change in endothelial cell shape to produce microvascular gaps leading to increased
endothelial permeability. Heparin improves oxygenation by
preventing microvascular permeability caused by thrombin-
mediated microvascular injury.
The ventilation strategy should aim to prevent barotrauma
and includes permissive hypercapnia, low tidal volume, positive end-expiratory pressure, limiting peak pressure, and 35–45°
head-up tilt.

Tertiary burn care
Patients with burn injuries are assessed in the admission room in
the tertiary centre. Depending on the severity of the burn (Fig. 64.10),
patients are admitted either to a burns ICU (if a major burn needing fluid resuscitation, invasive monitoring, cardiovascular and
respiratory support) or rehabilitation unit (if a minor burn). If the
patient has sustained a major burn, venous access and invasive
monitoring is established if not already in place from the referring
centre. After a thorough handover, the burn size is estimated using
the ‘rule of nine’ (see ‘Exposure and estimation’ and Fig. 64.8).
Fluid resuscitation is carried out as outlined in a later subsection.

Figure 64.10 Major burn.
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The burn wound is cleaned and dressed and the patient is stabilized before proceeding to early surgical excision of burn wound
and skin grafting. It may take 6–12 h to stabilize the patient. Often
inotropic and ventilator support is needed.
Estimation of burn depth
Currently, burn depth is determined clinically by visual and tactile assessment by an experienced burn specialist. However, clinical
estimation of burn depth can be inaccurate. Various objective methods have been developed to define the depth of burn injury, including wound biopsy, vital dyes (Zawacki and Walker 1970—animal
study), fluorescent fluorometry (Gatti et al. 1983), ultrasonography
(Wachtel et al. 1986), thermography (Cole et al. 1990), light reflectance (Afromowitz et al. 1988), laser Doppler imaging (O’Reilly
et al. 1989) (Fig. 64.11), and magnetic resonance imaging (MRI)
(Koruda et al. 1986—animal study). These methods have used
different technologies to determine the depth of burn wound, for
example, by detecting dead cells or denatured protein (ultrasound,
vital dyes), the changes in blood flow (fluorescin, laser Doppler,

anaesthesia for plastic surgery and burns

thermography), the colour of the wound (light reflectance), and
the presence of oedema (nuclear MRI). Thermography is highly
dependent on room and patient temperature. Light reflectance uses
a portable, non-invasive electronic device which instantly measures
spectral characteristics of light reflected from the skin. However, it
is inaccurate in partial-thickness burns. Reliability is inconsistent
with all these methods except histological sections of wound biopsy
which is invasive and requires an experienced histopathologist.
Resuscitation of adult burn patients
All pre-admission fluid is added up and documented as pre-admission
fluid. The 24 h predicted resuscitation fluid is calculated. Hourly cumulative fluid input (including preadmission fluid, oral intake, and drug
infusions) is documented. Vital signs and urine output are monitored,
aiming to achieve a urine output of 0.5–1.0 ml kg−1 h−1. Hartmann’s
solution is started at the rate of 4 ml kg−1 (% of burn)−1. Half of the
calculated resuscitation fluid is given in the first 8 h from the time of
burn and half is given in the next 16 h. The patient is assessed hourly
and fluids adjusted accordingly. If the urine output is less than

High Flow

(A)

(B)

Low Flow

Figure 64.11 Laser Doppler to measure depth of burn objectively. (a) Front and (b) Back.
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0.5 ml kg−1 h−1, a fluid bolus of 250 ml is administered and the patient
is reassessed at 1 h. However, if the patient becomes clinically unwell
then a fluid bolus of 250 ml of gelatin (Volplex®) is given over 10 min
and the patient reassessed. The bladder should be catheterized and
invasive lines (arterial and CVP) established if not already done so.
Additional monitoring with pulse-induced contour cardiac
output, lithium indicator dilution cardiac output, or oesophageal
Doppler is commenced. Goal-directed fluid therapy (SV as indicator) with 250 ml of Volplex® over 10 min is commenced. If an internal jugular or subclavian venous line (not femoral) is in place, the
Sv O2 is checked. The patient may require inotropic, ventilatory, and
renal (haemofiltration) support. The SVR is expected to be low in
major burns as the resistance vessels are burned and one should
not aim to achieve a ‘normal’ peripheral vascular resistance with
an α-adrenergic drug (noradrenaline) as this would compromise
perfusion to the vital organs. If the urine output is greater than
1 ml kg−1 h−1, the rate of i.v. fluid administration should be reduced
by 25–50%. If the urine output is between 0.5 and 1.0 ml kg−1 h−1, the
rate of i.v. fluid administration is maintained but reassessed hourly.
If the calculated 24 h target for cumulative fluid input is achieved,
before 24 h from the time of the burn, then the patient should be
reassessed (check catheter/palpable bladder)—heart rate, urine
output, capillary refill, and mean arterial pressure. The initial burn
assessment on which the resuscitation fluid was calculated should be
revisited and other (missed) injuries considered. There is no point
chasing false targets such as isolated base deficit. If there is inhalation injury with severe metabolic acidosis or high lactate and the
patient is unresponsive to fluid administration then consider carbon monoxide and cyanide poisoning (Box 64.3). It is important to
note that too much fluid is as harmful as too little. There is ongoing
trauma in major burns from the hypermetabolic state, burn wound
toxicity, repeated surgical procedures, repeated dressing changes
and showers, and massive fluid shift. In addition, there is psychological trauma including social deprivation, disfiguring scars, and

prolonged reconstructive surgery. There is often a traumatic history
and difficult family background (e.g. suicide attempts, house fires,
and multiple casualties from the same incident). Psychological support and stress counselling must be available for patients, relatives,
and all members of staff involved in caring for burn patients.

Anaesthesia for burn surgery
Working in the burn theatre environment can be quite daunting and requires a highly motivated team to work long hours in
a heated environment involving a variety of case mix and patient
dynamics which are complex (Fig. 64.12). The technical aspect is
quite challenging and demanding. The course of burn treatment
involves multiple surgical episodes requiring repeated exposure to
anaesthesia. Preoperative assessment requires careful attention to
anaemia, airway difficulty, catabolic state, coagulopathy, cardiac
dysfunction, hyponatraemia, thermoregulation, immunosuppression, nutrition, intravenous access, monitoring, multiple general
anaesthetics, multiple organ failure, and sepsis. Compatible monitoring systems should be in place in theatres, for transport, and
intensive care rooms. Infection is a major problem in a burn unit
hence extra care is needed to minimize infection, for example,
single-use items; reserving equipment for the burn unit without
sharing with general theatres; storing only the required equipment
in theatre; changing gloves when drugs and equipment are to be
taken into the theatre from the anaesthetic room; and using plastic
gown, face mask, gloves, and glasses for eye protection. Vigorous
cleaning of theatres between cases means inevitable delay between
cases. Staffing the recovery room postoperatively can be a problem
even in a burn unit setting with a dedicated theatre for burns.

Practical conduct of anaesthesia
Local and regional anaesthesia is often not feasible.
General anaesthesia with either (a) conventional propofol induction, LMA/cuffed oral tracheal tube, maintenance with oxygen, air,

Figure 64.12 Multidisciplinary team working in an operating theatre to carry out a burn surgical procedure in a patient with major burn.
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and inhalation agent (isoflurane or sevoflurane), non-depolarizing
neuromuscular blocking agent when needed (avoid suxamethonium
as it causes release of K+ in the circulation leading to arrhythmias and
even cardiac arrest); morphine for analgesia; (b) TIVA induction and
maintenance; airway as for (a); or (c) propofol induction and maintenance with oxygen, air, and inhalation agent and remifentanil infusion; airway as for (a); morphine before end of anaesthesia.

Considerations in anaesthesia for burns
Venous access
Venous access can be technically difficult. However, the use of
ultrasound has made line placement easier in burn patients.
Patients with major burns undergoing surgical debridement of a
burn wound invariably have all the lines in situ (being placed on
admission).

Airway problems
The airway can be compromised if there is inhalation injury with
swelling of the face, soot in the nostril, and difficulty in visualizing
the larynx because of oedema (Box 64.3). A difficult airway trolley
should be available in theatre before starting anaesthesia. Surgical
intervention (tracheostomy) may be required. Another situation
where the anaesthetist will face a challenging airway is when the
patient has developed a neck contracture later in the course of burn
rehabilitation, requiring surgical correction.

Temperature loss
Temperature regulation is altered in burn patients with the result
that the patient may experience hyper-or hypothermia. A high
metabolic rate may contribute to changes in temperature. In the
operating theatre, a combination of lengthy procedures, exposure
of large areas of the body, and administration of large volumes of
fluids can cause hypothermia. Hence it is imperative to monitor
both the peripheral and core temperature. The aim should be to
keep the body temperature above 35°C and the difference between
the core and periphery less than 4°C (a difference of greater than
4°C signifies that the patient is peripherally shut down). The ambient temperature of the room should be above 27°C. Use of overhead radiant heaters is very effective. In addition, fluid should be
warmed using a fluid warmer and in major surgery a level 1 infusion system is useful for rapid transfusion of warm fluid and blood.
Infants aged less than 6 months lack the mechanism to shiver and
prolonged hypothermia can lead to hypoxia and acidosis through
adaptive brown fat metabolism (Langley and Sim 2002). Infants
and children quickly lose heat because they have a higher relative
evaporative heat loss than adults.
The ‘Thermogard’ Intravascular Temperature Management
System (IVTM™, Zoll Medical Corporation, Chelmsford,
United Kingdom) has recently been introduced for clinical use.
Thermoregulation is achieved by circulation of saline around
a ballooned catheter inserted into a central vein, with automatic
adjustment of saline temperature controlled by remote monitoring of the patient’s temperature. It has been successfully used in
regulating labile body temperature associated with severe burns
(Mavrogordato et al. 2009).

Monitoring difficulties
In the operating theatre, continuous monitoring of the patient’s
vital signs is essential to the safe conduct of anaesthesia. Essential
monitoring devices include ECG, pulse oximeter, non-invasive

anaesthesia for plastic surgery and burns

blood pressure, and capnography. Burn patients pose particular challenges in achieving this essential standard of monitoring
because of difficulties in placement of monitoring equipment (e.g.
standard sites for ECG, pulse oximeter probe, and blood pressure
cuff are often unavailable or do not stick on damaged skin). Pulse
oximetry may be unreliable in the presence of carboxyhaemoglobin
in inhalation injury or in shocked vasoconstricted patients. Siting
of the pulse oximeter probe may be a problem in a patient with
major burns because of lack of access to the usual sites. Access to
neck veins, groin, and the infraclavicular region may be difficult
because of burn wounds. These difficulties can be overcome in the
following manner:
1. Attaching ECG leads to staples placed in burned areas.
2. Using specially designed metallic ECG electrodes which can be
screwed onto the burned area.
3. A blood pressure cuff can be placed in the burned area or in
extensive procedures, invasive measurement is justified with the
added advantage of arterial blood gas and other analyses.
4. Attaching a pulse oximeter probe to central sites such as ears,
nose, lips, or tongue. A modification of Guedel’s airway whereby
the Nellcor™ (Medtronic, Minneapolis, MN, USA) probe is
inserted into the airway and the airway is inserted over the
tongue in the usual manner. However, it may not give reliable
results and in fact it can give a falsely high reading.
5. Use of a reflectance oesophageal photoplethysmographic probe
utilizing miniature surface mount infrared and red emitters and
a photodetector placed inside a modified nasogastric tube (Pal
et al. 2005). The device is placed non-invasively in the patient’s
oesophagus and it gives a continuous recording of Sa O2 . This has
been shown to give accurate levels of oxygen saturation.

Blood loss
Blood loss can be massive and may reach twice the circulating volume. However, advances in surgical technique using subcutaneous
adrenaline 1:1 000 000 infiltration under pressure (tumescence)
before excising the wound or taking a skin graft has reduced blood
loss considerably (Robertson et al. 2001). While estimating blood
loss, consider donor site loss and the excision area. Blood loss is
estimated according to area in cm2. It depends on the time since
injury, surgical plan, presence of infection, and whether a primary
or repeat harvest is being done. The calculation is based on:
◆

Less than 24 h-old burn = 0.45 ml cm−2

◆

1–3-day-old burn = 0.65 ml cm−2

◆

2–16-day-old burn = 1.25 ml cm−2.

Blood loss can be sudden as multiple surgical teams work at different sites. Therefore it is wise to confirm the availability of
cross-matched blood and blood products before commencing
anaesthesia. If there is sudden massive blood loss, surgery may
need to be stopped temporarily while hypovolaemia is corrected.
Assessing blood loss by weighing swabs is inaccurate and measuring haemoglobin and haematocrit using a blood gas analyser gives
a fairer estimate. Additionally, it gives an indication of how well
the vital organs are perfused with oxygenated blood. One needs to
determine what haemoglobin target should be achieved. It is considered that up to 30% of the circulating volume can be replaced
by crystalloid or colloid solutions alone (Carson et al. 1998) and
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a haemoglobin concentration of greater than 80 g litre−1 should
be sufficient without impairing wound healing (Wahr 1998; Hopf
et al. 2000).

Drug pharmacokinetics
Burns patients exhibit altered pharmacokinetics as a result of
changes in volume of distribution (Vd), and excretion of drugs. Vd
is altered as a result of changes in the protein binding and extracellular fluid volume resulting from intravascular fluid loss, fluid
administration, and increased capillary permeability. Losses may
occur through burn wounds. In the acute hypometabolic phase,
plasma protein concentrations change—albumin concentrations
fall and α1-acid glycoprotein concentrations rise. Also in this phase
the circulating blood volume and CO decrease and tissue perfusion
is reduced as a result of increased fluid loss and increased vascular permeability. This in turn reduces renal and hepatic blood flow
affecting drug clearance. In the hypermetabolic phase, there is restoration of vascular permeability; however, renal and hepatic function may still be impaired, therefore restoration of drug clearance
may not be seen in this phase.
Burn injury affects the efficacy of neuromuscular blocking agents.
Proliferation of extrajunctional acetylcholine receptors occurs in
response to burn injury. This leads to resistance to non-depolarizing
neuromuscular blocking agents and hypersensitivity to depolarizing neuromuscular blocking agents (Marathe et al. 1989). These
changes are proportional to TBSA burn and may occur within
a week of the injury and persist for up to a year. Hyperkalaemia
occurs with a depolarizing neuromuscular blocking agent as a
result of proliferation of the acetylcholine receptors and may lead to
life-threatening arrhythmias (Allan et al. 1961). The maximum risk
of hyperkalaemia in burn patients occurs between 9 and 60 days
after the burn. The use of succinylcholine in the first 24 h after a
severe burn injury is regarded as safe.
Because of the hyperdynamic circulation and hypermetabolic
state, the dose requirement of all anaesthetic agents is increased
and their duration of action is decreased. The MAC value for
volatile anaesthetic agents is increased. Tolerance develops to
a wide range of drugs including analgesics, sedatives, and inotropic agents.

Fluid requirement
Patients undergoing surgical debridement of burn wounds will
require, in addition to maintenance fluid with crystalloid fluid,
replacement with crystalloid, colloid, blood, and blood products
for losses during surgery. Traditionally, albumin was used in the
author’s centre after the leaky capillary stage; however, controversy
surrounded its use in a published report of a meta-analysis of albumin in critical care patients (Cochrane Injuries Group Albumin
Reviewers 1998) leading to the introduction of other colloids.
However, albumin is used when the serum albumin concentration falls below 15 g litre−1. Hydroxyethyl starch (Volulyte®) has
the advantages of efficient volume expansion, a prolonged duration
of effect, being less expensive than human albumin, and with no
possibility of transmitting infection. However, concerns have been
raised that the use of starch may cause acute kidney injury in sepsis
(Schortgen et al. 2001). Moreover it can cause itching (Sirtl et al.
1999) which is problematic in burn patients. Currently it has been
withdrawn from the market. The colloid of choice now is gelatins
(Volplex® or Gelofusine®). Blood is transfused to maintain the haemoglobin concentration at higher than 80 g litre−1.

Infection control
Burn patients are at a greater risk of infection as the natural barrier
of the skin is lost and the immune system is depressed. Topical antimicrobials are useful. These are silver-containing—flamazine, silver
nitrate, and acticoat; hypochlorite (0.025%); and betadine. Washing
wounds reduces the bacteria count, for example, taking a bath or
shower results in a reduction from 106 to 102 organisms g−1 of tissue. Microbiological surveillance with regular wound swabs, tissue
microbiology, and close liaison with a microbiologist is essential.
Prophylactic systemic antibiotics are not prescribed unless patients
are undergoing surgical procedures. In theatres, the patient routinely receives benzylpenicillin 1.2 g and gentamicin 3–5 mg kg−1
intravenously. Further systemic antibiotics are guided by culture
and sensitivity reports.
Patients may develop infections caused by bacteria that are resistant to antibiotics and these are often difficult to treat, leading to
sepsis which can be fatal. Colistin has been reported to be effective in treating multiresistant Gram-negative organisms in burn
patients (Ganapathy et al. 2010).

Nutrition
Burn patients develop a high basal metabolic rate in the hyperdynamic phase. This leads to increased oxygen consumption. The
Harris–Benedict equation (Harris and Benedict 1919) is used to
calculate resting energy expenditure (REE), along with the usual
multiplication factors to provide adequate calorie intake:
Women: REE = 655 + (9.6 × weight in kg )
+ (1.7 × height in cm )
− ( 4.7 × age in years )
 (64.4)
Men: REE = 66 + (13.7 × weight in kg )
+ (5.0 × height in cm ) (6.8 × age in years )

(64.5)

Calorie requirements day −1 = 1.25 × REE
(for each 1°C above 37 add 10% extra allowance)

(64.6)

A dietitian is a useful member of the burn team and carries out
daily assessment of calorie requirement and intake is accordingly
adjusted.
Gut motility is commonly affected and nasojejunal feeding is
instituted early. Nasojejunal feeding is preferred to nasogastric
feeding because repeated interruptions to the latter for surgical
procedures can restrict the required calorie intake which may
delay wound healing and recovery. With a nasojejunal feeding tube in place, the intubated patients can be fed through the
surgical procedures without the fear of aspiration. Anaesthetic
technique can be modified to reduce gut motility impairment.
Functioning bowel is essential to reduce burns sepsis. Total parenteral nutrition is instituted if the gut becomes non-functioning.
Abdominal girth is measured at intervals to detect any intra-
abdominal pressure increase which can lead to bowel necrosis.
Selective decontamination of the gastrointestinal tract may be
considered in selected cases.
Glycaemic control is vitally important as hyperglycaemia
is associated with increased mortality in burn patients (Gore
et al. 2001).
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Pain control in burns
Burn pain is one of the most severe forms of acute pain, necessitating the use of opioids. Opioid requirements are increased as
a result of changes in Vd, protein binding, metabolism, and excretion. Altered pharmacokinetics, difficulty in assessing pain, and
fear of addiction in the past has led to undermedication. There
may be little or no pain for the first few hours because of release
of endogenous opioids providing stress-induced analgesia. Pain is
influenced by the following factors: depth of burn, stage of healing,
nature of care procedures, and patient characteristics (age, ethnic
origins, etc.). Often the pain experienced by the patient is complex
as a result of the factors that led to the injury and they may have
minimal pain and an increased level of anxiety. Pain receptors in
skin around the exposed wound are stimulated and sensitized.
Nerve damage can lead to neuropathic pain. It is important to differentiate various types of pain (Pal et al. 1997):
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effective in the treatment of sympathetically maintained pain
(Pal et al. 1997). Psychological therapies include cognitive interventions, preparatory information, behavioural interventions,
and hypnosis. These adjunctive methods enhance strategies to
cope with pain and aid relaxation which benefit many patients
(Pal et al. 1997).

Anaesthesia for hand surgery

Psychological factors (depression/
anxiety) become a part of
the experience of pain if pain medication is not initiated before
unpleasant procedures.

Hand surgery involves treatment of acute injuries and chronic
diseases such as rheumatoid arthritis of the hand and wrist; correction of congenital malformations of the upper extremities; and
peripheral nerve disorders such as brachial plexus injuries at birth
and carpal tunnel syndrome. There is an overlap of surgical skills
of orthopaedic and plastic surgeons to perform some of the surgical procedures of the upper extremity. Acute injuries of the hand
may involve replanting an amputated extremity or a finger requiring microsurgery. In some hand centres, hand transplant has been
carried out successfully.
Various options are available to the anaesthetist for upper
extremity surgery and each technique has particular benefits and
risks. However, the goal should be to provide a safe technique and
a comfortable experience for the patient during surgery. The anaesthetic technique is dependent on various factors such as the extent,
site, and expected length of surgery; anxiety levels of the patient
and the need for sedation; physical status of the patient; and among
others, the patient’s and anaesthetist’s personal preferences.
The following techniques are used.

Endogenous pain modulation

Local anaesthesia

◆

◆

◆

Resting pain: constant and dull in nature, when the patient is
resting between procedures
Procedural pain: shorter in duration but much greater in intensity during procedures such as wound cleaning, debridement,
and physiotherapy
Breakthrough pain: generally associated with resting pain and is
of shorter duration.

Neural systems are involved in pain modulation. The endogenous
opioid peptides met-enkephalin, leu-enkephalin, β-endorphin, and
dynorphin are implicated. Receptor sites are µ, δ, and κ. There is an
inverse association between β-endorphin immunoactivity and pain
levels. The circadian rhythm is lost. The potency of opioid analgesics is increased acutely after burn injuries and augments stress-
induced analgesia.
Patients with a major burn require sedation (propofol or midazolam)
and infusion of opioids (morphine or remifentanil) to control pain in
burn ICUs. If tracheal extubation is planned, sedation and analgesia
are changed to propofol and remifentanil which are cleared rapidly
from the plasma. In renal failure, morphine is replaced with alfentanil,
and midazolam boluses are administered instead of using an infusion
to prevent accumulation of these drugs. Gabapentin and clonidine
can be added to the usual sedation. In patients with a minor burn,
simple analgesics (paracetamol, ibuprofen) and opioid (morphine
sulfate oral solution) are administered on admission. Pain scores and
clinical signs are monitored regularly. If the pain score deteriorates,
slow-release morphine is added to simple analgesics and morphine
sulfate oral solution is given for breakthrough pain. In elderly patients,
oxycodone is preferred. Pain is assessed, evaluated, and reviewed regularly. Intranasal fentanyl is useful in procedural pain (Borland et al.
2005). Intranasal diamorphine can be used effectively as analgesia for
procedural pain and also to control breakthrough pain rapidly. If itching develops and is not helped by a moisturizer then gabapentin is
administered. Antihistamine is usually effective (cyproheptadine and
cetirizine initially and chlorphenamine later) in severe cases.
Adjuvant therapies include clonidine, local anaesthetics, ketamine, amitriptyline, methadone, and anticonvulsants which are

Local anaesthetic is injected directly into the site where the procedure will be performed. It is commonly used for simple, small
procedures which can be performed quickly. Advantages are
quick onset, simplicity, and avoidance of complications of general
anaesthesia. The surgeon usually administers the local anaesthetic.
Disadvantages of this technique include discomfort and pain associated with injection of local anaesthetic and use of a tourniquet;
inability to anaesthetize a large area or an inflamed area; and distortion of tissues from the local anaesthetic injection. In anxious
patients and if the duration of surgery is anticipated to be prolonged, intravenous sedation is beneficial.

Regional anaesthesia (nerve) blocks
Regional anaesthesia involves injection of local anaesthetic to
block the sensory (and motor) functions of specific nerves in the
extremities. Regional anaesthesia techniques include digital blocks,
wrist blocks, intravenous regional anaesthesia blocks, and brachial
plexus blocks. These are described in detail in other chapters and
readers are advised to refer to Part 8 of this textbook. Surgery can
be performed under regional anaesthesia alone or a combination of regional anaesthesia with intravenous sedation or general
anaesthesia.

General anaesthesia
Usual pre-anaesthetic assessment is done to assess fitness of the
patient for general anaesthesia. Anaesthetic technique may include
intravenous induction, LMA, or tracheal tube if indicated and
maintenance with a volatile agent or TIVA. Regular simple analgesic postoperatively is sufficient. Opioids may be supplemented
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if required. Local anaesthesia and regional anaesthesia usually last
4–12 h and provide useful pain relief postoperatively.

Anaesthesia for aesthetic
(cosmetic) surgery
Aesthetic or cosmetic surgery is performed to improve the appearance of the body. Physical appearance plays an important role in
our lives and how we are perceived by others. This is influenced by
current standards and fashion in society. Often these factors lead
to dissatisfaction with body image and result in patients considering sometimes quite extensive and invasive aesthetic surgery to
enhance their self-esteem and attractiveness. Please refer to Pal and
Kumar (2010) for further reading.

Selection of patients
Patients presenting for aesthetic surgery are generally healthy (ASA
1 or 2) in comparison to other surgical patients. It is important to
understand the psychological issues of the patient. Patients’ expectations are often unrealistic in terms of what can be achieved surgically. Consequently changes and ‘improvement’ in their physical
appearance may not satisfy their needs and this may lead to deterioration in their psychological status. Therefore patients’ psychological status and their expectations have to be evaluated preoperatively
before undertaking any surgical aesthetic procedure. The presence
of an active psychotic disorder is commonly thought to contraindicate cosmetic surgery (Sarwer 1997; Sarwer et al. 1998).

Choice of anaesthesia
As a result of the range of aesthetic surgical procedures that are performed, various options are available to the anaesthetist to provide
the patient with a safe and comfortable experience. Aesthetic surgery on the face poses many challenges to the anaesthetist including careful attention to securing the airway device requiring close
cooperation between anaesthetic and surgical teams. The options
that are available to the anaesthetist are:
◆

Infiltration of local anaesthetic agent with or without sedation

◆

Regional anaesthesia with or without intravenous sedation

◆

General anaesthesia alone or supplemented by the above-listed
options.

Conscious sedation
Conscious sedation describes a state that allows patients to tolerate
and sometimes forget unpleasant procedures by relieving anxiety,
discomfort, or pain while maintaining cardiovascular and respiratory functions and the ability to respond to verbal commands and
tactile stimulation. Too much sedation can rapidly change the
depth of consciousness and expose the patient to the risks associated with an unsecured airway and lack of protective reflexes.
Patients must be carefully selected for conscious sedation as in a
cardiorespiratory compromised patient, a ‘normal’ dose of sedation may prove too much and the situation described earlier in this
paragraph can arise. This is also the reason why conscious sedation
should be used by trained anaesthetists in an environment where
the patient’s vital signs can be monitored and there is access to
resuscitation equipment.

General anaesthesia
Preoperative anaesthetic consideration
General anaesthesia is popular for aesthetic surgery in the United
Kingdom while local anaesthesia and conscious sedation is popular in the United States. The proposed aesthetic surgery can dictate the type of anaesthesia. For example, rhinoplasty and breast
augmentation are almost always done under general anaesthesia although local anaesthesia has been used successfully. Adult
patients and many teenagers will accept local anaesthesia with or
without conscious sedation for a pinnaplasty. It may not be possible to perform some aesthetic procedure under local or regional
anaesthesia because of the duration of the procedure. Lengthy
operations make it difficult to maintain uncomfortable positions
for a prolonged period and can deter even the most motivated of
patients. Sedation must be judiciously used and oversedation must
be avoided as it can lead to disinhibition, agitation, dysphoria, and
unconsciousness (Fiset et al. 1992). In terms of cardiovascular stability and recovery from anaesthesia, there are distinct advantages
of using target-controlled infusion of propofol or remifentanil to
sedate these patients (Pal and Kumar 2010).

Types of aesthetic surgery
The following are some of the common aesthetic surgical procedures carried out in the United Kingdom:
◆

Head and neck:

Patients should be assessed preoperatively to exclude any pre-existing
medical conditions and to optimize these if necessary before contemplating surgery. Patients booked to have their surgery under local
anaesthesia should be prepared as for general anaesthesia.

• Facelift

Local anaesthesia and regional anaesthesia

• Otoplasty (pinnaplasty)

The essential requirements for aesthetic surgery under local or
regional anaesthesia are that patients should be safe, comfortable,
and stable. It is desirable for them to be immobile (hence not suitable for too lengthy procedures) and not too talkative. Local or
regional anaesthesia techniques, or both, have the advantages of
(a) reducing the overall stress of surgery and anaesthesia, (b) providing better postoperative pain control, (c) reducing PONV,
(d) reducing dysphoria because of opiates, and (e) possibly improving wound healing. However, there are disadvantages of local or
regional anaesthesia—allergy, neurotoxicity, and systemic toxicity.
Please refer to Chapter 17 for the detailed pharmacology of local
anaesthetics.

• Laser resurfacing of face

• Blepharoplasty
• Rhinoplasty

◆

Breast: breast augmentation, breast reduction, mastopexy

◆

Abdomen: abdominoplasty, liposuction.

Rhinoplasty
Cosmetic rhinoplasty is the surgical manipulation of the nose to
improve its appearance. It may involve nasal hump reduction, or
augmentation or improvement of nasal tip definition. Rhinoplasty
is performed as an open or closed technique depending on the
patient’s requirement and the surgeon’s preference. The anaesthetic
technique is the same for both surgical techniques. Rhinoplasty is
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routinely performed under general anaesthesia. Ideal conditions
for surgery include patient immobility, a clear surgical field with
minimal bleeding, and smooth recovery. General anaesthesia with
an oral tracheal tube with a throat pack, or flexible LMA with either
spontaneous or controlled ventilation, can be used. Local anaesthetic infiltration is also used with general anaesthesia.
It is important to know the anatomy and sensory nerve supply
of the nose before embarking on local anaesthesia. The skin of the
nose is supplied by the supratrochlear branch of the frontal nerve
of the ophthalmic, the anterior ethmoidal branch of the nasociliary
(ophthalmic), and infraorbital branch of the maxillary branch of
the trigeminal nerve. The fifth cranial nerve provides the sensory
supply to the anterior one-third of the septum and the lateral walls
are innervated by the anterior ethmoidal branch of the nasociliary nerve. The long sphenopalatine nerves from the sphenopalatine
ganglion innervate the posterior two-thirds of the septum and
lateral walls.
The nasal cavities are either sprayed or packed with gauze soaked
in 4–5% cocaine. Cocaine paste is also applied to the area of the
sphenopalatine ganglion behind the middle turbinate. The mucosa
becomes avascular as a result of the vasoconstrictor properties of
cocaine. Cocaine is a powerful vasoconstrictor so adrenaline is not
necessary. Alternatively, Moffett’s solution, a mixture of 2 ml of
cocaine hydrochloride 8%, 2 ml of sodium bicarbonate 1%, and 1
ml of 1:200 000 adrenaline solution, is used.
Blockade of the sphenopalatine ganglion gives a clear surgical
field. If the septum is to be operated on, 2 ml of lidocaine 1% with
adrenaline should be injected into the columella and base of the
septum as this area is covered by squamous epithelium which does
not absorb the topically applied agents. However, use of the combination may precipitate cardiac arrhythmias and should be avoided.
Various techniques for general anaesthesia are available to the
anaesthetist ranging from intravenous induction with propofol
followed by inhalation agents to very rapidly acting propofol and
remifentanil TIVA. The author’s preference is to use TIVA which
allows flexibility in quickly modulating the systemic blood pressure by altering the target, that is, rate of remifentanil infusion.
This, combined with regional local anaesthetic block as previously
described, provides a clear surgical field. Additionally, maintaining a head-up tilt during surgery and recovery (equally important)
reduces venous congestion and bleeding. A recent trend is to use a
flexible LMA for rhinoplasty which the author is not in favour of.
The rationale for using LMA is probably to reduce the incidence
of postoperative sore throat (which can be a significant factor in a
professional singer) which can be distressing. However, it must be
remembered that the LMA does not protect the airway in an anaesthetized patient and a cuffed tracheal tube [Ring–Adair–Elwyn
(RAE) tube] should be used. The RAE tube is south-facing and can
be taped on the chin to keep it out of the surgeon’s field. Part of the
procedure may involve using nasal osteotomies to straighten the
nasal bones and this can lead to blood pooling in the nasopharyngeal area. The presence of a throat pack will soak up the blood and
protect the airway. It also reduces the amount of blood which can
trickle into the stomach via the oesophagus. Ingested blood is an
irritant and a known factor for PONV. Even though the throat
pack is soaked with saline it is still very abrasive to the pharyngeal
mucosa and the patient may complain of a sore throat postoperatively. Careful attention must be paid to removing the throat pack
at the end of surgery as it can cause airway obstruction leading to
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hypoxia, respiratory arrest, and death. Leaving a throat pack in after
surgery is a ‘never event’ and each department should develop their
own policy on how to remind the clinician to remove the throat
pack at the end of surgery. These may include one or more of placing a printed sticker on the forehead indicating throat pack in situ,
tying the throat pack tail to the tracheal tube, noting the status of
throat pack on the theatre notice board, including the throat pack
in the mandatory World Health Organization checklist in theatre,
keeping accurate records, and performing a complete handover
when transferring care.
At the end of surgery a surgical splint is applied. The splint should
be allowed to stiffen and contour before waking the patient up.
Recovery should be smooth. Excessive coughing increases venous
pressure which can increase bleeding. However, the patient must
be fully awake before extubation as the application of a face mask
to maintain the airway may be difficult, especially if the nostrils
are packed, and too much pressure by the facemask can spoil the
surgeon’s work. If the nostrils are packed, the patient may wake up
in recovery in a panic unable to breathe through the nose, hence
it is wise to warn the patient preoperatively and ask them to practise mouth breathing. Patients are usually pain free postoperatively;
however, mouth dryness as a result of mouth breathing may be
distressing.

Facelift
A surgical facelift involves removing excess facial folds and tightening underlying facial muscles to create a more youthful appearance.
Incisions are usually made above the hairline to hide any scarring
after the facelift. Facial skin is separated from the underlying tissue
first and excess fat excised. The underlying muscles are tightened
and redundant skin is excised. The skin is then stitched and the
area is bandaged. A facelift is often combined with other aesthetic
procedures such as blepharoplasty or forehead (brow) lift, and submandibular liposuction.
Patients presenting for facelift surgery usually tend to be between
45 and 65 years and they are generally fit and well. It can be performed under local anaesthetic with or without sedation but a
general anaesthetic is preferred by many patients. When a general anaesthetic is used, the main challenge for the anaesthetist is
to make sure the tracheal tube does not interfere with the surgical
field and that it does not get displaced. Options for general anaesthesia include TIVA or propofol induction followed by an inhalation agent. Local anaesthetic infiltration helps although one should
remember that it can block the branches of the facial nerve if not
performed carefully and it may create confusion (until the local
anaesthetic wears off) with regard to the integrity of the nerve in
the postoperative period. The continued use of a neuromuscular
blocking agent is avoided if intraoperative testing of the facial nerve
is intended. Usual measures to prevent heat loss and DVT should
be taken.

Blepharoplasty
Blepharoplasty involves resection of skin, orbicularis muscle, and
fat in the periorbital region to rejuvenate the aged appearance of
the eyes. As an isolated procedure it can be done under local anaesthetic with or without sedation. Too much sedation is avoided as
patient cooperation may be needed in opening and closing the
eye during the procedure to ensure a perfect result. When using
local anaesthetic infiltration, care must be taken to avoid causing
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haematomas and injections into muscle. Many patients opt for a
general anaesthetic. TIVA or propofol induction followed by inhalation agents can be used. The airway is maintained either with a
LMA or tracheal tube if indicated. The usual anaesthetic precautions for head and neck surgery apply.

Pinnaplasty
Patients with prominent ears presenting for correction are usually children and a number of them develop psychological issues
secondary to bullying and harassment in school. Surgery involves
flattening the antihelical fold and may require reshaping. An
elliptical skin incision is made behind the ear followed by dissection, cartilage resection, and suturing. When children present for
pinnaplasty, the generic considerations of paediatric anaesthesia
apply (see Part 10 of this book). Gas induction or intravenous
induction with propofol followed by anaesthetic maintenance
with an inhalation agent is usually used. The airway can be maintained with a LMA but a tracheal tube may be preferred if there is
a risk of the LMA becoming dislodged during surgical positioning or repositioning of the patient, or both, during the procedure
or during application of bandages. Local anaesthetic and adrenaline infiltration is commonly performed to create a clear surgical
field, provide pain relief, and reduce PONV. Adult patients presenting for pinnaplasty will accept local anaesthetic with or without sedation. Local anaesthetic is infiltrated in each ear with 10 ml
of 1% lidocaine in 1:200 000 adrenaline. The general anaesthesia
technique is similar to that for facelift or blepharoplasty described
previously.
As the dermatomes supplying the back of the ears correspond to
the vomiting centre in the brain, the incidence of PONV is much
higher in this cohort of patients and prophylactic antiemetic(s)
should be considered. This must be explained to the patient (and
the parents in case of children) in the preoperative consultation.
Postoperative pain usually requires paracetamol only. Some surgeons prefer non-steroidal anti-inflammatory agents not to be used
because even a small haematoma is likely to require surgical evacuation. Excessive pain could mean haematoma formation and the
dressing should be released and the surgical site examined. The
dressing stays on for a week or two depending on the surgeon’s preference, and this can cause scalp discomfort and itching.

Laser resurfacing of the face
Laser resurfacing of the face is performed to reduce fine lines, wrinkles, and skin discolouration. It is claimed to avoid scarring and
recovery is quicker and hence sometimes preferred to a surgical
facelift. A carbon dioxide laser is useful for resurfacing of the face.
After laser application, the skin healing is quicker and the connective tissue becomes stronger leading to tightening of the facial skin.
It is important to take a general medical history including information about wound healing, bleeding disorders, and any history
of infectious diseases particularly hepatitis and HIV infection. The
HIV proviral DNA has been detected in the laser plume generated
by carbon dioxide laser irradiation of HIV-infected tissue culture
(Baggish et al. 1991).
Laser treatment usually causes a transient stinging sensation,
however cumulative pulses of laser may be uncomfortable and
increasingly intolerable. In many instances, especially if the area of
treatment is small, use of topical anaesthetics such as EMLA™ or
Ametop® cream alone is sufficient. For maximal effectiveness, the

local anaesthetic cream is applied under an occlusive dressing for
60 min followed by removal 10–30 min before treatment.
If general anaesthesia is planned then a minimally explosive mixture of inspired gases such as less than 30% oxygen-enriched air
should be used. Dedicated laser protective airway devices should be
used and protected from the laser beam by means of saline-soaked
dressing gauze. The cuff of the tracheal tube should be filled with
saline instead of air. Intravenous induction is followed by controlled ventilation via a tracheal tube and anaesthesia is maintained
with an inhalation agent or preferably TIVA.
Postoperative pain or discomfort experienced by patients
undergoing laser resurfacing is similar to that of a severe burn.
Intraoperative and postoperative analgesics are required to keep
the patient comfortable.

Abdominoplasty
Abdominoplasty is a surgical procedure to remove excess fat and
skin from the abdomen and to tighten the abdominal wall to
improve the shape of abdomen. It can also remove or reduce the
appearance of stretch marks and unwanted scars on the abdomen.
Patients presenting for abdominoplasty may have various reasons to have the surgery, for example, to remove folds of skin left
behind after losing a lot of weight or to tighten stretched skin after
pregnancy. The former group of patients may have had bariatric
surgery such as gastric banding to reduce weight and may still be
overweight and carry a higher incidence of morbidity. The latter
group of patients may or may not be obese. It is important to tell the
patient that abdominoplasty is not a treatment for weight control or
a substitute for regular physical activity and a healthy balanced diet
and that it will not stop the patient from gaining weight in future.
The majority of cases are done under general anaesthesia; however, in patients where only a small area of excess fat and skin is
removed (miniabdominoplasty), which does not require repositioning of the umbilicus, local anaesthesia with or without sedation can be considered. When general anaesthesia is planned, the
author prefers TIVA induction with propofol and remifentanil
and maintenance with either a LMA or tracheal tube if indicated.
Intraoperative opioids are given. The usual precautions to prevent
DVT and heat loss are taken. In the postoperative period, patients
require simple analgesics and oral opiates: patient-controlled analgesia may be required over the first 12 h after surgery, especially
when divarication of the rectus abdominis muscles is repaired. It
is important that patients keep their knees bent when lying in bed
to prevent putting strain on the abdominal stitches. Complications
may include infection, haematoma, and seroma which may require
surgical exploration.

Breast reduction
Breast reduction surgery involves reshaping and reducing the
size of enlarged breasts. Patients presenting for breast reduction surgery, apart from being self-conscious about the way they
look, often complain of discomfort as a result of back, neck, and
shoulder pain; and sweating, rashes, and skin infections under
the breasts. Although females present for this type of surgery,
males also present for breast reduction surgery for gynaecomastia
(enlarged breasts). Gynaecomastia may result from a hormonal
imbalance, a typical example being an athlete using steroids to
improve muscle mass and athletic performance. This has anaesthetic implications.
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Patients presenting for breast reduction are advised to reduce
weight if they are overweight as breast size alters with body weight.
Breast reduction surgery is usually carried out under general
anaesthesia. The operation typically takes approximately 2 h but
some surgeons may take up to 4 h. Bleeding is minimized by infiltration of a local anaesthetic and adrenaline mixture by the surgeon or careful surgical technique, or both. The author’s preferred
choice is TIVA and either a LMA or tracheal tube as indicated.
Intraoperative opioids and postoperative simple analgesic and oral
opioids are usually sufficient. There are various techniques to perform this operation but essentially excess breast tissue is removed
through the lower parts of the breasts and the nipples are moved to
suit the new shape. Patients may be unable to breastfeed after the
operation. Complications may include infection, haematoma, fat
necrosis, and rarely loss of part or even the entire nipple as a result
of alterations in the blood supply to the breast.

Breast augmentation
Breast enlargement (or breast augmentation) surgery usually
involves putting an artificial implant either under the breast tissue, or under the pectoral muscles deep to the breast. Patients
presenting for breast augmentation include women who feel that
their breasts are too small after losing weight or after a pregnancy,
or to correct unequal breast sizes. Breast augmentation using an
implant is also considered if the patient is having surgery as treatment for breast cancer or other conditions that may have affected
the size and shape of the breasts. It is also considered in patients
with Poland’s syndrome—a congenital anomaly with a unique pattern of one-sided malformation at birth with underdevelopment or
absence of chest wall including pectoralis major and breast tissue
and ipsilateral cutaneous syndactyly.
Various types of breast implants are available; however, popular
ones have an outer layer of firm silicone, and are usually filled with
silicone gel. Manufacturers of breast implants claim that they last
for at least 10 years, but they may last for longer than this without problems. Patients may still be able to breastfeed after breast
augment surgery with breast implants. Breast implants can interfere with mammography so the radiographer should be informed
accordingly if breast screening is planned.
The operation is usually carried out under general anaesthesia
although in some countries local anaesthesia with sedation is quite
acceptable to the patients. The duration of the procedure is usually
1–2 h. It tends to be a more painful procedure than a breast reduction even though the latter involves more extensive skin incisions.
This is because of the extent of tissue dissection required and the
stretching of the skin caused by the presence of an implant, especially if a large implant is placed. Intraoperative and postoperative
opioids and regular simple analgesics are required. The usual precautions to prevent DVT and extra precautions to prevent infection
because of the implant are taken. The author’s experience is that a
TIVA anaesthetic produces a smooth recovery and a low incidence
of PONV. The airway is maintained with a LMA or tracheal tube
if indicated. Often the operation may be carried out as a day-case
procedure. Complications include infection, haematoma, DVT,
capsular contracture, ruptured implant, and leaking implant.

Liposuction
Liposuction is an operation involving application of a negative pressure to suck excess unwanted body fat to change the shape of the
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body. Liposuction is not a treatment for reducing weight or obesity and patients need to understand that it will not remove stretch
marks. Areas that can be treated are the abdomen, hips, buttocks,
neck, arms, thighs, knees, and ankles. The body will not replace the
fat cells that have been sucked out, however gaining weight after
surgery can cause the remaining fat cells to enlarge.
Liposuction is usually carried out under general anaesthesia but
small areas can be done under local anaesthesia with or without
sedation. The procedure takes between 1 and 3 h depending on how
extensive the area is to be treated.

Tumescent liposuction technique
This technique involves subcutaneous infiltration of very large
volumes of isotonic solution (normal saline or Hartmann’s solution)
containing a dilute mixture of local anaesthetic and adrenaline
into the fatty area being treated. The technique was first described
by Klein (1990) in which he used a dilute solution of adrenaline and
lidocaine 1% (35 mg kg−1). The aim was to avoid the risks of general anaesthesia, reduce blood loss, and provide postoperative pain
relief for up to 18 h. The technique is mainly used in the United
States and Germany. The dose recommended by Klein is five times
the recommended toxic dose of lidocaine (7 mg kg−1 with adrenaline). The arguments in favour of using such a toxic dose of local
anaesthetic are that local anaesthetic is absorbed fairly slowly from
subcutaneous tissue as a result of poor vascularity and much of the
drug is initially absorbed into fat, while the vasoconstriction produced by adrenaline further slows the absorption. Additionally, a
proportion (35%) of the lidocaine administered for liposuction is
removed in the aspirate. However, this would still leave a potentially lethal amount of lidocaine. There have been published reports
of plasma lidocaine concentrations with this technique and associated claims of safety with as much as 55 mg kg−1 (Ostad et al. 1996).
The plasma concentration of lidocaine, however, continues to rise
for up to 23 h after the procedure. Also the sampling times in the
studies were wide and variable. Therefore the evidence is not strong
enough and further research is needed.
The injectate helps to remove the fat cells easily, reducing bleeding and bruising. Through a small skin incision a long metal cannula is inserted into the subcutaneous area. The cannula is then
connected to a vacuum pump or a syringe. The cannula is pushed
and pulled carefully through the fat layer to break it up and then the
fat and fluid is sucked out. If the fat is very dense, ultrasound can be
used to break up the fat before it is removed. The anaesthetist must
keep an eye on the fluid balance as hypovolaemia can ensue rapidly.
Simple analgesics are sufficient for postoperative pain relief. In the
postoperative period, the patient may experience some bruising,
swelling, numbness, and thrombophlebitis. Complications include
local anaesthetic toxicity, infection, fluid imbalance leading to pulmonary oedema, damage to internal organs, fat embolism, and
death. There are still questions about the safety of tumescent anaesthesia. In 1999, five deaths were reported after tumescent anaesthesia in New York between 1993 and 1998 (Rao and Hoffman
1999). The authors linked two deaths to lidocaine toxicity, one to
fluid overload, and one to thromboembolic complications. Several
deaths associated with tumescent anaesthesia have been reported
in the literature (Barillo et al. 1998). However, safety of tumescent
anaesthesia has improved over the years with better application
of knowledge of drug absorption, safety profile, and management
of the technique. In tumescent anaesthesia, lidocaine injected in
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subcutaneous tissue is absorbed very slowly resulting in lower and
delayed peak blood levels compared to other routes (Conroy and
O’Rourke 2013). Conroy and O’Rourke also suggested absorption
of local anaesthetic administered in this way is similar to depot
injection as slow systemic absorption allows rapid plasma clearance
to maintain safe local anaesthetic blood levels. Drugs which affect
hepatic drug clearance will adversely influence the local anaesthetic
blood levels. Wang et al. (2015) have measured the local anaesthetic
blood levels in tumescent anaesthesia. After injecting lidocaine
40.7 mg kg−1 with a total dose of 2528 mg injected they reported
lidocaine peak level of 0.63 μg ml−1 after 12–20 h. The study also
showed no significant correlation between dose per kg body weight
or total dose of lidocaine infiltrated and its peak levels or time
(Wang et al. 2015). A recent survey from the American Society of
Plastic Surgeons revealed that a small number of plastic surgeons
(7% of responders) in the United States are using bupivacaine in
their tumescent solution and have reported no toxicity and better
postoperative pain control (Paik et al. 2015).
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Anaesthesia for ENT, dental,
and maxillofacial surgery
Michael G. Irwin, Chi Wai Cheung,
and Gordon Tin Chun Wong
Introduction
The principles of anaesthesia management for otolaryngological
and maxillofacial surgery share some similarities and unique challenges. Patients present at all ages and surgery can range from simple, short interventions to major, prolonged, and complicated cases
with potential for massive blood loss. Some procedures can be performed under local anaesthesia with sedation whereas, at the other
extreme, general anaesthesia with invasive monitoring is required.
Microsurgery will necessitate a bloodless field, nerve monitoring is
often required, and there is a susceptibility to postoperative nausea and vomiting (PONV). Patients with cancer often have poor
nutritional status because of catabolism and eating difficulties and,
as many head and neck cancers are associated with smoking and
excessive alcohol consumption, significant co-morbidity is not unusual. Airway management particularly can be challenging because
of abnormal anatomy, pathology in this area, and the inherent difficulties of a shared airway. Postoperative management of the airway
is particularly challenging as alteration to the anatomy and tissue
swelling may have occurred during the course of surgery or thereafter. Last but not least, patients may present acutely with airway
complications that require emergent management.

Preoperative assessment
The patient population ranges from neonates to geriatrics and the
general principles of assessment will be the standard issues applicable to these age groups and their respective co-morbidities.
There are, however, certain problems that will be more common
in patients presenting for this type of surgery. Airway assessment,
including planning for both intra-and postoperative management,
cannot be overemphasized both because airway anomalies are a
common reason for surgery and procedures may involve sharing
the airway or impact upon its structure.

Obstructive sleep apnoea
Patients with obstructive sleep apnoea (OSA) may present for anatomical correction surgery, or the pathology may be coexistent
owing to upper airway abnormalities. Depending on the duration
and severity, OSA is not only associated with a difficult airway but
also respiratory and cardiovascular co-morbidities. Preoperative
screening can be performed with a clinical questionnaire, such

as the STOP-BANG (Chung et al. 2008) (Fig. 65.1), or the Berlin
Questionnaire, and should be considered routine in any patient with
such anomalies. Although patients with suspected OSA undergoing elective surgery should be referred for specialist assessment and
optimization, in ENT surgery the diagnosis is likely to have been
made already and the patient will be using a continuous positive
airway pressure device during sleep. The device should be brought
to hospital for use when sleeping and postoperatively. Preoperative
sedation should be avoided and short-acting anaesthetic drugs used
where possible. Patients who are able to understand the procedure,
and to communicate and cooperate throughout are suitable candidates for local anaesthesia with or without sedation. Patients with
OSA are particularly prone to the ventilatory depressant effect and
Yes
1.

Snoring
Do you snore loudly (louder than talking or loud
enough to be heard through closed doors)?

2.

Tired
Do you often feel tired, fatigued, or sleepy during daytime?

3.

Observed
Has anyone observed you stop breathing during your sleep?

4.

Blood pressure
Do you have or are you being treated for high blood pressure?

5.

BMI
BMI more than 35 kg/m2?

6.

Age
Age over 50 years old?

7:

Neck circumference
Neck circumference greater than 40 cm?

8.

Gender
Gender male?

No

High risk of OSA: answering yes to three or more items
Low risk of OSA: answering yes to less than three items

Figure 65.1 STOP-BANG scoring model.
Reproduced with permission from Chung et al. STOP Questionnaire: a tool to screen patients
for obstructive sleep apnoea. Anesthesiology, Volume 108, Issue 5, pp. 812–821, Copyright ©
2008 American Society of Anesthesiologists.
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the decrease in muscle tone seen with many sedative and analgesic
drugs. Consequently, vigilant postoperative monitoring is mandatory and high dependency care is often appropriate.

Identification of the challenging airway
The approach needs to be age and presentation appropriate and history
is of paramount importance. Difficulties in mask ventilation, intubation, or both, might be anticipated. Previous anaesthetic records documenting airway findings are valuable if available although this only
represents a snapshot of the patient’s airway status as changes since the
last intervention are possible, particularly in the growing child or with
changes in body habitus. Those with identifiable or diagnosed syndromes associated with a known difficult airway should be approached
with caution. While traditional bedside predictors and tests for a difficult airway (see chapter 48 of this book) should be sought, they have
notoriously poor sensitivity, specificity (Shiga et al. 2005), and low
positive predictive value. In addition, the pathological basis of the
operative lesions should be meticulously explored. Patients presenting
with tonsillar or other intra-oral mass should be questioned regarding
obstructive or invasive symptoms such as dysphagia or stridor. Patients
may also have breathing difficulties in certain positions (e.g. supine).
Computed tomography (CT), magnetic resonance imaging, or even
positron emission tomography is often available as part of surgical
planning. Some patients will have also undergone direct laryngoscopy.
These investigations should be reviewed for any anatomical distortion
of the lower airway that may preclude placement of a supraglottic airway, for example, laryngeal mask airway (LMA) or tracheal intubation.

Co-existing conditions
Patients with laryngeal tumours are often smokers and may have
a history of chronic excessive alcohol consumption. Supraglottic
and glottic tumours are more common than subglottic carcinoma.
Chronic obstructive airway disease is common. Stopping smoking
can reduce the carboxyhaemoglobin concentration within 12 h but
mucociliary clearance and airway hyperactivity may take more than
3 weeks to improve (Egan and Wong 1992). Chest physiotherapy
can help encourage expectoration and inhalation of bronchodilators
or steroids (or both) should be continued. Ventilation of the lungs
using a bag and mask and tracheal intubation can be difficult in
patients with laryngeal tumours or pathology. Symptoms of hoarseness of voice, stridor, and shortness of breath can indicate large
upper airway tumours. Physical examination may reveal tracheal
deviation, possible upper airway anatomy distortion, and positional
effects on breathing. Patients have sometimes had radiotherapy
which can reduce soft tissue movement and cause scarring with
attendant reduction in elasticity of soft tissues and increased difficulty with laryngoscopy. Local application of vasoconstrictors and
cocaine is common in ENT surgery but they should be used with
great caution or avoided altogether in patients with a history of coronary artery disease, myocardial infarction, congestive heart failure,
cardiac arrhythmia, poorly controlled hypertension, and in those
taking monoamine oxidase inhibitors (Harper and Jones 2006).

Anaesthetic requirements
Provision of a bloodless field for endoscopic surgery
Patients can be positioned slightly (20–30°) head-up in the ‘deck
chair’ position. This will decrease venous congestion and arterial

pressure at the surgical site while avoiding venous pooling in the
lower limbs. The head position should not be higher than this to
minimize the risk of air entrainment in transected veins. Bone
wax should be used on exposed areas of bone for this reason also.
Drapes and ties should be carefully placed so as not to interfere with
venous return from the head and neck and positive end-expiratory
pressure and hypercapnia are avoided during ventilation. Attention
to the patient’s head positioning is important to avoid venous
obstruction and congestion. In addition, extreme hyperextension
or torsion can cause injury to the brachial plexus and the cervical
spine. In patients with carotid atherosclerosis, carotid blood flow
may be compromised or plaque emboli dislodged and it is worth
auscultating for carotid bruits before surgery.

Blood conservation techniques
Blood loss may be quite extensive during neck dissection, tumour
resection, and reconstructive procedures requiring flaps (Krupp
et al. 2003). Orthognathic surgery involves mandibular and maxillary transection and is also associated with significant haemorrhage
(Krohner 2003). Careful preoperative, intraoperative, and postoperative planning and a team approach are required to reduce transfusion when extensive surgery is proposed.
A full blood count will determine haemoglobin concentration and platelet count. Coagulation status can also be measured
if there is clinical evidence of a potential problem but is not necessary as a routine. Bleeding time is affected by platelet function,
certain vascular disorders, and von Willebrand disease. Liver disease, uraemia, and antiplatelet medication, in particular the use of
aspirin, are likely to increase bleeding. Many patients take herbal
supplements for perceived health benefits and some of these (e.g.
garlic and Ginkgo biloba) can increase bleeding. The American
Society of Anesthesiologists recommends that all herbal supplements be stopped 2–3 weeks before surgery (American Society of
Anesthesiologists Task Force on Perioperative Blood Transfusion
and Adjuvant Therapies 2006). If anaemia is discovered, red blood
cell morphology, vitamin B12 concentration, and ferritin can help
establish the aetiology. Treatment can then be appropriately tailored.
Iron therapy is necessary to support erythropoiesis and increase red
blood cell production (by increasing and maintaining transferrin
saturation). Vitamin B12 or folic acid may be helpful in megaloblastic anaemia. Occasionally, recombinant erythropoietin therapy is
recommended in the management of preoperative anaemia especially where there is expected high blood loss or in patients who are
Jehovah’s witnesses. Recombinant erythropoietin is a biosynthetic
form of the natural human hormone responsible for stimulation of
red cell production. Response to erythropoietin is dose dependent
and shows interindividual variability. Intravenous iron significantly
increases the haematopoietic response to erythropoietin therapy
(Rohling et al. 2000). If coagulopathy is identified, especially if associated with anticoagulant or antiplatelet use, measures should be
taken to correct the coagulopathy without putting the patient at risk
of thrombotic events. This is a fine balance and close collaboration
with medical colleagues is essential. Aspirin is the most widely used
antiplatelet agent. The drug works on the cyclooxygenase enzyme
system to irreversibly inhibit platelet aggregation. It takes 5–7 days
to produce new platelets after cessation of therapy. In primary coronary prevention, it is probable that the anti-inflammatory properties
of aspirin are extremely important also (Hennekens 2007). While
increased surgical bleeding is generally evident, it is usually not
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clinically significant and transfusion requirements have been found
to be similar (Burger et al. 2005). In the more recent and larger
POISE II trial, however, major bleeding was significantly higher in
aspirin-treated patients than in the placebo group, at 4.6% vs 3.8%
(95% confidence interval 1.01–1.49, P = 0.04) and appeared to be a
predictor of cardiac morbidity. While one study found that there is
an approximate two-to three-fold increase in subsequent death or
myocardial infarction if aspirin is stopped before surgery (Gerstein
et al. 2012), POISE II found the primary outcome of death or non-
fatal myocardial infarction at 30 days was no different between the
two groups, at 7% in the aspirin group and 7.1% in the placebo
group (Devereaux et al. 2014). The cardioprotective benefits of aspirin may have been offset by the increased risk of bleeding such that
in surgery with a high risk of bleeding, aspirin cessation should be
considered. However, in patients with coronary stents in situ, it is
still strongly advised to continue aspirin especially in the period
when in-stent thrombosis is prevalent and can cause mortality of 5–
30% depending on how recently the stent has been inserted. It is also
important to point out that aspirin protection cannot be substituted
by anticoagulant medications, for example, low-molecular-weight
heparin (often used for deep venous thrombosis prophylaxis), as
they do not inhibit platelet function or decrease inflammation.
From a surgical perspective, preoperative interventional radiology may be helpful in surgery involving vascular malignancies in the
head and neck region. Preoperative embolization has been shown
to significantly decrease blood loss in vascular tumours and to control epistaxis. In certain high-risk situations, performing complex
surgery in stages has been shown to be an effective way of decreasing blood loss. Various novel agents can be used by the surgical
team, for example, in sinus surgery, purified plant polysaccharide
(HemoStase®) and gelatin-thrombin matrix (FloSeal®) (Baumann
and Caversaccio 2003). Ankaferd BloodStopper® was shown to be
effective in decreasing intraoperative blood loss and reducing operative time when compared with traditional haemostasis methods in
curette adenoidectomy (Iynen et al. 2011). Quick and effective haemostasis not only reduces blood loss but improves visibility of the
surgical site, facilitates tissue handling, and reduces operation time.
Electrosurgical dissection was shown to reduce blood loss in head
and neck surgery (Weber et al. 1989). The use of the Harmonic®
Scalpel (Ethicon, Cincinnati, OH, USA) is safe and confers some
advantages over conventional methods of head and neck dissection (Salami et al. 2008). Ultrasonic scalpels and tissue fibrin sealants have been shown to reduce blood loss and so reduce allogenic
blood transfusion (Baumann and Caversaccio 2003; Chung et al.
2012). Ultrasonic scalpels use ultrasound to make incisions with
minimal tissue damage. Other haemostatic instruments include
bipolar scissors, argon beam coagulators, and lasers. Bipolar scissors are scissors with two normal blades that have been modified to
allow the use of bipolar electrocautery without excessive collateral
tissue damage. The argon bean coagulator uses a beam of ionized
argon gas to conduct a high-frequency electric current to bleeding
tissues with limited tissue contact. It causes minimal tissue damage,
coagulates large vessels, reduces the risk of postoperative haemorrhage, and reduces operation time (Ward et al. 1989). Laser energy
can cut, vaporize, and simultaneously coagulate a targeted area
without disrupting adjacent tissue.
A reliable model for predicting perioperative blood transfusion
requirements in patients undergoing major head and neck surgery
requiring free-flap reconstruction has been described (Shah et al.

2010). It was found that some preoperative variables were significantly associated with perioperative transfusion: sex, body mass
index, T stage, preoperative haemoglobin concentration, and type
of free-flap reconstruction used (i.e. osseous vs non-osseous).

Controlled hypotension
The efficacy of controlled hypotension to reduce allogenic blood
transfusion and improve the operative field is difficult to confirm
from current evidence (Choi and Samman 2008). However, the
potential complications of this technique need to be considered and
a large number of studies investigating the physiological changes
following controlled hypotension noted it as a potential cause of
damage to vital organs as a result of hypoperfusion, especially the
brain, heart, kidneys, and liver. Induction of hypotension should
only be carried out for that part of the surgery where there is a high
risk of bleeding and normal blood pressure resumed as soon as possible thereafter, both to minimize adverse effects and to ensure no
bleeding vessels have been missed before the end of surgery.
The targeted blood pressure should be individualized, balancing the age and cardiovascular status of each patient. It is generally believed that the safety margin for blood pressure in patients of
ASA I is a mean arterial pressure of at least 55 mm Hg or a systolic
blood pressure of at least 80 mm Hg or a reduction of 30% of baseline mean arterial pressure in patients with hypertension (Degoute
et al. 2001). Patients with ischaemic heart disease, diabetes, cerebrovascular disease, impaired renal function, and hypertension are
generally not suitable for controlled hypertension, although a modest reduction in blood pressure is likely to be safe.
Systemic vascular resistance can be reduced by:
◆
◆

blockade of α-adrenoreceptors (e.g. labetalol, phentolamine)
relaxation of vascular smooth muscle [e.g. direct acting vasodilators such as sodium nitroprusside (SNP) or calcium channel
blockers].

It is apparent that many of these drugs have undesirable side-effects
such as reflex tachycardia with calcium channel blockers and SNP.
SNP is very potent but titratable. It releases cyanide ions but toxicity
can usually be avoided if the dose is less than 0.5 mg kg−1 h−1 with
normal renal function. It also induces tachyphylaxis. Anaesthesia
drugs themselves can induce hypotension in high doses generally
as a result of negative inotropic effects and vasodilation, but deliberately overdosing patients with anaesthesia may have other untoward effects that preclude such techniques. Dexmedetomidine is a
highly selective α2-agonist that reduces anaesthetic requirements
by around 20–50%. It produces a modest reduction in blood pressure and heart rate that can be useful in this situation.
Meticulous monitoring is crucial for the safety of patients during
controlled hypotension to reduce morbidity and mortality. Apart
from regular monitoring, urine output and direct arterial blood
pressure are important particularly when using very potent drugs
such as SNP. Patients receiving SNP should also have hourly blood
gas measurement for cyanide toxicity (acidosis) and arterial carbon dioxide tension can be accurately assessed. The ECG can be
monitored for ST-segment changes and temperature monitoring is
indicated as vasodilators facilitate more heat loss. Fluid balance and
blood loss must also be carefully monitored because the normal
physiological response to blood loss is impaired by many of these
drugs. Blood loss must be replaced with an equal amount of colloid
or three times the amount of crystalloid. Generally, colloid with a
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background crystalloid infusion may be better as excessive crystalloid can contribute to oedema around the surgical site.

Choice of airway management
For all procedures involving the head and neck region, the choice
of airway depends on patient, surgical, and anaesthetic factors.
Consideration of the type of surgery and surgical plan allows formulation of an airway management plan to maximize surgical
access and at the same time minimize the risk of airway dislodgement or displacement during surgery.

Nasal endotracheal intubation
Cuffed nasal endotracheal intubation is preferable for procedures
in the oral cavity as it facilitates good surgical access and is easy to
secure (Hall and Shutt 2003). Soft, preformed north-facing tubes/
nasal Ring–Adair–Elwyn (RAE) tracheal tubes can be secured to the
forehead without obscuring the oral cavity or facial bony contours
and are less likely to kink. Before intubation, the patient should be
asked about nostril patency and consideration given to the use of a
topical vasoconstrictor such as xylometazoline. The tube should be
placed carefully in the most patent nostril after being warmed in
water at body temperature and well lubricated. Gentle rotation may
assist insertion but it should never be forced in order to avoid epistaxis
or damage to the delicate nasal bones and turbinates. A Macintosh
laryngoscope and Magill forceps can be used but it is preferable, and
possibly less traumatic, to use a fibreoptic bronchoscope. Awake
fibreoptic intubation with topical anaesthesia is the safest approach
if difficult ventilation and intubation is suspected. On securing the
tracheal tube, make sure there is no pressure on the external nares
as this can lead to avascular necrosis. While wire-reinforced tracheal
tubes are more resistant to kinking, they have the disadvantage of
having a greater external diameter for a given internal diameter. They
are also less compliant compared with standard polyvinylchloride
tracheal tubes and may exert greater pressure on the external nares.
Nasotracheal intubation is contraindicated in patients with frontobasilar or nasal fractures, where the tube can be inadvertently passed
intracranially and can increase the risk of meningitis.

airway tube. Flexible reinforced supraglottic airway devices (SADs)
are a suitable alternative to tracheal intubation for simple dental
extractions and nasal, zygomatic, superficial facial, and cleft lip/palate surgery. Patients can either breathe spontaneously through the
SAD or their lungs can be ventilated. This is especially useful with
total intravenous anaesthesia (TIVA) using propofol and remifentanil
(Atef and Fawaz 2008) and it provides an acceptable barrier against
soiling of the lower airway during nasal surgery such as functional
endoscopic sinus surgery (FESS) (Ahmed and Vohra 2002). The SAD
helps facilitate a smooth recovery without coughing and straining on
emergence and does not traumatize the lower airway. Dental extractions can be performed around a reinforced SAD as it can be moved
from side to side. The SAD does, however, take up more surgical space
which may obscure the intraoral field. Obstruction and dislodgement
can also occur, especially when the mandible is moved and they are
not suitable where alignment and occlusion need to be assessed.

Microlaryngoscopy tube
The microlaryngoscopy tracheal tube is a small-diameter tracheal
tube with an extended length as most ‘regular’ tracheal tubes (size
5.0 and smaller) are not long enough to span the distance between
the oral commissure and subglottic airway in an adult. Lesions
located on the anterior two-thirds of the larynx (membranous vocal
folds) can be exposed with a microlaryngoscopy tube, although
there is often reduced access and the operative field is relatively
mobile, moving with respiration. This has the advantage, however,
of allowing the use of standard anaesthetic equipment in normal
operating mode. As they are composed of polyvinylchloride, they
are not laser resistant and should not be used without modification
if a laser procedure is planned.

Laser-resistant tubes
There are commercially available tubes that are rendered resistant
to the effect of laser beam impaction by means of coating the cuff
or the tube (or both) with a laser-reflective compound and thus
reducing the chance of being ignited by the energy of the laser.
None of the designs are ideal as in some the cuff is still susceptible.
Examples are described in Box 65.1.

Oral endotracheal intubation
Oral tracheal tubes are suitable for surgery not involving the oral
cavity and where dental occlusion is not required (e.g. functional
endoscopic sinus surgery, cleft lip/palate repair, and rhinoplasty/
septoplasty). South-facing preformed tracheal tube and oral RAE
tubes may be more suitable compared with standard tracheal tubes
as they can direct the connectors and circuit away from the surgical
field. Caution should be taken when the surgeons place a mouth
guard during tonsil or cleft surgery as this can compress the tracheal tube. As blood and tissue debris can still pass along the outer
surface of the tracheal tube to the level of the vocal cords and subglottis, it is common to insert a moistened, protective throat pack.
The insertion of a pack should be clearly documented and acknowledged by anaesthetic, nursing, and surgical personnel as part of a
checklist so that it is removed before extubation.

Supraglottic airway devices
These versatile devices are now available in a variety of modifications
of the original Laryngeal Mask Airway™. Particularly useful are those
with a channel for gastric drainage and the wire-reinforced, flexible

Box 65.1 Examples of commercially available laser-resistant tubes
Sheridan Laser-Trach™ (Teleflex Red rubber shaft embossed
Medical Europe Ltd, Athlone,     with copper wrapped
Ireland)			    Unprotected red rubber cuff
			   
and tip
Mallinckrodt Laser-Flex™	   Stainless steel shaft with an
(Medtronic Parkway,	    unprotected plastic cuff and tip
Minneapolis, MN, USA)
Rüsch Lasertubus™ (Teleflex    Soft white rubber with Murphy
Medical Europe Ltd, Athlone,   eye
Ireland)			    Reinforced with corrugated
			   
copper foil
			   
Absorbent sponge Laser-	
			    resistant foam surrounds the
			   
lower portion
			   
Double-
cuff design
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Care should be taken to avoid the use of other materials that could
act as fuel for a fire such as sponges, flammable drapes and gauze, or
alcohol-based cleaning fluids. Should an airway fire occur with the
tracheal tube, disconnect the circuit, irrigate and suction the airway
with cold water, extubate the patient, use a mask with 100% O2 (once
the fire is extinguished), and start TIVA to maintain anaesthesia. The
damage can then be evaluated with direct laryngoscopy/bronchoscopy, debris removed, and the patient reintubated if necessary. Severe
damage may require tracheostomy. A chest X-ray and blood gas analysis should be performed with further management in intensive care
recognizing the possibility of pulmonary injury and airway oedema.

The trachea is initially intubated orally and a path is created surgically from the floor of the mouth to a skin incision adjacent to
the lower border of the mandible. This allows the proximal end of
the tube to pass over the tongue and out through the submental
skin (Fig. 65.2). The tracheal tube is then sutured into place and the
surgery can proceed. At the end of surgery, the process is reversed
to re-establish oral intubation and allow a normal extubation.
Complications include bleeding, trauma to the sublingual glands
or lingual nerve, fistula formation, scarring, and infection.

Submental endotracheal intubation

Lesions of the posterior third of the larynx (vocal processes and
posterior commissure/arytenoids) will be obscured by a tracheal
tube. A tubeless technique is useful, therefore, to facilitate certain airway procedures such as laser resection of laryngeal papillomatosis (Judelman 1974; Talmage 1981). Intermittent apnoea,
jet ventilation, or tubeless spontaneous respiration can provide an
unobstructed view of the vocal cords (Xiao and Zhang 2010). In
addition, if a laser is to be used, there will be no combustible material in the airway, thus decreasing the risk of fire.
Apnoeic oxygenation involves ventilating the patient with a
tracheal tube and then intermittently removing it for a few minutes at a time to provide an unobstructed surgical view. The time
period for the surgeon to operate is limited to only a few minutes

This is an uncommon technique but it can be used as an alternative
to tracheostomy (Caron et al. 2000) as the latter is associated with
significant morbidity (complications include haemorrhage, recurrent laryngeal nerve damage, subcutaneous emphysema, tracheal
stenosis, and a cosmetically undesirable scar). It may be useful when
surgery requires both assessment of dental occlusion and access to
the upper part of the face, or when nasal or oral intubation is not
possible, for example, complex craniofacial trauma or oncological
cranial base surgery (Biglioli et al. 2003). It also permits considerable downward retraction of the maxilla after a Le Fort I osteotomy,
is associated with good clival exposure, and does not interfere with
maxillomandibular fixation at the end of surgery (Jundt et al. 2012).

Intermittent apnoeic technique, tubeless
spontaneous respiration, and jet ventilation

(A)

(B)

(C)

(D)

Figure 65.2 The patient’s airway is first secured by intubating the trachea via the oral route. A small paramedian incision is then made in the floor of the mouth near
the lower border of the mandible. (a) A passage through the floor is created by blunt dissection using curved forceps. After removing the universal connector from the
endotracheal tube, the pilot balloon (b) followed by the free end of the endotracheal tube (c) is passed through the opening. The universal connector is then replaced
and the endotracheal tube reattached to the breathing circuit. The tube is fixed to the patient using sutures (d).
© Janet Fong 2014.
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for each sequence because the patient’s functional residual capacity
limits the oxygen reserve. Oxygen saturation needs to be carefully
observed and ventilation reinstituted immediately the saturation
starts to decrease as detection and calculation take approximately
30–40 s before they are displayed. The disadvantages of this technique are that repetitive intubation and extubation may cause damage to the vocal cords and also prolong the procedure. It can also
introduce laser debris and tumour tissue to the lower airway tract
and is less suitable for patients with underlying pulmonary disease
with reduced functional residual capacity.
Spontaneous respiration anaesthesia relies on maintenance of a
patient’s own respiration while keeping an adequate depth of intravenous anaesthesia. It is a challenging balance. Propofol is a suitable
hypnotic but does not provide analgesia. Supplemental easily titratable opioids such as remifentanil, sufentanil, or alfentanil can help
but, obviously, increase the likelihood of respiratory depression and
can cause muscle rigidity. Dexmedetomidine can be infused along
with propofol as it reduces hypnotic drug requirement, is analgesic,
and has an antisialagogue effect which helps facilitate the application of local anaesthetic and decrease airway secretions. As capnography is not practical, inspection and palpation of chest movement
is important. This special technique provides adequate ventilation
for the patient and an open view for the surgeon. It is also the only
method for functional assessment of the vocal cords.
Jet ventilation relies on air entrainment around a jet catheter to
provide ventilation without endotracheal intubation. It is generally
classified according to the position of the jet nozzles in relation to
the airway: infraglottic (Fig. 65.3), supraglottic (Fig. 65.4), or transtracheal (Fig. 65.5) (Biro 2010).
The thin jet catheter is located below the vocal cords in the trachea. This is occasionally used in laryngeal surgery and in rigid
bronchoscopy. It allows continuous ventilation throughout the
procedure, without the need to occasionally stop and change to
other ventilation methods. Moreover, the insufflation of gas occurs
deep into the airway, thus it is the most effective technique for
gas exchange. Its disadvantage is that it can be very dangerous if
there is upper airway obstruction as air trapping and barotrauma
can occur. As a general guide, a catheter should not be introduced
through a narrowed airway if the remaining cross sectional area for
exhalation is less than 50% of normal.
Supraglottic jet ventilation means that the jet nozzle is located
proximal to the vocal cord level. Modified suspension laryngoscopes with multiple channels are used in conjunction with this
technique. It offers excellent visibility and accessibility of the larynx
as it remains completely free of tubing. Most importantly, the risk
of barotrauma is reduced as the jet nozzle is located proximal to
any possible obstruction. This feature makes it the best choice for
jet ventilation in lower airway obstruction. However, other modes
of ventilation may have to be used initially as it can only be started
after the suspension laryngoscope has been positioned. Moreover, it
is obviously less efficient than the infraglottic route. There have also
been concerns that dissemination of pathology may occur as oncogenic or infectious particles can be dragged distally into the bronchi.
Transtracheal jet ventilation refers to gas insufflation performed
through a transtracheal catheter usually passed through the cricothyroid membrane. It is familiar to anaesthetists as a very important rescue oxygenation technique in extremely urgent situations
where intubation and ventilation have failed. Although it is relatively avascular and straightforward to perform a cricothyroid

Figure 65.3 Infraglottic jet ventilation
© Janet Fong 2014.

Figure 65.4 Supraglottic jet ventilation.
© Janet Fong 2014.

Figure 65.5 Transtracheal jet ventilation.
© Janet Fong 2014.
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puncture, it can be difficult in obesity, restricted neck extension,
and anatomical abnormality. Serious complications can occur such
as misplacement, displacement, subcutaneous emphysema, and
posterior tracheal wall puncture. If there is upper airway obstruction to gas outflow, barotrauma may result.

Tracheostomy
An initial tracheostomy can be performed in the awake or sedated
patient with local anaesthesia for seriously compromised airways. It
is also used following major ENT and maxillofacial surgery where
significant postoperative airway swelling is anticipated. Although
this can be managed with a normal tracheal tube, it requires postoperative intensive care and expertise in airway management. It has
to be recognized that such capability is not available in all centres
in the world and temporary tracheostomy will be safer in such circumstances. In this situation, tracheostomy can be performed at
the beginning of surgery after initial endotracheal intubation.

Anaesthesia management for specific
ENT procedures
Special considerations for ENT surgery include provision of a
bloodless surgical field, attention to the patient’s head position,
airway management, facial nerve monitoring, the effect of nitrous
oxide on the middle ear, a smooth and calm recovery, and prevention of PONV.

Middle ear surgery
For adults, simple middle ear surgery can be performed under local
or general anaesthesia, although complicated or long procedures
should be performed under general anaesthesia. Patients who are
able to understand the procedure, and to communicate and cooperate
throughout, are suitable candidates for local anaesthesia with or without sedation (Yung 1996). Patients may suffer from extensive hearing
loss which will hinder their ability to cooperate with local anaesthesia.
Leaving the hearing aid in situ in the non-surgical ear before induction and replacement before emergence may help to minimize anxiety
and facilitate communication. A bloodless operative field is essential
because even a few drops of blood can obscure the surgical field and
a head-up tilt of 15–20°, avoidance of venous obstruction, normocapnia, and controlled hypotension may be considered.
The advantages of performing middle ear surgery under local
anaesthesia include less bleeding, reduced pain in the immediate
postoperative period, early mobilization, cost-effectiveness, and the
ability to test hearing restoration during surgery (Caner et al. 2005).
When required to be done under general anaesthesia, a total intravenous technique (TIVA) has the advantage of enhancing early
recovery of consciousness and reducing nausea and vomiting. The
use of nitrous oxide in anaesthetic practice has declined in recent
years as a result of concerns over both physical and metabolic
effects (Sanders et al. 2008; Irwin et al. 2009). The use of nitrous
oxide in middle ear surgery is particularly controversial as it is
more soluble than nitrogen in blood and enters the middle ear cavity more rapidly than nitrogen leaves, causing an increase in middle ear pressure if the Eustachian tube is obstructed (Miller 2005;
Morgan et al. 2006). During tympanoplasty, the middle ear is open
to the atmosphere, thus there is no build-up of pressure but once
a tympanic membrane graft is placed, the continued use of nitrous
oxide might cause displacement. At the end of surgery, when it is

discontinued, nitrous oxide is rapidly absorbed which may then
result in negative pressure which may cause graft dislodgement,
serous otitis media, disarticulation of the stapes, or impaired hearing (Miller 2005; Morgan et al. 2006). Thus, the use of nitrous oxide
is not recommended in tympanoplasty. Nitrous oxide also increases
PONV which may further increase the incidence above that already
associated with this type surgery.

Functional endoscopic sinus surgery
FESS is now the main technique for the surgical treatment of sinusitis and nasal polyposis, including bacterial, fungal, and recurrent
acute and chronic sinus problems. The rationale behind FESS is
that localized pathology in the ostiomeatal complex blocks the
ostia and leads to inflammation in the dependent sinuses. Using
fibreoptic endoscopes, it is possible to access the postnasal space
from the anterior nares and to remove the ostiomeatal blockage.
This restores normal sinus ventilation and mucociliary function
with no need for external incisions and has a high success rate. It is
sometimes performed with CT-navigational assistance to improve
anatomical identification and avoid damage to neighbouring structures such as the brain and eyes. The surgical approach can also be
used for resection of inverted papilloma, skull base tumour excision, treatment of vascular malformations associated with hereditary haemorrhagic telangiectasia, and transsphenoidal pituitary
tumour resection. Patients may be taking steroids, although these
are usually topical or short-term oral. There is a high incidence of
atopy and asthma in conjunction with perennial and allergic rhinitis and nasal polyposis. Non-steroidal anti-inflammatory drug
(NSAID) sensitivity can also coexist.
Minor FESS procedures can be performed under local anaesthesia in selected patients but comfort and surgical conditions are
much better under general anaesthesia and, consequently, fewer
complications ensue (Baker and Baker 2010). The SAD, especially
the flexible one, has been used for FESS with good results. Patients
managed with a flexible SAD are no more likely to have blood in the
airway at completion of surgery compared with patients managed
with a tracheal tube (Kaplan et al. 2004). At the end of surgery, the
nasal airway is usually blocked by surgical packing making mouth
breathing obligate. Awake extubation is safer but there is also the
possibility of laryngospasm, coughing, and bucking with subsequent oxygen desaturation, and increased risk of bleeding. The
SAD may make this process smoother. If choosing tracheal intubation then an oral RAE tracheal tube can be used with a throat pack
in the oropharynx.
Blood loss during FESS is usually around 100–300 ml. Moderate
hypotension with intraoperative β-blockade, α2-agonists, or magnesium is associated with better operating conditions than when
vasodilating agents are used even with similar levels of blood pressure. Interestingly, control of carbon dioxide does not show any
effect on the surgical field but normocapnia is prudent. TIVA with
propofol and remifentanil has been reported to have the advantage of
decreased bleeding compared with conventional inhalation agents
(Tirelli et al. 2004). It also reduces PONV with smooth emergence
and less agitation than inhalation agents such as sevoflurane (Gupta
et al. 2004; Dahmani et al. 2010). High-frequency jet ventilation
has been used to reduce bleeding during FESS, possibly as a consequence of increased venous return caused by lower intrathoracic
pressures but this technique has other risks. Monitoring of intraoperative visual-evoked potentials has been advocated as injury to the
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eye and blindness may occur by direct injury or by increased orbital
pressure as a result of a retrobulbar haemorrhage. However, current visual-evoked potential technology is cumbersome, can cause
corneal injury itself, and has relatively poor sensitivity so it is not
commonly used. FESS is not associated with significant postoperative pain and analgesia is generally provided with multimodal techniques, minimizing the use of opioids. Paracetamol is safe and can
be given orally preoperatively or as an intravenous pro-drug. Some
patients may have NSAID sensitivity and there is concern over the
bleeding risk. Sensitivity also occurs with cyclooxygenase 2 inhibitors but they have no effect on platelet function.

Adenotonsillectomy
Tonsillectomy is one of the oldest surgical procedures in the world
and, although the efficacy has been questioned in management of
recurrent infection (Friedman et al. 2009), it is still very commonly
performed, particularly in children where it appears to have benefits in OSA. For children, the adenoids are removed at the same
time, a procedure called adenoidectomy (this is uncommon in
adults in whom the adenoids are usually vestigial). The American
Academy of Otolaryngology–Head and Neck Surgery Foundation
has published clinical practice guidelines on indications and management (Baugh et al. 2011). In addition to sleep apnoea, children
may have other co-morbid conditions that might improve after
tonsillectomy, including failure to thrive, poor school performance,
enuresis, and behavioural problems. Those with severe OSA may
have right heart symptoms such as cor pulmonale and are generally
more susceptible to the inhibitory effect of sedative and anaesthetic
drugs on pharyngeal muscle tone. Despite having their enlarged
lymphoid tissues removed, these children are still prone to develop
airway obstruction in the first postoperative night and, therefore,
careful monitoring is essential.
Tonsillectomy has traditionally been performed by dissecting the
tonsil from its surrounding fascia, a so-called total, or extracapsular tonsillectomy. Recently, there is increasing interest in sub-total
tonsillectomy or ‘tonsillotomy’ in an effort to reduce complications
such as pain and bleeding (Walton et al. 2012). Removal is typically
achieved using a scalpel and blunt dissection or with electrocautery, although the Harmonic® Scalpel or lasers have also been used.
Bleeding is stopped with electrocautery, ligation of sutures, and the
topical use of thrombin.
There is a considerable range of opinion as to the optimal anaesthetic technique. The decision of whether or not to administer
sedative premedication to the child should be made on a case-by-
case basis as it can cause preoperative airway compromise, delay
emergence, and the return of protective reflexes. On the other
hand, it may help with the management of the otherwise inconsolable or uncooperative child who poses a danger to him-or herself. Both inhalation and intravenous induction are acceptable but
one must be aware of potential difficulty in bag and mask ventilation with OSA. Jaw thrust with or without continuous positive
airway pressure is usually effective in overcoming the obstruction
and improving ventilation (Bruppacher et al. 2003). A reinforced
SAD has been shown to be a valid alternative to the tracheal tube
and has the advantage of reducing airway complications (Williams
and Bailey 1993). If a neuromuscular blocking agent is to be used,
a non-depolarizing one with a short duration of action should be
selected. Suxamethonium should be reserved for emergency use
only because of its well-known adverse effects. A spontaneous

breathing technique using either a tracheal tube or SAD is also
acceptable. Extreme care and good cooperation must be exercised
at the time of placing the mouth gag in the oral cavity for surgical
exposure as it is stimulating and can kink or displace the airway
device. Some have advocated temporarily disconnecting the circuit
from the SAD until the gag is securely placed (Jöhr 2006).
Emergence from anaesthesia is another period of challenge.
Awake extubation is preferable as it ensures the return of protective
airway reflexes. However, if the timing is not right, a partially conscious child is at risk of laryngospasm from oral bleed and secretions. Placing the child in the recovery position with head down and
minimizing stimulation while the child recovers from the anaesthetic may reduce this occurrence (Tsui et al. 2004). Significant
debate exists regarding the optimal postoperative analgesia regimen. Morphine, while providing good pain relief, increases the
likelihood of PONV and respiratory depression. NSAIDs and paracetamol provide a good baseline and can be used in combination
as there is evidence of additive effects. A small dose of fentanyl
can help. The use of NSAIDs remains controversial with respect to
the clinical significance of platelet inhibition. A systematic review
that included 13 trials with 955 children, however, did not find an
increase in bleeding that required a return to the operating theatre
but did demonstrate significantly less nausea and vomiting with the
use of NSAIDs (Cardwell et al. 2005). Local anaesthetic also seems
to provide a modest reduction in post-tonsillectomy pain (Grainger
and Saravanappa 2008). Topical local anaesthetic on swabs appears
to provide a similar level of analgesia to that of infiltration without
the potential adverse effects and should be the method of choice
for providing additional postoperative analgesia. The incidence of
postoperative nausea is high in this surgical group and prophylaxis
has been recommended in the form of ondansetron 0.05 mg kg−1
with dexamethasone 0.15 mg kg−1 (Carr et al. 2009).
As the risk of severe re-bleeding some hours after surgery in
routine cases is very low, discharge on the day of surgery is usually justified provided institutional protocols are in place and strict
instructions are given to the parents. Those with a history of sleep
apnoea or below 3 years of age should be observed in hospital
overnight.
Anaesthesia for bleeding tonsils is very challenging as the patient
is at risk of hypovolaemic shock, pulmonary aspiration, and may
present as a difficult intubation because of an obscured view of the
airway. Administering a second anaesthetic to the child within a
short period may result in prolonged sedation in the recovery
phase, although this is less likely with drugs such as sevoflurane and
propofol. One must, therefore, take into account any sedative analgesics administered in the original operation. Although the patient
usually requires fairly urgent surgery, adequate fluid resuscitation
should be performed before induction. This should be guided by
clinical parameters and haemoglobin concentration as estimating
blood loss is notoriously difficult. ‘Type and screen’ (‘group and
save’) should be available in case of significant bleeding requiring
transfusion. The surgeons should be ready before induction and a
large-bore suction catheter available. Either inhalation induction in
the head-down lateral position or rapid sequence induction can be
used, each with its pros and cons (Table 65.1).
Before tracheal extubation, some practitioners would place a
wide-bore orogastric tube under direct vision to empty the stomach. The child is then placed in the lateral head-down position and
the trachea extubated when the child is awake.
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Table 65.1 Advantages and disadvantages of inhalation induction
and rapid sequence induction in emergency anaesthesia for bleeding
tonsils
Inhalation induction

Rapid sequence induction

Advantages

Advantages

Maintains spontaneous ventilation

Good intubating conditions:

Drains blood and secretions away
from the airway

◆

Avoids succinylcholine

Cricoid pressure can be applied

Disadvantages

Less stressful for the child if
an intravenous catheter is
in situ

May be difficult in an anxious child
Inadvertent deep anaesthesia
(recent general anaesthesia)
Difficult to intubate in
the lateral position

◆

Supine position
Neuromuscular block

Disadvantages
Difficult to pre-oxygenate
Risk of hypoxia if intubation
is difficult

Peritonsillar abscess
Peritonsillar abscess can arise near the superior pole of the palatine
tonsil, or from infection in the tonsillar fossa as a result of adjacent acute tonsillitis. Many cases can be managed with antibiotics
and conservative management or needle aspiration under local
anaesthesia. Management can be complicated, however, in paediatric patients who are too young to tolerate bedside drainage under
local anaesthesia and with large abscesses potentially compromising breathing. Diagnosis is historically by physical examination
but intra-oral ultrasound and CT are commonly used nowadays.
Delayed diagnosis and treatment may lead to local extension of the
infection and further compromise the airway. Cephalad spread can
lead to facial oedema and difficulty with mask ventilation; spread
into the masticator space can limit mouth opening; and caudal
spread can result in glottic swelling and upper airway obstruction
(Ono et al. 2004). Incision and drainage with possible tonsillectomy may be required under general anaesthesia and management
is similar to the bleeding tonsil as the abscess can easily rupture
with airway manipulation and discharge pus into the lower airway.
Particular attention needs to be paid to more gentle manipulation
and the possibility of partial or even complete airway obstruction
during induction.

Paediatric airway procedures
Microlaryngeal procedures can be performed using the suspension laryngoscope and various combinations of inhalation and
intravenous anaesthetics. Clear communication between the surgeon and anaesthetist is of supreme importance as the surgical
requirements determine the anaesthetic options. Children presenting for these types of procedures usually have some degree of
airway obstruction and it is very important to maintain spontaneous ventilation and avoid neuromuscular blocking agents unless it
is clear that positive ventilation is possible. Spontaneous ventilation is also essential for functional assessment of the vocal cords or
for malacia. A delicate balance has to be achieved between providing sufficient depth of anaesthesia to prevent movement and not
excessively deep to impair normal respiratory mechanics. Strict

adherence to fasting guidelines must be enforced to reduce the
risk of aspiration.
Both inhalation insufflation and total intravenous anaesthesia
or a combination of both of these have been described with spontaneous breathing. In the authors’ institution, the child receives
either inhalation induction with sevoflurane to secure intravenous access or is induced directly with a propofol medium-chain
triglyceride preparation if intravenous access is available. Infusion
may be started at relatively high doses in the range of 200–300 µg
kg−1 min−1 and supplemented with a low-dose remifentanil infusion and or dexmedetomidine infusion and then titrated down. The
vasoconstrictor xylometazoline is applied to both nostrils. A flexible bronchoscopy can then be performed through one nostril to
evaluate the movement of the cords. A soft catheter can be passed
through the other nostril for oxygenation.
At the completion of the nasal endoscopy, the depth of anaesthesia is then tested against the haemodynamic response to direct
laryngoscopy performed by the anaesthetist. Local anaesthesia is
then applied to the glottic areas and, if necessary, through the vocal
cords into the trachea. It is important to calculate the total dose
of local anaesthesia that can be used for the entire procedure and
divide it up between the anaesthetist and surgeon to prevent inadvertent overdose. Intermittent ventilation and interruption to the
procedure may be required should the patient develop apnoea.

Adult airway procedures
Direct laryngoscopy using a suspension laryngoscope is performed
for both the diagnosis and treatment of vocal cord pathology. Apart
from simple fibreoptic procedures that can be performed under
local anaesthesia, the patients will require general anaesthesia with
paralysis to provide an immobile operative field. Placement of the
surgical equipment may cause intense sympathetic stimulation and
it is necessary to obtund this response to avert myocardial ischaemia in this susceptible patient population. After achieving adequate
anaesthesia, the effects of surgical stimulation can be ameliorated
by the adjunct use of dexmedetomidine and/or short-acting opioids
or β-receptor antagonists. Dexmedetomidine also has the advantage of reducing airway secretions in a situation where anticholinergic medication is undesirable. Options for managing the airway
include intermittent apnoea without endotracheal intubation, intubation with a microlaryngoscopy tube, and positive pressure ventilation either with an inhalation anaesthetic or with oxygen/air in
combination with TIVA.
Dealing with pathology further down the respiratory track
requires the use of a rigid bronchoscope. Instrumentation through
the vocal cords usually precludes the use of tracheal tubes. The principles are the same as that for laryngoscopy and topical anaesthesia applied to the glottic area is advisable to reduce the stimulation
from instrumentation through the vocal cords. Jet ventilation can
be performed down the bronchoscope or a circuit can be attached
to a ventilating side arm.

Laser procedures
Lasers can cause biological tissue destruction through both thermal and mechanical effects leading to coagulation, carbonization,
and vaporization of target tissues. The beam can be manipulated
to remove unwanted tissue such as tumours or haemangioma with
precision. However, its use can be hazardous to both the patient
and theatre staff if safety guidelines are not strictly followed. In
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addition to damage caused by a misdirected or reflected beam, tissue vaporization by lasers creates plumes of fine particulates that
can deposit in alveoli causing interstitial pneumonia, bronchiolitis,
and may even be carcinogenic. Laser energy can strike anything
in the operating room causing damage to patients, staff, or equipment. Consequently when laser is being used, a warning should be
placed on the entrance to the room with protective shutters. Those
inside the room should have appropriate protective eyewear when
the laser is being delivered (see Table 65.2). The patient’s eyes must
also be protected and be closed and covered with moist gauze.
Laser energy can also provide the spark for an operating room
fire but of particular concern is the risk of airway fire. This depends
on the relative flammability of various tracheal tubes and the gas
composition therein. Laser being the ignition source, fuels such
as surgical preparation solutions or the tracheal tube and oxidizers such as oxygen or nitrous oxide can quite easily complete the
‘fire triangle’. Precautions should be taken to minimize the combination of these factors. A tubeless technique can be used when
feasible. If not, laser-resistant tubes should be considered as they
can either deflect or absorb some of the laser energy. Essentially
a minimal FIO2 to maintain adequate oxygen saturation should be
used and nitrous oxide avoided. A cuffed tube is strongly preferred
but, if uncuffed tubes are used, moist gauze packs should be placed
to reduce leakage of oxygen-enriched gas into the oropharynx. The
cuff should be inflated with 0.9% saline, preferably dyed to indicate
cuff damage. The duration and intensity of laser delivery should be
kept to a minimum.
Should an airway fire occur, ventilation must be stopped immediately, the oxygen source disconnected, and the surgical field flooded
with water or saline. The burned tracheal tube should be removed
and the extent of injury may then be assessed by bronchoscopy
after re-establishing a means of ventilation. The patient should be
monitored and reintubated and ventilated if necessary while steroids may be considered to reduce airway oedema. In severe cases,
tracheostomy will be required and all patients will need monitoring
in intensive care for 24 h as swelling may not develop immediately.

Inhaled foreign bodies
Once the diagnosis and the nature of the inhaled foreign body have
been confirmed, a definitive management plan should be made
in consultation with the surgeon. General anaesthesia is almost
always required for a small child. Laryngoscopy and bronchoscopy
is required to retrieve objects in the trachea, typically with the aid
of a ventilating rigid bronchoscope. The maintenance of spontaneous respiration is encouraged in those with partial obstruction
as positive pressure ventilation may push the object further down
Table 65.2 Laser type and colour of protective eyewear
Laser type

Wavelength

Colour of protective eyewear

Carbon dioxide (CO2)

10.6 µm

Clear

Potassium titanyl
phosphate (KTP)

532 nm

Orange

Neodymium: yttrium
aluminium garnet
(Nd:YAG)

1062 nm

Clear

Argon

514 nm

Orange

the bronchial tree. Inhalation anaesthesia may be delivered via the
bronchoscope and supplemented with intravenous agents such as
propofol, remifentanil, or dexmedetomidine. The last listed agent
is attractive for this procedure given its minimal depressant effect
on respiration. Complications can result from inadequate anaesthesia leading to coughing and bronchospasm or excessive anaesthesia causing respiratory depression, hypercapnia, and hypoxia.
Occasionally the retrieved object may be sufficiently large to necessitate the removal of the bronchoscope along with the object. If a
foreign body in the pharynx is dislodged from the retrieving forceps, it has the potential to cause total obstruction should it fall
into the trachea. If the object cannot then be retrieved in a timely
manner, pushing it more distally to allow ventilation is warranted
followed by a second attempt at removal. Dexamethasone should
be considered to reduce airway oedema if multiple insertion and
removal of the bronchoscope was required.

Sleep naso-endoscopy
This technique, which is also referred to as drug-induced sleep
endoscopy, is a powerful tool for studying the dynamic airway in
the supine position during a sleep-like state in patients with possible OSA. The knowledge gained from sleep endoscopy helps
delineate the anatomical basis for obstruction and, therefore,
the most suitable surgical procedure (Kezirian et al. 2011). Sleep
endoscopy may also provide information that erases the need for
surgery altogether. The procedure was first proposed in 1991 by
Pringle and Croft who later developed a grading scale that utilized
sleep endoscopy to categorize snoring and obstruction (Pringle and
Croft 1993). Grading was based on whether the obstruction was
palatal, multilevel, or tongue-based. Another grading system that
uses sleep endoscopy to assess airway obstruction uses three separate evaluations of the pharynx. The first two ascertain individual
areas of obstruction in the palate and hypopharynx while the third
assesses the percentage of obstruction in each area: less than 50%,
50–75%, and more than 75%, representing mild, moderate, and
severe obstruction, respectively.
The patient should be in the supine position without a shoulder
roll, mimicking the position of natural sleep as much as possible.
Topical local anaesthesia with a vasoconstrictor should be used on
the nasal mucosa and oxygen can be given via a nasal cannula in
the contralateral nares. Midazolam was the first drug to be used
for sedation but it is apparent that propofol and dexmedetomidine
may be better alternatives: propofol because of its more suitable
pharmacokinetic properties and excellent titratability, particularly
using target-controlled infusion; dexmedetomidine because it does
not induce respiratory depression, produces non-rapid eye movement phase II sleep which better mimics the natural state and it has
an antisialagogue effect. Once a rhythmic pattern of respiration is
established, a flexible fibreoptic laryngoscope is passed through the
nose into the nasopharynx. For visualization and documentation, a
digital video camera is used with the endoscope.
In children, a suggested technique is that anaesthesia is induced
either by inhalation or intravenously as usual, and then maintained
with an infusion of dexmedetomidine at 1–2 μg kg−1 h−1 without a
loading dose, and with a concurrent ketamine bolus of 1 mg kg−1
(Lin and Koltai 2012). This technique causes less muscle relaxation
and a more sustained respiratory effort than a propofol infusion
and the dexmedetomidine antagonizes the increased secretions
produced by ketamine.
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Transoral robotic surgery
Transoral robotic surgery (TORS) has been increasingly used for
the management of early benign and malignant tumours in the
head and neck, having received US Food and Drug Administration
approval for these indications. It is also used to treat lingual tonsillar hypertrophy in patients with OSA. The daVinci® Surgical Robot
(Intuitive Surgical, Sunnyvale, CA, USA) consists of a surgeon’s console and a surgical cart. It is minimally invasive and considered to
have many advantages over conventional techniques. These include
easier manipulation of tissues within a limited space with multiple
degrees of motion and a three-dimensional vision to enhance depth
perception. It has been reported that transoral robotic surgery can
reduce blood loss, wound infection, and postoperative pain with
faster recovery and return to preoperative speech and swallowing.
This results in better overall quality of life (O’Malley et al. 2006;
Weinstein et al. 2007).
There are additional challenges to the anaesthetist as access to the
airway may be even more restricted by the surgical cart. Generally,
both console and cart are situated at the same side of the patient but
the former is away from the patient and the latter is in the vicinity
of the patient’s head. The nurse and other equipment are located
at the opposite side so that the surgeon can communicate with the
nurse and assistant. During the operation, the anaesthetic machine
is required to be located at the feet end of the patient and, therefore,
appropriate plans need to be made regarding the configuration of
the machine and the operating table during the induction of anaesthesia. A wire-reinforced tracheal tube is generally used or one
that is laser resistant if laser use is to be considered. The patient’s
eyes should be protected with safety goggles. The mouth gag and
retractor are placed by the surgeon. Neuromuscular block is not
mandatory, although ventilation should be controlled, but may be
required to reduce contraction of the pharyngeal muscles during
electrocautery.
As with most head and neck surgery, an anaesthetic technique that
facilitates rapid recovery of consciousness and less PONV is best (e.g.
propofol/remifentanil). At the end of surgery, haemostasis should
be checked with the Valsalva manoeuvre and restoration of normal
blood pressure. The robotic arms, mouth gag or retractor (or both),
and the dental guard are then removed. Laryngopharyngeal oedema
compromising the airway can occur which can result in serious
morbidity and mortality. An appropriate extubation plan should be
considered if airway oedema is anticipated (see later). It has been suggested that patients should be kept intubated after transoral robotic
surgery when there has been dissection adjacent to the vallecula or
epiglottis, in prolonged cases, and after supraglottic partial laryngectomy. Tracheostomy is usually performed in patients with resection
involving the tongue base and a portion of the epiglottis. Otherwise
the early complication rate of transoral robotic surgery is comparable
to that of conventional non-robotic transoral surgery.

Nasopharyngeal carcinoma
As a result of geographic, ethnic, and environmental factors, nasopharyngeal carcinoma is endemic in Southern China and Southeast
Asia (10–50 per 10 000 population affected) but relatively rare in
Europe and North America (Chan and Wei 2012). Nasopharyngeal
carcinoma occurs in the epithelial lining of the nasopharynx at the
centre of the head and often measures more than 10 cm from the
surface of all directions (Wei 2003). Important structures including

the skull base and internal carotid artery are also located near the
nasopharynx. It is a radiosensitive tumour and, therefore, radiotherapy is the first-line treatment with good results. If the disease
is persistent or recurrent, a second phase of external radiotherapy
may be considered but will damage the surrounding tissues and
produce functional disturbance such as dysphagia and xerostomia.
Moreover, generally, the response is not as good such that surgical
intervention is required (Wei et al. 2011). Minimally invasive endoscopic nasopharyngectomy has been reported for central roof or
floor lesions with minimal lateral extension. There are various open
approaches for nasopharyngectomy including superior, transcervical, lateral, anterior, and anterolateral (maxillary swing). The choice
depends on the size, location, and the extent of the tumour and
each has its own advantages, disadvantages, and limitations. The
anterolateral approach is now generally advocated and adopted. It
involves hemi-maxillectomy and, as a result, the nasopharynx and
paranasopharyngeal region can be widely exposed for much easier
and extensive resection. The maxilla is then reinserted as a free
bone graft after tumour resection.
Patients undergoing nasopharyngectomy may have poor general
health and nutritional status as a result of the disease itself or poor
oral intake. Previous radiotherapy can have implications perioperatively. Xerostomia often results in poor dental hygiene and a dental
referral is usual before surgery. Trismus-limited neck movement
and general loss of soft tissue elasticity can make intubation difficult. Elective tracheostomy is generally done before nasopharyngectomy. There are major blood vessels around the maxilla and the
nasopharynx so sudden massive blood loss should be anticipated.
After surgery, patients can breathe spontaneously through the tracheostomy tube. Pain can be moderate to severe for in the first
2 days so patient-controlled opioid analgesia is useful along with
paracetamol and NSAID which can be given either intravenously
or in syrup form via a nasogastric enteral feeding tube.

Surgery for malignancies requiring flap reconstruction
Anaesthetic technique can affect the success rate of flap reconstruction. Different factors including intravenous fluid therapy, blood
pressure, ventilation settings, choice of anaesthetic agent, and vasoactive drugs can affect the flap survival rate (Xiao and Zhang 2010).
The blood supply to the flap is reduced with arterial vasoconstriction
after anastomosis and an increase in venous pressure as a result of
oedema so these should be avoided. Dopamine infusion was found
to have no effect on blood flow to flaps (Cordeiro et al. 1997) while
dobutamine increased both cardiac output and flap blood flow
(Scholz et al. 2009). Phenylephrine infusion was shown to reduce
flap blood flow in doses greater than 1 μg kg−1 min−1 (Cordeiro
et al. 1997). Hypovolaemia will reduce cardiac output and impair
perfusion and microcirculatory flow. Goal-directed fluid therapy
optimizes cardiac output and intraoperative oesophageal Doppler
monitoring has shown some promise in improving flap perfusion
(Figus et al. 2011). Colloids may be preferable to crystalloids to
reduce oedema. Mild haemodilution will decrease blood viscosity
which is helpful (Qiao et al. 1996) and a haematocrit between 30%
and 35% is generally recommended. Dextran is a water-soluble polymer derived from sucrose and is commonly used in flap surgery. It
can remain in the intravascular space from 2 to 12 h depending on
the molecular weight and decreases platelet aggregation and activities of clotting factors V, VII, and IX which can help to improve
the microcirculation and reduce thromboembolism. Disadvantages
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include an allergic potential (less in low-molecular-weight dextran)
and its interference with cross-matching because of rouleaux formation. Other goals such as normocapnia and normothermia should
also be adopted during flap surgery. Vasodilators such as SNP will
reduce mean arterial pressure with a concomitant decrease in blood
flow to the flap (Banic et al. 1999).

Anaesthesia for dental procedures
While the majority of dental procedures are satisfactorily performed under local anaesthesia, there are clear indications where
general anaesthesia is required. These include patients with special
needs in whom cooperation is not possible, such as small children,
those with mental disabilities, or those with severe dental phobia.
General anaesthesia may also be required when the proposed dental work is extensive or if acute inflammation is present that may
render the local anaesthetic ineffective. Though very rare, allergy to
local anaesthetic agents is also an indication for general anaesthesia.
Premedication may be required for those with challenging
behaviour. Midazolam can be given orally (0.5–0.75 mg kg−1),
either alone or mixed with juice to disguise the taste, or intranasally
(0.2–0.3 mg kg−1). More recently, dexmedetomidine given via the
nasal route has been shown to be equally effective compared with
intranasal midazolam in decreasing anxiety upon separation from
parents, though midazolam is superior in providing satisfactory
conditions during inhalation induction (Akin et al. 2012).
Inhalation induction with sevoflurane is a commonly used
method for very young children but intravenous induction may
be offered to older children. The application of topical local anaesthetic cream such as EMLA® (Eutectic Mixture of Local Anaesthetic
containing lidocaine and prilocaine) or Ametop® (containing tetracaine) 30–40 min beforehand should reduce the discomfort of
intravenous cannula insertion.
The choice of airway for simple procedures such as exodontia
depends on the expected duration of the procedure and clear communication with the dental surgeon is paramount. Nasal masks may
be used for uncomplicated extraction of deciduous teeth. Measures
such as packing the buccal sulci with gauze may reduce the amount
of mouth breathing and aspiration of debris. Alternatively, a SAD
is useful for longer procedures, although it occupies more room
within the oral cavity and can be dislodged. Conservation work
requires a longer operative time, drilling with irrigation, and,
therefore, may warrant endotracheal intubation with the placement
of a throat pack for ventilation and protection against aspiration
respectively.
Although traditional teaching stipulates the use of prophylactic
antibiotics for patients with cardiac valve lesions undergoing dental
procedures, more recent recommendations are more conservative,
balancing the risk of antibiotic-associated problems (allergic reactions, breeding of resistant strains) against the exceedingly small
number of infective endocarditis cases. The guidelines from the
2007 American Heart Association have been adopted by professional dental bodies such as the American Academy of Pediatric
Dentistry and can be accessed online (Wilson 2007, available at
http://circ.ahajournals.org/content/116/15/1736.long).

Anaesthesia for maxillofacial surgery
Maxillofacial surgery involves a broad scope of procedures ranging from tooth extraction to major orthognathic and facial

reconstruction surgery. Some of this may be cosmetic or functional
in nature but there is also a significant amount of maxillofacial
trauma and cancer surgery. Local anaesthesia, monitored anaesthetic care, general anaesthesia, or a combination of these can be
used depending on the pathology, surgical requirements, and the
patient’s preference. Owing to the nature of the patients and the
type of surgery, a difficult airway is quite common both pre-and
postoperatively. Fixation devices that restrict mouth opening may
be required at the end of surgery to stabilize facial and mandibular
fractures. This, coupled with a propensity for postoperative airway
oedema, mandates a detailed and safe plan for postoperative airway
management and an appropriate location for patient monitoring.

Orthognathic procedures
This type of surgery is intended to correct conditions of the jaw and
face related to structure, growth, temporomandibular joint disorders, and dental malocclusion. Osteotomies are performed usually
of the maxilla and mandible and the bones re-aligned, then held in
place with either screws or plates. Patients may present with problems such as difficulties with chewing or speaking, chronic maxillomandibular pain, cosmetic issues, or OSA. Common procedures
are presented in Table 65.3. In a report of a single-centre experience
over 20 years, airway obstruction requiring emergency tracheostomy has been reported only once but the authors reported several incidences where fixation devices had to be removed to relieve
obstruction (Teltzrow et al. 2005).
Endotracheal intubation is the most common way to secure the
airway in maxillofacial surgery. The skill of fibreoptic intubation is
essential in this field. It can be performed safely and comfortably
after regional anaesthesia to the airway. Concomitant sedation may
be used carefully with dexmedetomidine as it has an antisialagogue
effect and doesn’t depress respiration. Low-dose propofol infusion
or a benzodiazepine can also be used carefully but opioids only with
the utmost caution. If difficult ventilation is not expected, fibreoptic
intubation can be done under anaesthesia as it is less traumatic for
nasal use and provides an opportunity to maintain the experience
and skills required. Like all potential difficult airway situations, a
clear plan is required and a backup plan should this fail. A difficult airway equipment trolley should be ready for emergency use.
For simple third molar surgery, either oral or nasal intubation is
Table 65.3 Common orthognathic procedures
Procedure

Comments

Bilateral sagittal split osteotomy

Osteotomy through the mandibular
ramus; access via intraoral incision

Vertical ramus osteotomy

Divides the mandibular ramus from
the sigmoid notch down to the angular
region; access via intraoral or external
incision

Le Fort osteotomies

Osteotomies performed across the lines
of facial fractures as described by Le Fort;
an incision made in the vestibular sulcus
from the first molar toward of one side all
the way to its contralateral counterpart

Le Fort I (horizontal)

Nasal septum to the lateral pyriform rims

Le Fort II (pyramidal)

Pyramidal naso-orbito-maxillary direction
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possible and an oral reinforced tube or RAE tube useful. The SAD is
also feasible for such surgery, although it somewhat restricts access.
However, for mandibular and maxillary surgery nasotracheal intubation is preferred whether intraoral fixation is required or not. The
nasal mucosa should be prepared with topical vasoconstrictors or
cocaine as described in the ENT section.
The nasotracheal tube should be warmed to body temperature
in order to make it softer during intubation. Portex® Ivory (Smiths
Medical, Hythe, Kent, UK) PVC preformed tube may be less traumatic for nasal intubation and the overall curve is preserved when
warmed but its length and contour make postoperative ventilation
and tracheal toileting more difficult. The nasotracheal tube should
be longer and usually 1–2 mm smaller in diameter than that used
orally. The tube should be fully deflated and inserted through the
nostril at right angles to the face. Once the tube reaches the oropharynx, it can be advanced into the larynx under direct vision
with conventional laryngoscopy. Sometimes, Magill forceps are
useful in assisting advancement of the tube. With better equipment
and drugs, blind nasal intubation is not commonly used now. The
most common complication is epistaxis which is mainly as a result
of direct trauma to Kisselbach’s plexus of Little’s area but can also
occur from damage to other structures and the delicate mucosa
from the nose to the pharynx. Using a smaller-diameter, warmed
tube and vasoconstrictor will help. It is absolutely essential not to
force the tube and a gentle rolling or tube rotation may assist. If
epistaxis occurs, nasotracheal intubation should be completed as
soon as possible and the tube left in place in order to produce a
tamponade effect and to protect the airway. Most nose bleeding can
be controlled adequately like this but it may resume when the tube
is removed at the end of surgery so great care should also be taken
at this time. Other rare complications include traumatic avulsion of
structures in the nasopharynx, aryepiglottic folds, valleculae, pyriform sinuses and vocal cords, bacteraemia, sinusitis, and necrosis
of the nasal ala. The overall complication rate is reported to be 20%
but most of these are mild bleeding. Absolute contraindications
include base of skull fracture and bleeding diathesis. A moistened
throat pack is normally put around the tube in the oropharynx as
during ENT surgery.
During maxillofacial surgery, movement of the head and neck
may cause the tube to move up and down in the trachea risking
extubation, or endobronchial intubation. Kinking or twisting of the
tracheal tube is possible. Compression of the tube can also obstruct
ventilation both during inspiration and expiration. Wire-reinforced
tubes are commonly used for this reason, although they can cause
more trauma during insertion. Accidental extubation and cutting
of the tube have also been reported. Care must also be taken to
protect the eyes as inadvertent pressure by the surgeons’ hands or
instruments can easily occur. Steroids are commonly administered
perioperatively to reduce oedema. Although evidence seems to
support this indication, the dose and timing remains contentious
(Dan et al. 2010; Chegini and Dhariwal 2012). Dexamethasone has
the added benefit of reducing PONV.
Blood loss is more prevalent with maxillary than mandibular
surgery. If heavy blood loss is anticipated, preoperative autologous
blood donation and isovolaemic haemodilution may be arranged.
As in major ENT surgery, moderate controlled hypotension is
also commonly utilised to improve surgical conditions and reduce
blood loss especially during bimaxillary osteotomy (Choi and
Samman 2008). Tranexamic acid (TXA) is a synthetic derivative of

the amino acid lysine that is used to treat or prevent excessive blood
loss during surgery. It is an antifibrinolytic that competitively inhibits the activation of plasminogen to plasmin, by binding to specific
sites of both plasminogen and plasmin, a molecule responsible for
the degradation of fibrin. The effect of tranexamic acid on reducing
blood transfusion during surgery was recently supported in a meta-
analysis (Ker et al. 2012). Of the 129 trials recruited, 7 involved
cranial and orthognathic surgery. Preoperative intravenous bolus
administration of tranexamic acid at 20 mg kg−1 reduced blood loss
compared with placebo during bimaxillary osteotomy (Choi et al.
2009). Tranexamic acid has now been included in the WHO list of
essential medicines (World Health Organization 2011) as it is inexpensive and treatment would be considered highly cost-effective in
high-, middle-, and low-income countries (Guerriero et al. 2011).
Topical application of tranexamic acid is also effective (Ker et al.
2013) and it can even be given orally. Dexmedetomidine produces
a modest reduction in blood pressure and heart rate that can be
useful in this situation.
Generally, maxillofacial surgery is not associated with significant
pain postoperatively and, in fact, there is often paraesthesia after
osteotomies. Some surgical sites such as dental sites can be blocked
with local anaesthetic. Respiratory depression and vomiting could
be particularly dangerous after maxillofacial surgery so minimizing
opioid use and utilizing multimodal analgesia is important. NSAIDs
can be used if bleeding is not a problem otherwise cyclooxygenase-
2 selective NSAIDs can substitute. Paracetamol and intraoperative
low-dose ketamine are helpful and patient-controlled opioid analgesia is usually not required. As with all head and neck surgery,
great care must be taken with tracheal extubation and subsequent
airway monitoring. Some surgery requires maxillomandibular fixation which is usually applied by wiring together the fixed upper and
lower arch bars. Propofol-based TIVA reduces PONV and facilitates rapid recovery of consciousness. Wire cutters should be kept
on the patient’s bed and the attendant staff instructed in their use
should an airway emergency arise.

Facial trauma
Facial trauma can range from simple lacerations to pan-facial
injury with airway comprise that makes intubation difficult. These
injuries are usually blunt or crushing in nature caused by motor
vehicle accidents or assault. Massive bleeding can cause acute airway obstruction while progressive swelling can insidiously lead to
total airway obstruction. Management of these patients should follow the ABC of trauma protocol with a priority to secure the airway
early as obstruction is the leading cause of death in maxillofacial
trauma. Concomitant head injury with alteration in the level of
consciousness is another indication for early airway and ventilatory
control.
Damage to other surrounding structures such as the hypopharynx and larynx must be suspected. As cervical spine injury is possible, the head and neck must be maintained in the neutral position
during intubation, usually with manual in-line stabilization avoiding extension and flexion of the neck. There should be a low threshold for fibreoptic intubation and this should be considered awake if
possible with the use of topical local anaesthetics and nerve block
of the airway. Great caution should be used with concomitant sedation, although patients intoxicated or with obtunded consciousness may be uncooperative. Nasotracheal intubation is (relatively)
contraindicated in patients with potential base of skull fracture or
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unstable mid-face injuries in whom oral fibreoptic intubation is
preferable using a split airway device such as the Ovassapian intubator. Surgical airway such as tracheostomy should be an early option
if the facial trauma is so severe that orotracheal intubation seems
to be impossible or if the airway is severely comprised. Other injuries should also be attended to and general resuscitative measures
implemented at the same time. Other airway management devices
may be necessary and used according to the skill and experience
of the practitioner. A SAD or the Combitube® (Tyco-Healthcare-
Kendall-Sheridan, Mansfield, MA, USA), can be inserted blindly
but there are also a plethora of other direct insertion devices now
available such as the videolaryngoscopes.
The timing of definitive repair of facial injuries depends largely
on other significant injuries. Soft tissue injury should be cleaned
and sutured as soon as feasible. Mandibular fractures should be
fixed within 24–48 h as they are very painful and interfere with
swallowing. Other fractures may need CT scanning to properly
assess, and should be fixed within 7–10 days before the fractures
begin to set and become more difficult to reduce.
The choice of airway management depends largely on the surgical requirements and the effect of the injury upon the patient’s
airway anatomy. The usual airway assessment should be performed,
paying special attention to the pattern of swelling, mouth opening,
nasal patency, or any dental damage. Mouth opening is often limited by trismus in early fractures and should disappear following
induction but one has to be aware of the possibility of mechanical
interference of the temporomandibular joint by a bone fragment
or an unusual fracture. An assessment has to be made as to the
ease of face mask ventilation and, if in any doubt, awake fibreoptic
intubation is safest. Mid-facial fracture reduction usually requires
temporary intraoperative dental occlusion and usually precludes
the use of an oral tracheal tube. In contrast, oral RAE tubes are suitable for zygomatic and orbital fractures. Pan-facial fractures may
require access to both the nose and dental occlusion, in which case
submental intubation or tracheostomy may have to be considered.

Postoperative management of the airway
Rescuing patients from postsurgical airway obstruction is fraught
with difficulties as patients may have depleted oxygen reserves from
respiratory compromise and airway distortion secondary to the
surgical procedure. Therefore, it is prudent to formulate a stepwise
and logical postoperative airway management plan in consultation
with the surgeons to avoid such occurrence and to rapidly re-secure
the airway should extubation fail. The plan should identify patients
at high risk for complications following extubation, a means of
physical airway assessment, monitoring after extubation, and the
provision of airway devices to facilitate oxygenation and possible
re-intubation. Before enacting such plans, the patient should fulfil
general criteria for extubation which include haemodynamic stability, adequate respiratory strength, airway patency, normothermia, and a conscious level enabling clearance of secretions and
airway protection.
A useful way to conceptualize and identify patients at anatomical risk of failing extubation is to use the three-column model
proposed by Greenland (2010), where the posterior focuses on
the cervical spine, the middle column is the airway passage, and
the anterior is the mandible, tongue, and submandibular tissues
(Fig. 65.6). Delaying extubation should be considered when a

problem with the middle column is anticipated. Anomalies in
the anterior and posterior columns can independently distort
the middle column, thus constituting a ‘difficult airway’. Patients
undergoing prolonged anaesthesia requiring moderate to high
doses of opioids are at risk of depressed genioglossus and pharyngeal muscle tone that, in turn, narrows the middle column.
Diminished airway protective reflexes from residual drug effects
place them at risk of aspiration. Those patients requiring massive
fluid resuscitation and subjected to airway soft tissue trauma during surgery are at risk of mucosal swelling that further exacerbates
airway narrowing.
Physical assessment of the airway may include direct inspection
by the surgeon, anaesthetist, or both, and the use of the cuff leak
test. The former can be achieved using direct laryngoscopy or fibreoptic bronchoscopy. An in situ tracheal tube can give a false impression of the ease with which the larynx may be visualized should
reintubation be required. The airway should be inspected for swelling, anatomical distortions, vocal cord function, and appearance.
The cuff leak is suggested by some as an indicator of airway patency
and can be performed qualitatively by listening for an audible leak
when a positive pressure of 20 mm Hg is delivered through the tracheal tube or during spontaneous respiration. Alternatively, it may
be quantified by calculating the tidal volume difference between
inspiration with the cuff inflated and expiration when deflated.
A test is said to be positive when the leak volume is less than
110 ml. A positive test, which indicates a failure, has a positive
predictive value of 80% for failed extubation when the test is conducted 24 h before the extubation after extended critical care intubation (Francon et al. 2008).
Strategies should be available for re-securing the airway when
trial of extubation is contemplated. A supraglottic device such as
a SAD may be placed before extubation. This will facilitate inspection of the vocal cords and as a conduit for re-intubation. The use
of an airway exchange catheter provides a means of rapid reintubation, oxygenation, and monitoring of end-tidal carbon dioxide. The
airway exchange catheter is a long. semi-rigid hollow device that
enjoys a high success rate as a conduit for railroading a tracheal
tube and has a low complication rate (Mort 2007). The 11-and 14-
French gauge devices are well tolerated and should be placed to the
same distance as the tip of the tracheal tube to avoid stimulation
of the carina. After careful removal of the tracheal tube, the airway
exchange catheter should be firmly secured to the face or forehead
and clearly labelled to avoid inadvertent removal or other misadventures. The duration of placement is variable and depends on the
risk of developing delayed airway complications. Although periglottic oedema contributing to airway compromise usually develops within the first 45 min after extubation, laryngeal oedema as
late as 8 h post extubation has been reported (Mort 2007).
After extubation, patients deemed at risk of developing airway
compromise should be monitored in a high dependency area with
staff experienced in recognizing warning signs (Greenland et al.
2011). Emphasis should be placed on early symptoms and signs
such as sore throat, hoarse or weak voice, poor cough, and dysphagia or drooling rather than the late signs of stridor or orthopnoea
which herald imminent respiratory arrest. The Difficult Airway
Society (UK) has developed guidelines for the safe management of
tracheal extubation in adult perioperative practice, many of which
are applicable to head and neck surgery (Difficult Airway Society
Extubation Guidelines Group 2012). See Fig. 65.7.
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Figure 65.6 Integrated assessment of all three columns using the proposed ‘model for direct laryngoscopy’. Incisor, lower front mandibular incisors;
TMJ, temporomandibular joint.
Reproduced with permission of the Australian Society of Anaesthesiologists: Greenland, K. B., Airway assessment based on a three column model of direct laryngoscopy. Anaesthesia Intensive Care,
Volume 38, Issue 1, pp. 14–9, Copyright © 2010 Australian Society of Anaesthetists.

Regional anaesthesia techniques
Regional anaesthesia has a role in head and neck surgery both as
a sole technique for more minor procedures and as a method of
adjunct intra-and postoperative analgesia. Some of the procedures
are described in the following subsections. Choice of local anaesthetic
solution depends on desired duration of block and drug availability.

Cocaine
Cocaine is an alkaloid extracted from the leaves of the South American
shrub Erythroxylum coca. Its discovery as a local anaesthetic dates back
to 1884 when Carl Koller, an ophthalmologist, demonstrated topical
local anaesthesia of the eye (Goerig et al. 2012). It is commonly used
topically in ENT surgery because of its potent local anaesthetic and
vasoconstrictive effects that can reduce blood loss and improve the
surgical field. Although there are safer alternatives available, cocaine
is still the preference of many otorhinolaryngologists. Cocaine is an
ester local anaesthetic that is rapidly absorbed by the nasal mucosa
but there is individual variation in its local absorption. Its half-life
is 45–90 min and it is metabolized in the plasma and the liver with
its metabolites (benzoylecgonine, ecgonine methyl ester, and active
norcocaine) excreted in the urine. Its vasoconstrictive effect is related

to inhibiting the presynaptic reuptake of noradrenaline (norepinephrine) and dopamine and this also accounts for the central CNS effects
of euphoria and hyperactivity (Latorre and Klimek 1999; Lange
and Hillis 2001; Kloner and Rezkalla 2003). Cardiovascular effects
include myocardial ischaemia and necrosis, uncontrolled hypertension, arrhythmias, aortic dissection, myocarditis, endocarditis, and
cardiomyopathies (Latorre and Klimek 1999; Lange and Hillis 2001;
Pozner et al. 2005; Torres et al. 2007). These cardiovascular complications are also the potential serious adverse effects of cocaine.
It is prepared as a 4–10% (40–100 mg ml−1) clear solution. The
recommended safe dose is 1.5 mg kg−1 (Harper and Jones 2006).
Local absorption varies among different individuals depending on
the degree of vasoconstriction (Latorre and Klimek 1999). Irrigation
of the nasal mucosa enhances the absorption with an increase in cardiovascular adverse effects, although these are rare. It was found that
mild adverse reactions, severe reactions, and mortality were 0.3%,
0.04%, and 0.005% respectively in a registry (Fleming et al. 1990).
Adrenaline (epinephrine) may be used with cocaine to reduce local
absorption and further improve haemostasis. However, there is a
risk of potentiation of cocaine’s sympathomimetic effect. It has been
recommended that with careful selection and avoiding cocaine in
patients with cardiovascular risks, a dose of 200 mg cocaine with
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Figure 65.7 Signs and symptoms of laryngeal compromise with suggested clinical management.
Reproduced with permission of the Australian Society of Anaesthetists: Greenland, K. B., et al. Delayed airway compromise following extubation of adult patients who required surgical drainage of
Ludwig's angina: comment on three coronial cases, Anaesthesia Intensive Care, Volume 39, Issue 3, pp. 506–8, Copyright © 2011 Australian Society of Anaesthetists.

10 ml lidocaine 2% and 1:100 000 adrenaline was found to avoid
cardiovascular toxicity (Kara et al. 2001). Equally efficacious alternatives include lidocaine with 1:100 000 adrenaline or proprietary
mixtures such as lidocaine 5% with phenylephrine 0.5% (Lennox
et al. 1996). It has been recommended that non-cocaine preparations should be used in outpatient settings (Harper and Jones 2006).

nerve: injection of 3 ml of local anaesthetic is made at this point.
Then another 2 ml is injected at the point where the bridge of the
nose meets the supraorbital ridge (i.e. the superior medial corner
of the orbit).

Nasociliary nerve block

The maxillary nerve starts from the trigeminal ganglion, travels
through the cavernous sinus, and leaves the skull at the foramen
rotundum to enter the pterygopalatine fossa where it gives off several branches to the mid face.

Anatomy
The ophthalmic nerve runs from the trigeminal ganglion to the eye
via the cavernous sinus and the superior orbital fissure. The nasociliary nerve gives off the anterior ethmoid, the infratrochlear, and
the long ciliary nerve. Block of this nerve gives anaesthesia of the
anterolateral portions of the nose.

Technique
Injection is performed 1.5 cm above the medial canthus at the
medial orbital wall with the needle advanced 2–3 cm posteriorly;
2 ml of local anaesthetic is injected.

Supraorbital and supratrochlear nerve block
Anatomy
The frontal nerve enters the orbit at the superior orbital fissure and
divides into the supraorbital and supratrochlear nerves. This block
can be used for forehead anaesthesia.

Technique
Palpation is performed to find the supraorbital notch and the needle is advanced until paraesthesia is felt in the distribution of the

Maxillary nerve block
Anatomy

Technique
A needle is inserted just below the zygomatic arch midway between
the coronoid and condyle of the mandible. It is inserted perpendicular to the skin until the pterygoid plate is felt. The needle is
then withdrawn and guided anteriorly towards the eye to enter the
pterygopalatine fossa. An injection of 5 ml of local anaesthetic is
made when paraesthesia of the upper jaw is elicited. It should be
noted that haemorrhage of the maxillary artery can cause haematoma in the hard and soft palate.

Infraorbital nerve block
Anatomy
This is the largest terminal branch of the maxillary nerve. It enters
though the inferior orbital fissure and travels in the infraorbital
foramen to innervate the incisors and canines and anterior gingival
mucosa along with the skin and soft tissues of the cheek. It should
be noted that blocking the infraorbital nerve does not provide
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anaesthesia to all the upper dentition. Maxillary nerve block should
be used for this purpose.

Technique
The infraorbital foramen is located in a line between the pupil and
the corner of the mouth just below the infraorbital rim. An injection of 3 ml of local anaesthetic is made at the site of exit of the
nerve. The foramen can be approached from the skin or sublabially.

Sphenopalatine ganglion block
Anatomy
The sphenopalatine ganglion sits in the pterygopalatine fossa. Its
main innervation is from the maxillary nerve, the greater superficial
petrosal nerve, and sympathetic from the deep petrosal nerve. It supplies the periostium of the orbit and lacrimal gland, and gives off the
posterior superior nasal nerve and the nasal palatine nerves that supply the gums, hard palate, soft palate, uvula, and part of the tonsils.

Technique
The greater palatine foramen is located at the posterior portion of
the hard palate just medial to the gum line opposite the third molar.
A needle is advanced 5 cm through the foramen and 3 ml of local
anaesthetic is injected.

Mandibular nerve block

through the parotid gland to ascend with the superficial temporal
artery over the zygomatic arch. It provides sensory intervention to
the external auditory meatus, tympanic membrane, portions of the
pinna, and the temporomandibular joint, and the skin of the temporal region and lateral part of the scalp.

Technique
Palpation of the temporal artery as it crosses the zygomatic arch
near the root of the zygoma gives the approximate location of the
nerve. Infiltration with 3 ml of local anaesthetic is given in this area.

Mental nerve block
Anatomy
The mental nerve is one of two terminal branches of the inferior alveolar nerve. It emerges from the mental canal to innervate the lower
lip and gingival surface from the corner of the mouth to the midline.
It is located just below or slightly posterior to the second premolar
midway between the inferior and superior borders of the mandible.

Technique
The foramen is approached intraorally or through the skin with a
25 G needle and 2–3 ml of local anaesthetic is injected. It should be
noted that entrance into the foramen with the needle poses risk of
permanent nerve damage.

Anatomy

Nasal surgery blocks

The mandibular nerve exits the foramen ovale and divides into an
anterior motor branch and a posterior branch. The anterior motor
branch supplies the medial pterygoid, tensor tympani, and tensor
palatine muscles. The posterior branch supplies sensation for the
lower third of the face and the pre-auricular area.

Anatomy
The nose is supplied by the anterior and posterior ethmoidal nerves,
multiple branches of the olfactory nerves, terminal branches from
the sphenopalatine ganglion, and branches of the supratrochlear,
nasociliary, and infraorbital nerves.

Technique

Technique

The patient is asked to open their mouth and the needle is advanced
just below the zygomatic arch at the midpoint of the notch of the mandible until the pterygoid plate is felt. The needle is then withdrawn
slightly and redirected posteriorly in the direction of the ear; 4–5 ml of
local anaesthetic is injected here and upon withdrawal of the needle.

The nose is first sprayed with topical lidocaine 4%. Infiltration of
the infraorbital, supratrochlear, and supraorbital nerves is next
done with 5–10 ml of local anaesthetic, with 1 in 100 000 adrenaline. Pledgets of 4% cocaine are next used to further provide topical
anaesthesia. Additional anaesthesia can be performed with injection of the sphenopalatine ganglion by an endoscopic technique
just posterior to the medial attachment of the middle turbinate or
via the greater palatine foramen.

Inferior alveolar and lingual nerve blocks
Anatomy
The inferior alveolar nerve is the largest branch of the mandibular
nerve and enters the mandibular canal giving off several branches
in the canal to give sensation to the teeth before exiting the mental
foramen to supply sensation to the chin. The lingual nerve travels
anteriorly just medial to the mandible on the floor of the mouth
where it is joined by the corda tympani nerve before travelling to
the tongue. It also gives off branches to the submandibular and sublingual glands.

Technique
The inner surface of the mandible is infiltrated with 5 ml of local
anaesthetic after advancing the needle about 4–5 cm deep, 2 cm
superior, and just medial to the third mandibular molar tooth.

Auriculotemporal nerve block

Ear surgery blocks
Anatomy
The ear is innervated by branches of the greater auricular nerve and
the auriculotemporal nerve. The external auditory canal is innervated by branches of the seventh, ninth, and tenth cranial nerves.

Technique
If surgery is to be done on the auricle, injection completely around
the ear, with additional injection of the greater auricular nerve (see
later) and the auriculotemporal nerve (as previously described
above) is adequate. If surgery of the external auditory canal and
middle ear is contemplated, an additional four-quadrant injection
of 0.25–0.5 ml of local anaesthetic is necessary.

Anatomy

Cervical plexus blocks

The auriculotemporal nerve is the posterior branch of the mandibular branch of the trigeminal nerve. It passes between the external auditory canal and the temporomandibular joint and passes

The cervical plexus is formed by the ventral primary rami of the
first four cervical nerves. Each ramus gives a superior and inferior

Anatomy
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branch that forms the nerve bundle of the cervical plexus. The deep
nerves give off more superficial cutaneous branches that are the
lesser occipital nerve, the greater auricular nerve, the suprascapular
nerves, and smaller cutaneous branches. The deep cervical plexus
gives motor supply to the deep musculature of the neck. The superficial branches merge from behind the midpoint of the sternocleidomastoid muscle, or Erb’s point, to supply the overlying skin of the
neck from the base of the skull to the clavicle.

Technique
Deep block
The patient is positioned with head turned away. A line drawn
between the mastoid tip and the insertion of the sternomastoid
muscle on the clavicle approximates the transverse processes of the
cervical spine. Approximately 5 cm below the mastoid tip is the
level of C3. A needle is inserted until the level of the transverse
process of the spine is reached, then 5–10 ml of local anaesthetic
is injected. This is done both above and below this mark by about
1 cm to achieve blocks of C2–C4. Care is taken to withdraw on the
needle before injection to assure that CSF or blood is not aspirated.
The deep block will produce some paralysis of the musculature of
the neck. Bilateral deep nerve blocks can result in bilateral phrenic
nerve paralysis with possible respiratory difficulty.
Superficial block
Erb’s point is found midway between the origin and insertion of the
sternomastoid muscle. An injection of 10 ml of local anaesthetic is
made at the posterior border of the sternomastoid muscle and then
3–4 cm up and down the border.

Greater and lesser occipital nerve blocks
Anatomy
The greater occipital nerve arises from the dorsal primary ramus of
the second and third cervical nerve. It gives sensation to the medial
portion of the posterior scalp. The lesser occipital nerve arises from
the ventral primary rami of the second and third cervical roots and
supplies the cranial surface of the pinna and adjacent scalp.

Technique
The greater occipital nerve runs with the occipital artery and can
be blocked by injecting 5–10 ml of local anaesthetic at the level of
the superior nuchal line midway between the midline of the neck
and the posterior border of the mastoid process. The lesser occipital
nerve can be blocked by injecting 2.5 cm inferior and medial to this
area. The occipital artery can often be palpated and used as a landmark for injection of both areas.

Greater auricular nerve block
Anatomy
The greater auricular nerve arises from the ventral rami of C2 and
C3. It passes Erb’s point to supply the skin in the region of the ear,
angle of the jaw, and over the parotid gland.

Technique
See ‘Superficial blocks’ in ‘Cervical plexus blocks’.

Glossopharyngeal nerve block
Anatomy
The glossopharyngeal nerve exits the jugular foramen and passes
between the internal jugular vein and internal carotid artery staying

lateral to the vagus and spinal accessory nerves to pass anteriorly
in the neck. It gives off the tympanic nerve to the middle ear, the
carotid nerve to the baroreceptors of the carotid body, the pharyngeal nerve which gives sensation to the pharynx, and the tonsillar
nerve and sensory branches to the posterior one-third of the tongue.

Technique
This block can be used to treat glossopharyngeal neuralgia. The
nerve is blocked just after leaving the jugular foramen. At 1 cm
anterior and 1 cm inferior to the mastoid tip, a needle is inserted
2–3 cm until the styloid process is contacted. At this point, the needle is directed posteriorly and advanced another 1–2 cm. Aspiration
is advised before injection of 3–5 ml of local anaesthetic. Block of
the spinal accessory and hypoglossal nerves is usually achieved at
the same time.

Laryngeal blocks
Anatomy
The nerve supply to the larynx is largely via the superior laryngeal nerve with a small contribution from the recurrent laryngeal
nerves. The superior laryngeal nerve is a branch of the vagus nerve.
It passes lateral to the pharynx and behind the internal carotid
artery to divide into internal and external branches at the level of
the hyoid bone. The internal branch gives sensation to the mucous
membranes of the supraglottis and glottis, and the external branch
supplies motor innervation to the cricothyroid muscle.

Technique
The larynx is best blocked either with a transcricothyroid injection or superior laryngeal nerve block or a combination of both.
The cricothyroid membrane is palpated and 2 ml of 2% lidocaine is
injected with a 22 G needle. The patient should be asked to take a
deep breath before injection as they will cough after the injection,
spreading the local anaesthetic towards the larynx. The hyoid bone
and thyroid cartilage are palpated, and midway between these two
structures 2 ml of 2% lidocaine is injected bilaterally. It is possible
to feel a ‘popping’ sensation if the thyrohyoid ligament is pierced.
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Obstetric anaesthesia
and analgesia
Peter Biro and Marc Van de Velde
Physiological changes associated
with pregnancy
Major changes in normal female physiology occur during pregnancy, labour, delivery, and in the immediate postpartum period.
These changes have to be considered during anaesthetic practice. Hence, anaesthetists should recognize and understand these
physiological adaptations. These changes are induced by hormonal
mechanisms and the enlarging uterus and are present from the first
weeks of pregnancy, peaking around 34 weeks of gestation.

Respiratory system
Oxygen demand and consumption are increased during pregnancy. Oxygen delivery to tissue is increased because cardiac
output is higher and the maternal oxyhaemoglobin dissociation
curve is shifted to the right. Minute ventilation is also significantly
increased. As a result, a mild respiratory alkalosis is present during pregnancy, partly compensated by decreased bicarbonate concentrations. Functional residual capacity is lower by approximately
20%. Airway management becomes more demanding when gestation progresses because of higher body weight, short neck, enlarged
breasts, nasopharyngeal oedema, capillary engorgement, and the
increased susceptibility of the mucosa of the respiratory tract and
the pharynx to be traumatized.
The pregnant patient is more prone to hypoxaemia because of
decreased functional residual capacity and increased oxygen consumption. Careful denitrogenation before induction of general
anaesthesia is therefore recommended. Mild respiratory alkalosis
and reduced arterial Pco2 levels should be maintained during artificial ventilation as both hyper-and hypocarbia can compromise
uteroplacental perfusion.

Cardiovascular system
The total blood volume increases by 35% with a red blood cell
volume increase of 20% and a plasma volume increase of approximately 45%. Hence, a state of pregnancy-induced relative anaemia develops. Cardiac output, stroke volume, and heart rate are
increased. Myocardial contractility is unchanged and systemic vascular resistance is decreased. Despite increased blood volume and
increased cardiac output, the enlarged uterus causes compression
of the inferior vena cava and the aorta resulting in the so-called
supine hypotensive syndrome. Positioning of the patient with left
lateral displacement of the uterus is required to avoid the supine
hypotensive syndrome.

A state of hypercoagulability develops. Pregnant patients are
more prone to thromboembolic complications, and therefore adequate prophylactic measures should be taken including prophylactic administration of low-molecular-weight heparin.

Gastrointestinal changes
The enlarging uterus causes increased gastric pressure. Combined
with a decreased lower oesophageal sphincter tone and delayed gastric emptying, the chance of gastric regurgitation is increased: the
acidity of the gastric contents is also increased. Acid aspiration
prophylaxis is therefore recommended to reduce gastric content
and raise gastric pH.

Central nervous system
Central nervous system depression occurs secondary to increased
progesterone concentrations. There is increased peripheral nerve
sensitivity. The epidural space capacity is reduced as a result of
engorgement of the epidural venous plexus. Pregnant patients are
more prone to the effects of inhalation anaesthetics, neuromuscular
blocking agents, and local anaesthetics.

Renal physiological changes
Renal anatomy and physiology are significantly affected by pregnancy with changes to kidney size as well as glomerular and
tubular function. Healthy women accommodate to the changes
of pregnancy by the up-regulation of vasodilatory and the down-
regulation of vasoconstricting hormones. In the kidneys, these
hormonal alterations result in dilatation of the collecting system with a small increase in renal size as well as vasodilation
with increased renal plasma flow and glomerular filtration rate.
The decreased renal tubular threshold for bicarbonate reabsorption results in a net decrease in serum bicarbonate by 4–5 mmol
litre−1, despite progesterone-governed stimulation of the respiratory centre.

Labour analgesia
Although many women will deliver without needing pain relief,
many prefer some form of analgesia during the birth process.
Worldwide, pethidine (meperidine) and nitrous oxide analgesia are
used most frequently, but particularly in the developed world, more
and more women opt for neuraxial blocks to alleviate labour pain.
When providing neuraxial analgesia, the anaesthetist has to make
several choices: how will analgesia be initiated, how will analgesia
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be maintained, which local anaesthetic will be used for neuraxial
analgesia, and with which adjuvant drugs?

Initiation of neuraxial analgesia
Initiation of neuraxial labour analgesia is possible using either conventional epidural analgesia or combined spinal–epidural (CSE)
analgesia (Escarment and Clement 1989; Camann et al. 1993;
Collis et al. 1994; Rawal et al. 2000; Paech 2003; Rawal 2005; Van
Houwe et al. 2006; Fun et al. 2008; Petre et al. 2008). Obstetric
anaesthetists are divided when questioned on the place of CSE to
produce labour analgesia (Russell 1999; Collis 2002; Russell 2002;
Kuczkowski 2007; Preston 2007). Simmons et al. (2007) published
a Cochrane review concluding that CSE offers little benefit as compared with conventional epidural analgesia. However, the authors
did acknowledge that CSE produced faster analgesia, resulted in
less need for rescue analgesia, and was associated with less urinary
retention. This Cochrane review can be criticized. Firstly, a number
of well-performed studies were excluded from analysis for obscure
reasons. Secondly, a number of outcomes were not considered in
the analysis such as unilateral analgesia, epidural catheter reliability, anaesthetist intervention rate, local anaesthetic consumption,
and the occurrence of fetal heart abnormalities.
Consistently, effective labour analgesia is accomplished within
4–6 min after intrathecal injection (Camann et al. 1993; Stacey et al.
1993; Abouleish et al. 1994; Collis et al. 1994, 1995; Joos et al. 1995;
Gautier et al. 1997; Palmer et al. 1998; Van de Velde et al. 1999,
2004; Nickells et al. 2000; Comparative Obstetric Mobile Epidural
Trial Study Group 2001; Hughes et al. 2001; Vercauteren et al.
2001b; Vernis et al. 2004). After conventional epidural analgesia,
pain reduction is usually achieved after 15–25 min. Moreover, with
epidural analgesia a wide inter-patient variability exists depending
on parity, stage of labour, and other obstetric and non-obstetric
factors. Especially during late labour, analgesia after an epidural
injection is often delayed and only successful if large doses are
administered.
Some trials demonstrated lower visual analogue (pain) scale
(VAS) scores with CSE as compared with epidural analgesia (Collis
et al. 1995; Stocks et al. 2001; Kayacan et al. 2006), but others
noticed no difference (Price et al. 1998; Hepner et al. 2000; Nickells
et al. 2000).
Most anaesthetists would agree that CSE provides better quality
analgesia throughout the course of labour (Landau 2002). Vernis
et al. (2004) reported unilateral analgesia with CSE. Interestingly,
Hess et al. (2001) found that patients treated with conventional epidural analgesia were three times as likely to experience recurrent
breakthrough pain as compared with CSE-treated women. In contrast, however, Goodman et al. (2009) noted no difference.
The presence of a dural puncture may facilitate the passage of
epidurally administered drugs during maintenance of analgesia to
the cerebrospinal fluid (Leighton et al. 1996; Swenson et al. 1996).
Cappiello et al. (2008) performed a randomized, double-blind study
in which the dura was perforated with a 25 G Whitacre needle without administration of spinal drugs. The control group had no dural
puncture. Patients treated with a dural puncture had better sacral
spread, shorter time to onset of analgesia, and better quality pain
relief. Thomas et al. (2005) performed a similar study using a 27 G
Whitacre needle and could not find a difference between patients
treated with or without a dural puncture. Several studies have demonstrated that CSE results in less local anaesthetic consumption

(Collis et al. 1995; Comparative Obstetric Mobile Epidural Trial
Study Group 2001; Van de Velde et al. 2004; Vernis et al. 2004).
After initial spinal analgesia, bilateral analgesia and sensory
changes occur, making testing of the epidural catheter difficult.
However various investigators noted that the reliability of epidural
catheters after CSE was significantly increased as compared with
stand-alone epidural catheters (Norris 2000; Norris et al. 2001;
Van de Velde et al. 2001a; Wilson et al. 2002; Thomas et al. 2005;
Cappiello et al. 2008; Miro et al. 2008; Lee et al. 2009) (Table 66.1).
There was less need for epidural catheter replacement and a reduced
incidence of unilateral analgesia requiring catheter manipulation.
When using a CSE technique, a perfect midline approach is
required to identify the subarachnoid space and consequently the
epidural catheter is more reliably positioned in the epidural space
(Van de Velde et al. 2001a). Thomas et al. (2005) interestingly noted
that when no cerebrospinal fluid was obtained after attempted CSE,
more epidural catheters required replacement as compared with
those catheters placed when cerebrospinal fluid was noted.
Overall, CSE analgesia seems to confer some advantages in terms
of quality of pain relief as compared with a conventional epidural
technique. However, this may come at the expense of an increased
incidence of side-effects. Pruritus is the most common side effect
of intrathecal opioids, occurring in almost all patients, if directly
questioned (Collis et al. 1995; Van de Velde et al. 2004; Vernis et al.
2004; Miro et al. 2008). It usually develops shortly after onset of
analgesia. It is mild and hardly ever requires antipruritic therapy.
Nausea and vomiting are very rare complications during CSE and
conventional epidural analgesia. Miro et al. (2008) reported more
nausea and vomiting in patients treated with epidural analgesia.
Both CSE and conventional epidural analgesia have been associated with mild hypotension, which is easily treated by avoiding
the supine position and by intravenous fluids or, if necessary, vasopressors such as ephedrine or phenylephrine (Norris et al. 1994;
Shennan et al. 1995; Moschini et al. 2006).
There have been several reports of respiratory depression after
intrathecal administration of lipid-soluble opioids (Palmer 1991;
Hays and Palmer 1994; Baker and Sarna 1995; Greenhalgh 1996;
Ferouz et al. 1997; Lu et al. 1997; Katsiris et al. 1998; Hughes et al.
2001; Pan et al. 2004). Fortunately symptoms typically occurred
within the first 30 min and were easily treated and reversed by
naloxone. In one patient, chest compressions and resuscitation was
Table 66.1 Reliability of epidural catheters: percentage of failed epidural
catheters not producing adequate analgesia and that were resited
Combined–spinal epidural

Epidural

Norris (2000)

0.2%

1.3%

COMET Study Group (2001)

4.0%

6.8%

Van de Velde (2001a)

1.49%

3.18%

Thomas et al. (2005)

9.3%

8.0%*

Cappiello et al. (2008)

3%

13%

Lee et al. (2009)

1%

6%

Miro et al. (2008)

3.4%

6.2%

* Thomas et al. reported more catheter replacement when the spinal component failed (22.2%).
Data from various sources, see references.
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required (Pan et al. 2004). Ferrouz et al. (1997) performed a retrospective medical records analysis and reported one respiratory
arrest in more than 5000 CSE cases performed with 10 μg of spinal
sufentanil. As this complication is rare, most authors advocate vigilance and advise the use of lower doses of intrathecal opioids then
those initially suggested on empirical grounds (Albright and Forster
1999). Other complications related to excessive rostral spread of
opioids and local anaesthetics include aphonia, aphagia, dysphagia,
altered levels of consciousness, high sensory block, and transient
swallowing difficulties (Hamilton and Cohen 1995; Currier et al.
1997; Fragneto and Fisher 2000; Scavone 2002; Kuczkowski and
Goldsworthy 2003; Coleman et al. 2009). Sudden hypoglycaemia
has also been described (Crites and Ramanathan 2000; Kuczkowski
2003a).
Some authorities claim that the risk of central nervous system
infection is increased secondary to the breach of the dura with CSE
(Bromage 1999). However, two publications both agree that there
is currently no scientific evidence indicating that CSE analgesia is
associated with more infections than epidural analgesia (Camann
et al. 2000; Birnbach and Ojea 2002). Indeed, several case reports of
meningitis or epidural abscess have been described after CSE and
epidural anaesthesia in obstetric patients (Berga and Trierweiler
1989; Harding et al. 1994; Aldebert and Sleth 1996; Cascio and
Heath 1996; Bouhemad et al. 1998; Pickering et al. 1999; Vernis et
al. 2004; Davies et al. 2009). Despite these occasional case reports,
central nervous system infections remain extremely rare irrespective of the neuraxial technique used. Five publications evaluate the
risk of infections after neuraxial anaesthesia in obstetric patients
(Crawford 1985; Scott and Hibbard 1990; Palot et al. 1994; Paech et
al. 1998; Albright and Forster 1999). In more than 900 000 patients,
only two cases of epidural abscess and three cases of meningitis
were reported.
Several cases of damage to the conus medullaris in pregnant
women have been reported when using CSE (Reynolds 2001).
Especially with CSE, it is imperative to perform the block as low as
possible as the conus medullaris might extend below the L2 vertebral body, which is the case in 5% of parturients (Carvalho 2008). To
avoid conus damage, careful recognition of the correct interspace
is required. By means of radiography and ultrasound, it has been
clearly demonstrated that most anaesthetists who used anatomical landmarks, erred by one to four interspaces from the intended
interspace (Whitty et al. 2007; Carvalho 2008). Ultrasound may be
useful, especially in obese patients, to identify or confirm the correct interspace (Carvalho 2008).
As CSE includes a dural puncture, there is a theoretical risk of
post-dural puncture headache. This is a disabling complication
in an otherwise healthy mother, keen on taking care of her newborn child. However the introduction of small-gauge atraumatic
spinal needles (26–29 G) has dramatically decreased the problem.
From the available literature it seems that post-dural puncture
headache occurs in no more than 1% of patients. Furthermore
the incidence is not increased as compared with conventional
epidural analgesia (Norris et al. 1994; Collis et al. 1995; Mandell
et al. 1996; Nageotte et al. 1997; Norris 2000; Norris et al. 2001;
Birnbach and Ojea 2002; Landau 2002; Wilson et al. 2002; Vernis
et al. 2004; Miro et al. 2008; Van de Velde et al. 2008). Rarely the
spinal needle itself is responsible for post-dural puncture headache. Usually a dural tap with either the Tuohy needle or the
epidural catheter causes the headache. After an accidental dural
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tap, threading the epidural catheter intrathecally seems to reduce
the incidence and severity of post-dural puncture headache
(Cohen et al. 1989; Norris and Leighton 1990; Rutter et al. 2001;
Van de Velde et al. 2008).
Low-dose epidurals are successfully used to allow labouring
women to maintain mobility whilst being fairly pain free (Nageotte
et al. 1997; Comparative Obstetric Mobile Epidural Trial Study
Group 2001). With CSE it is easier to provide effective analgesia with no or very small doses of local anaesthetics. As already
described, CSE decreased total local anaesthetic consumption
(Collis et al. 1995; Comparative Obstetric Mobile Epidural Trial
Study Group 2001; Van de Velde et al. 2004) and decreased the
occurrence of motor block compared with standard epidural
techniques (Collis et al. 1995; Nageotte et al. 1997; Comparative
Obstetric Mobile Epidural Trial Study Group 2001; Van de Velde
et al. 2004). Especially, when labour is prolonged, CSE results in
more women with normal motor power as was demonstrated by
Wilson et al. (2009).
Some authors have questioned the safety of walking during labour
when using neuraxial analgesia. However, others have demonstrated that motor function and balance remained intact with CSE,
whilst low-dose epidurals induced clinically detectable dorsal column deficits (Davis et al. 1993; Buggy 1999; Pickering et al. 1999).
Ambulation has become common practice and can be advised, provided adequate precautions, written protocols, and testing of motor
function after initiation of analgesia are performed. It is also advisable to ask the partner to stand and go with the mother when she
is moving in order to give support when necessary. Motor function
testing is straightforward and includes the ability to perform a deep
knee bend unassisted and to perform a straight leg lift for 30 s with
the eyes closed. Caution is required when using epidural test doses
after insertion of an epidural catheter, as test doses can significantly
impair motor strength (Cohen et al. 2000). Controversy also exists
regarding the effects of spinally administered adrenaline (epinephrine) (28,106) on motor block. Whilst minute doses do not impair
motor function, larger doses have a significant impact (Palmer
1991; Gurbet et al. 2005).
Epidural analgesia has been implicated in prolonged labour, an
increased instrumental delivery rate, and a higher Caesarean section rate. There is expert consensus that epidural analgesia does
not produce more operative deliveries. However, epidural analgesia
prolongs the duration of the first stage of labour and may increase
the need for exogenous oxytocin.
Abnormal fetal heart rate recordings and fetal bradycardia are
worrisome side-effects that may follow any type of effective labour
analgesia. Some authors reported that this complication could be
more common after intrathecal opioids than after conventional
epidural analgesia (Honet et al. 1992; Cohen et al. 1993; Clarke
et al. 1994; Kuczkowski 2004). Clarke et al. (1994) were the first to
describe in detail the association between intrathecal opioids, uterine hyperactivity, and fetal bradycardia in the absence of maternal
hypotension. Since then, several non-randomized trials have evaluated the incidence of fetal heart rate changes after either intrathecal opioids or conventional epidural analgesia (Nielsen et al. 1996;
Palmer et al. 1999; Van de Velde et al. 2001a, 2001b). Nielsen
et al. (1996) and Eberle et al. (1998) did not observe an increased
incidence of fetal heart rate abnormalities, whilst all other non-
randomized reports noted at least a doubling of the incidence of
worrisome fetal heart rate changes.
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Mardirossof et al. (2002) performed a meta-analysis of several
prospective trials comparing intrathecal opioid analgesia with non-
intrathecal opioid analgesia with respect to fetal bradycardia. These
authors concluded that intrathecal opioids were associated with
significantly more fetal heart rate abnormalities. Vercauteren et al.
(1997) suggested that the incidence of fetal bradycardia depended
on the dose of the intrathecal opioid. Van de Velde et al. (2004)
concluded that high doses of intrathecal opioids increased the incidence of fetal heart rate abnormalities despite a reduced incidence
of hypotension. Similar results were published by Nicolet et al.
(2008). These authors also indicated that older age and higher VAS
scores before analgesia were risk factors associated with fetal heart
rate abnormalities after CSE. Gaiser et al. (2005) suggested that
the risk of abnormalities in the fetal heart rate is increased when
the baby’s head is not engaged or when decelerations are already
present before initiation of analgesia. The presumed mechanism of
opioid-induced fetal heart rate abnormalities is uterine hyperactivity caused by rapid analgesia and, as a result, a rapid decrease in
circulating maternal catecholamines. Abrao et al. (2009) measured
uterine tone using an intrauterine pressure catheter after either CSE
or conventional epidural analgesia and noticed slight increases in
uterine tone.
However, in this context it is important to note that neonatal and
obstetric outcome is not affected by the use of intrathecal opioids.
Abrao et al. found no changes in fetal oxygen saturation after CSE
analgesia (Abrao et al. 2009). In none of the reports was emergency
Caesarean section required as a result of opioid-induced fetal heart
rate abnormalities (Nielsen et al. 1996; Eberle et al. 1998; Kahn
and Hubert 1998; Palmer et al. 1999; Van de Velde et al. 2001a;
Vercauteren et al. 2001b; Van de Velde et al. 2004; Gaiser et al. 2005).
Neither was neonatal outcome, as assessed by Apgar scores, umbilical artery pH, or admission to the neonatal intensive care, affected
by the chosen technique. Albright and Forster (1997) performed
an institutional retrospective survey involving 2500 patient records
and observed no increase in emergency Caesarean delivery associated with the use of intrathecal opioids. In contrast, Gambling et al.
(1998) reported an increased Caesarean section rate as a result of
fetal heart rate abnormalities. However, they also found that neonatal outcome was good and similar to the epidural group.
As epidural catheters can inadvertently be misplaced in either the
cerebrospinal fluid or in an epidural vein, test doses to verify the
correct position of the catheter are commonly used. Unfortunately,
test doses are neither sensitive nor specific (Colonna-Romano et al.
1992; Norris et al. 1999). Furthermore, test doses containing adrenaline can induce motor impairment sufficient to impair ambulation during labour (Cohen et al. 2000). Some authors also suggest
that an adrenaline-containing test dose has potential adverse effects
on uteroplacental perfusion (Marcus et al. 1998). As a result, it has
been proposed to abandon the routine use of a test dose after placement of an epidural catheter for labour analgesia, as adequate analgesia confirms the correct position of the catheter (Birnbach and
Chestnut 1999).
With CSE, analgesia occurs rapidly and testing the functionality
of the epidural catheter is not possible until the initial spinal dose
wears off. Many authors consider the fact that the reliability of the
epidural catheter is uncertain during this period as a major disadvantage. Their concern is related to the possibility that the catheter may be dysfunctional when an emergency Caesarean section
is required. Especially in high-risk pregnancies this is considered a

major drawback. However, it is important to note that even with a
well-tested epidural catheter, one can never be absolutely sure that
several hours later the catheter remains correctly positioned. Even
with conventional epidural catheters, fractioned dosing or a de
novo test dose is required before the catheter is used for the injection of high doses of local anaesthetics.
Some anaesthetists are reluctant to initiate epidural analgesia
immediately after the spinal dose, preferring to wait for the spinal dose to have worn off before testing the epidural catheter for
subsequent use throughout labour. As a result, most patients will
experience breakthrough pain. However, several authors initiate
an epidural infusion immediately after the initial spinal dose. With
low-volume, low-dose techniques, the risk of total spinal anaesthesia or toxic side-effects is minimal. These doses cannot produce
systemic toxicity or total spinal anaesthesia even when direct intravascular or intrathecal injection occurs. However, if a continuous
epidural infusion or patient-controlled epidural analgesia (PCEA)
does not produce adequate analgesia, one must consider an intravascular position of the catheter.
Currently, a local anaesthetic (bupivacaine, ropivacaine, or levobupivacaine)/opioid (fentanyl/sufentanil) mixture is used to initiate spinal analgesia. Van de Velde et al. (2007) were the first to
construct the full dose–response relationship of spinal ropivacaine,
levobupivacaine, and bupivacaine combined with opioids for labour
analgesia. These investigators noted that bupivacaine was significantly more potent then both of the other local anaesthetics and
that ropivacaine and levobupivacaine were of similar potency (Van
de Velde et al. 2007). They also noted that in active labour much
more local anaesthetic was required to produce effective analgesia
in all parturients than previously described on empirical grounds.
Several authors have suggested prolonging the initial intrathecal
analgesia by the addition of various adjuvant drugs such as clonidine, adrenaline, or neostigmine. Although these drugs were successful in prolonging analgesia, they also produced significantly
more side-effects.

Maintenance of analgesia
Maintenance of analgesia can be achieved using intermittent top-
up doses, continuous epidural infusions, or PCEA with or without a background infusion. In California, only 25% of obstetric
anaesthesia units used PCEA in 2005 (Carvalho et al. 2006). In the
United Kingdom only 5% of units used PCEA in 1999 (Burnstein
et al. 1999). However, in Belgium in 2005, the majority of hospitals
used PCEA (Van Houwe et al. 2006).
Intermittent top-up dosing, by an anaesthetist or trained midwife,
was the original method for maintaining epidural analgesia with a
bolus of local anaesthetic administered either on patient request or
after a fixed interval. Intermittent top-up dosing has several disadvantages: administration of large bolus doses of local anaesthetic
can lead to systemic toxicity; maternal hypotension and fetal heart
rate abnormalities; and periods of inadequate pain control.
Compared with intermittent top-up dosing, continuous epidural
infusions have variously been shown to be associated with better
analgesia (D’Athis et al. 1988; Lamont et al. 1989), no difference in
analgesic quality (D’Athis et al. 1988; Smedstad and Morison 1988;
Purdie et al. 1992), or inferior analgesia (Boutros et al. 1999; Salim
et al. 2005). Most studies also showed that local anaesthetic consumption is reduced with intermittent top-up doses (D’Athis et al.
1988; Smedstad and Morison 1988; Purdie et al. 1992; Boutros et al.
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1999). Despite less anaesthetic consumption, obstetric outcome is
usually similar between the two methods (Purdie et al. 1992; Tan
et al. 1994; Boutros et al. 1999; Usha Kiran et al. 2003; Salim et al.
2005; Fettes et al. 2006), although Smedstad and Morison (1988)
found an increased incidence of spontaneous deliveries with intermittent top-up doses. In summary, continuous epidural infusions
and intermittent top-up doses are quite similar in terms of quality
of analgesia and incidence of side-effects with a tendency towards
better performance for the intermittent top-up dosing technique.
Numerous studies have evaluated PCEA since its introduction
into obstetric analgesia by Gambling et al. (1988). PCEA produced
similar levels of pain relief in most studies in terms of VAS for pain
(Lysak et al. 1990; Ferrante et al. 1991; Viscomi and Eisenach 1991;
Purdie et al. 1992; Gambling et al. 1993; Curry et al. 1994; Tan et al.
1994; Boutros et al. 1999; Collis et al. 1999; Sia and Chong 1999;
Smedvig et al. 2001; Ledin Eriksson et al. 2003). PCEA is associated
with fewer medical staff interventions (van der Vyver et al. 2002).
Some studies also showed that patient satisfaction was increased
with PCEA (Sia and Chong 1999). PCEA is also associated with
20–55% less local anaesthetic consumption (van der Vyver et al.
2002). As a result, significantly less motor block is observed with
PCEA (van der Vyver et al. 2002). It remains unclear whether this
results in a better obstetric outcome.
The use of background infusions combined with PCEA is controversial. Some authors found that a background infusion confers no
benefit while others suggest better pain scores with a background
infusion (Missant et al. 2005; Vallejo et al. 2007; Lim et al. 2008).
However the difference may be that a background infusion seems
particularly useful when analgesia is initiated with CSE, where the
background infusion ensures epidural priming when the patient
requests the first epidural bolus. More rapid and effective analgesia
follows priming of the epidural space (Missant et al. 2005; Lim et al.
2008; Okutomi et al. 2009).
Several studies compared PCEA with intermittent top-up dosing techniques for maintaining epidural analgesia during labour
(Gambling et al. 1988; Gambling et al. 1990; Purdie et al. 1992; Tan
et al. 1994; Paech, Pavy et al. 1995; Boutros et al. 1999; Halonen
et al. 2004). The quality of pain relief was similar between the two
methods, except in the studies of Paech et al. (1995), where intermittent top-up doses resulted in higher maximal pain scores, and
Halonen et al. (2004) who found that PCEA produced better analgesia. Gambling et al. (1990) reported increased satisfaction scores
with PCEA as compared with intermittent top-up doses, but other
authors could not confirm these results. Most studies show no difference in local anaesthetic consumption, while some report an
increased consumption and others a decreased consumption with
PCEA (Paech et al. 1995; Boutros et al. 1999; Halonen et al. 2004).
Two studies demonstrate a negative effect on obstetric outcome
with PCEA (Paech et al. 1995; Halonen et al. 2004). Paech et al.
(1995) observed a prolonged second stage of labour, while Halonen
et al. (2004) observed more Caesarean sections as well as a longer
second stage.
In more recent years, several authors have evaluated the use of
PCEA combined with automated intermittent boluses. Both Wong
et al. (2006) and Sia et al. (2007) compared automated boluses with
continuous background infusion, both combined with PCEA. In
both studies, automated boluses performed better resulting in less
local anaesthetic consumption, less clinician intervention, and better quality of pain relief. Several studies are emerging looking at
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computer-integrated PCEA. Computer-integrated PCEA is a conventional PCEA system but with an automated feedback loop: the
rate of a continuous background infusion is adapted according to
the administered PCEA boluses during the previous hour (Lim
et al. 2006). Computer-integrated PCEA resulted in less breakthrough pain and higher parturient satisfaction.
In conclusion, the literature suggests that PCEA and intermittent
top-up doses seem to be superior compared with continuous epidural infusions for maintenance of labour analgesia with less local
anaesthetic consumption, less motor block and increased patient
satisfaction as compared with continuous epidural infusions. PCEA
may be slightly more expensive then intermittent top-up doses, but
results in much reduced medical staff workload. Depending on
local legislation, intermittent top-up doses may not be an option.
PCEA with a background infusion, especially when CSE is used,
may be a good option. However the background infusion rate
should be low (no more than 25% of total hourly consumption).

Choice of local anaesthetic
Bupivacaine is probably the most commonly used drug worldwide
for obstetric neuraxial regional anaesthesia and analgesia. Reports
of bupivacaine cardiotoxicity after unintentional intravascular
injection, mainly in obstetric patients, prompted the development
of ropivacaine and levobupivacaine (Albright 1979). These drugs
appear to be safer than bupivacaine while also producing a greater
differential between sensory and motor blockade, an especially
advantageous feature during labour analgesia.
All local anaesthetics can produce systemic toxicity by direct and
indirect mechanisms that derive from their mode of local anaesthetic actions, that is, inhibition of voltage-gated ion channels and
by interference with mitochondrial respiration by impeding oxidative phosphorylation, thus depleting the cell’s energy reserve.
Ropivacaine and levobupivacaine both have lower systemic toxicity than bupivacaine (Mather and Chang 2001). Ropivacaine seems
to be the least toxic, levobupivacaine has intermediate toxicity and
bupivacaine is most toxic. Reduced systemic toxicity has also been
demonstrated in pregnant animals (Santos et al. 1995).
It is essential that clinicians use the customary precautions to
minimize the risk of systemic toxicity such as standard monitoring,
aspiration of the catheter before injection of the drugs, use of a test
dose (but see previous discussion), dividing the injected dose, and
use of the lowest local anaesthetic concentration feasible.
One of the factors implicated in the association between epidural
analgesia and increased rates of operative delivery is motor block
from epidural local anaesthetic. Motor block can be minimized
by reducing the concentration of local anaesthetic, by decreasing
the total dose used, or by choosing a drug with a high differential
sensory-motor block ratio.
Several trials have evaluated conventional labour analgesia using
rather high concentrations of different local anaesthetics (≥0.2%)
(Writer et al. 1998; Asik et al. 2002). Using high doses, bupivacaine
resulted in more motor block and worse labour outcome.
However, modern labour analgesia uses lower concentrations
of local anaesthetics. The advantages in terms of motor block and
labour outcome of lower epidural local anaesthetic concentrations were well demonstrated by the COMET trial (Comparative
Obstetric Mobile Epidural Trial Study Group 2001). Halpern and
Walsh (2003) performed a meta-analysis of 23 randomized trials that compared ropivacaine and bupivacaine during labour
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analgesia. Onset, duration, and quality of analgesia were comparable between the two local anaesthetics. No differences in mode
of delivery or other outcome variables were identified, except for
a higher incidence of motor block with bupivacaine. The data for
motor block were not combined statistically because of the large
amount of heterogeneity among studies resulting from the large
differences in drug doses and concentrations used.
However, several studies using low concentrations of local anaesthetic (≤0.125%) did demonstrate differences in motor block with
ropivacaine producing less motor block then bupivacaine (Gautier
et al. 1999; Campbell et al. 2000; Fischer et al. 2000; Meister et al.
2000; Chua et al. 2001; Owen et al. 2002; Gogarten et al. 2004; Lee
et al. 2004; Atienzar et al. 2008). Gautier et al. (1999) clearly demonstrated that, especially if the cumulative epidural dose of local
anaesthetic increased, the risk of motor block was higher with
bupivacaine. This difference persisted if lower concentrations of
epidural bupivacaine were used to provide analgesia. Table 66.2
gives an overview of motor block reported in several studies that
compared low concentrations of ropivacaine and bupivacaine during labour analgesia. Combined, it becomes clear that motor block
occurs much less frequently with ropivacaine. Atienzar et al. (2008)
demonstrated that both ropivacaine and levobupivacaine produced
less motor block.
This has been confirmed using the ‘minimum local analgesic
concentration’ (MLAC) methodology. Lacassie et al. (2002) determined the motor block MLAC concentration of ropivacaine and
bupivacaine using a model of up-and-down sequential allocation.
These authors noted that ropivacaine was significantly less potent
for motor block than bupivacaine, at 66% that of bupivacaine.
Similar observations can be made for intrathecal ropivacaine and
bupivacaine. Excellent analgesia is achieved with both agents using
similar spinal doses but with less motor impairment in patients
treated with ropivacaine. Table 66.3 gives an overview of the number of patients developing detectable motor block in various studies
that compare intrathecal ropivacaine and bupivacaine (Levin et al.
1998; Hughes et al. 2001; Lim et al. 2004; Camorcia et al. 2005).

Table 66.2 Number of patients with motor block in bupivacaine-
or ropivacaine-treated patients using similar and low (≤0.125%)
concentrations of local anaesthetic
Bupivacaine
Campbell et al. (2000)

Ropivacaine Number of patients

5

0*

40

Meister et al. (2000)

18

8*

50

Gautier et al. (1999)

15

3*

90

Lee et al. (2004)

21

10

346

Owen et al. (2002)

12

8

50

Gogarten et al. (2004)

11

4

109

Chua et al. (2001)

5

3

32

Fischer et al. (2000)

19

10

189

Atienzar et al. (2008)

18

13

65

124

59

971

Total
* P < 0.05 vs bupivacaine.

Data from various sources, see references.

Table 66.3 Number of patients with motor block in bupivacaine-or
ropivacaine-treated patients using similar doses of local anaesthetic
administered intrathecally
Bupivacaine

Ropivacaine Number of patients

Levin et al. (1998)

0

0

48

Hughes et al. (2001)

8

1*

40

Lim et al. (2004)

5

2*

40

Camorcia et al. (2005)

8

1

64

21

4

192

Total
* P < 0.05 vs bupivacaine.

Data from various sources, see references.

For levobupivacaine, less information is available. Lacassie and
Columb (2003) determined the motor block MLAC concentration
of levobupivacaine and bupivacaine using a model of up-and-down
sequential allocation. These authors noted that levobupivacaine was
significantly less potent for motor block then bupivacaine, at 87%
the potency of bupivacaine. Vercauteren et al. (2001a) observed no
clinical differences between spinal levobupivacaine and racemic
bupivacaine except for less motor block with levobupivacaine.
MLAC studies have repeatedly demonstrated that ropivacaine and
levobupivacaine are less potent during labour analgesia at the ED50
point of the dose–response curve then bupivacaine (Capogna et al.
1999; Polley et al. 1999; Polley et al. 2003). Although MLAC studies
have undoubtedly added to our understanding of local anaesthetics
and their relative potency, there are several caveats when applying
these results to the clinical situation of labour analgesia. First, MLAC
studies only focus on one point of the dose–response curve and
provide no information on the slopes of the dose–response curves.
Second, MLAC studies only focus on the concentration used and
not on the total dose. However, total dose determines the intensity of
sensory and motor block (Duggan et al. 1988). Third, it is difficult to
analyse these reports for confounding factors such as stage of labour,
parity, type of labour, and so on, factors that each impact labour pain
intensity. Fourth, MLAC studies determine relative potency for initiation of analgesia during labour, but do not provide information on
relative potency during maintenance of analgesia (which might be
influenced by factors such as local anaesthetic lipid solubility or effects
of local anaesthetics on epidural vessels). However, despite these criticisms, most clinicians would agree that new local anaesthetics are
indeed less potent then bupivacaine. This has been confirmed by the
first full dose–response comparison of levobupivacaine, ropivacaine,
and bupivacaine, used for spinal labour analgesia (Van de Velde et al.
2007). Other authors did propose a potency hierarchy: bupivacaine >
levobupivacaine > ropivacaine (Camorcia et al. 2005).
Usually clinicians are not interested in the ED50, but want all
patients to be without pain. This means we will use higher doses
than needed for some patients, to achieve good analgesia for all.
Various solutions to minimize overdosing have been successfully
investigated such as PCEA.

Adjuvant drugs
Various adjuvant drugs have been tested for use in neuraxial labour
analgesia: opioids, clonidine, neostigmine, adrenaline, magnesium,
and adenosine.
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Opioids
Opioids used for labour pain relief act through agonistic mechanisms in the dorsal horn. Activation of μ, δ, and κ receptors induces
presynaptic inhibition of neurotransmitter release and produces
postsynaptic neuronal membrane hyperpolarization.
Pure epidural opioid analgesia is feasible in the early stages of
labour. Capogna et al. (2003) determined the ED50 of epidural fentanyl and sufentanil using the MLAC methodology. To produce analgesia in 50% of patients, a dose of 124 μg of fentanyl and 21 μg of
sufentanil was necessary, establishing a potency ratio of 5.9 between
sufentanil and fentanyl.
However, usually opioids are combined with local anaesthetics.
It has been repeatedly shown that opioids have a synergistic effect
with various local anaesthetic agents. Opioids reduce the ED50 of
local anaesthetics (Polley et al. 1998). In clinical practice, the addition of opioids reduces the onset of analgesia, prolongs the duration of epidural analgesia, reduces local anaesthetic consumption,
and decreases the incidence of patients with insufficient analgesia
(Vertommen et al. 1991). The incidence of troublesome motor
block is reduced and the rate of spontaneous vaginal delivery is
increased (Vertommen et al. 1991). Unfortunately, more patients
experience pruritus (Vertommen et al. 1991).
Plain intrathecal opioids are successful in producing labour analgesia. Palmer et al. (1998) established that 25 μg of fentanyl was the
optimal intrathecal dose. Increasing the dose above 25 μg did not
improve the duration or quality of analgesia, but increased the incidence of side-effects. For sufentanil, an ED95 of 8.9 μg was established (Herman et al. 1997). However, certainly in Europe, most
anaesthetists prefer the intrathecal combination of local anaesthetic
and opioid. Adding opioids to the chosen local anaesthetic reduces
the ED50 of the latter and prolongs dose-dependently the duration
of initial spinal analgesia (Stocks et al. 2001).

Clonidine
Clonidine is an α2-receptor agonist that acts on receptors located
in the dorsal horn to produce labour analgesia. Presynaptic stimulation of α2-receptors inhibits neurotransmitter release and postsynaptic stimulation, preventing neuronal transmission through
hyperpolarization. Animal safety studies established that clonidine was not neurotoxic and did not affect spinal cord blood flow
(Gordh et al. 1986; Eisenach and Grice 1988).
A limited number of clinical trials have studied various doses
(30–150 μg) of epidural clonidine during labour. Based on the
MLAC methodology, a minimum of 60 μg of clonidine is required
to reduce the ED50 of ropivacaine for labour analgesia (Aveline et
al. 2002). Doses above 100 μg induce maternal hypotension, bradycardia, and sedation and in some trials also new-onset fetal heart
rate changes (Chassard et al. 1996). Based on work by Landau et al.
(2002) it can be concluded that the optimal epidural dose of clonidine is probably 75 μg. Prolonged analgesia, reduced local anaesthetic consumption, and fewer epidural top-ups for breakthrough
pain without an increase in side-effects were noted (Landau et al.
2002).
Chiari et al. (1999) studied the use of pure spinal clonidine
labour analgesia and found that doses producing adequate analgesia also induced unacceptable side-effects such as hypotension.
Adding lower doses of clonidine (15–45 μg) to spinal analgesics does improve the duration and quality of initial spinal analgesia (Mercier et al. 1998; Paech et al. 2002; Missant et al. 2004).
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However, especially when clonidine is combined with local anaesthetic agents, significant and prolonged hypotension is likely to
occur (Paech et al. 2002; Missant et al. 2004).

Adrenaline
Adrenaline also acts on α2-receptors. However vascular effects,
especially with epidural administration might also be involved.
Epidurally administered adrenaline significantly reduces the
MLAC concentration of bupivacaine in labouring patients and
improves the quality of analgesia (Polley et al. 2002). Spinal administration of adrenaline combined with local anaesthetics and opioids has been evaluated in a wide range of doses from 2.25 to 100 μg.
Duration of intrathecal analgesia was consistently prolonged
(Gautier et al. 1997).
Unfortunately, adrenaline also induces an increased incidence of
maternal motor deficit (Cohen et al. 2000; Goodman et al. 2002).
Epidural adrenaline might also prolong labour duration by β-agonist
effects, especially when higher doses are infused into the epidural
space (Dounas et al. 1996; Cohen et al. 2000; Okutomi et al. 2000;
Okutomi et al. 2000; Goodman et al. 2002). Furthermore adding
adrenaline to pre-prepared solutions complicates storage and significantly increases the price of handling and preparation. Thus, the
authors have abandoned the addition of adrenaline from the local
anaesthetic solution used for spinal and epidural administration.

Neostigmine
Acetylcholine is an important neurotransmitter in the dorsal
horn of the spinal cord for the descending inhibitory pathways.
Neostigmine, a cholinesterase inhibitor, increases the concentration of acetylcholine in the synapses and thus produces analgesia
by stimulating acetylcholine mediated mechanisms. Naguib and
Yaksh (1994) demonstrated that the analgesic effects of neostigmine and clonidine are synergistic. After reassuring safety studies,
in which no neurotoxic effects and no detrimental effects on spinal
cord perfusion were identified, neostigmine has been evaluated for
labour pain relief (Hood et al. 1995; Yaksh et al. 1995).
Several trials evaluated the effects of epidural neostigmine
(Habib and Gan 2006; Roelants 2006). Neostigmine seems to be
promising as an adjuvant drug for labour analgesia. Both Roelants
(2006) and Van de Velde et al. (2009) successfully added epidural
neostigmine to the analgesic mixture, improving the quality and
duration of effective analgesia.
Nelson et al. (1999) investigated the analgesic potential and side
effect profile of 5, 10, and 20 μg of intrathecal neostigmine alone.
From this first phase, these investigators chose 10 μg as the optimal
dose to be added to intrathecal sufentanil and determined the ED50
of spinal sufentanil with and without neostigmine. Neostigmine
successfully reduced the ED50 of spinal sufentanil. In a further step,
they compared twice the ED50 of spinal sufentanil with neostigmine
to twice the ED50 of plain spinal sufentanil. A synergistic effect on
duration of analgesia of neostigmine was observed. D’Angelo et al.
(2001), however, reported no increase in analgesic duration with
neostigmine as part of a multidrug combination (local anaesthetic,
opioid, clonidine, and neostigmine). Furthermore several authors
reported a very high incidence of severe nausea and vomiting
(Owen et al. 2000).

Other drugs (magnesium and adenosine)
Both adenosine and magnesium have been added to intrathecal
opioids to relieve labour pain (Owen et al. 2000; Buvanendran et al.
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2002; Rane et al. 2003). No significant advantages of adding adenosine to the analgesic mixture were observed. Magnesium prolonged
intrathecal fentanyl analgesia.
In conclusion, local anaesthetic agents combined with opioids
remain the cornerstone of effective spinal and epidural labour analgesia. Epidural clonidine is a valuable adjuvant drug, especially in
cases when it becomes difficult to control labour pain. An epidural
dose of 75 μg of clonidine seems safe and effective. Spinal clonidine
is effective but has been shown to induce hypotension and should
therefore be reserved for specific situations. Routine use cannot be
recommended. Adrenaline is a valuable drug but potential problems such as motor block, detrimental effects on the progress of
labour, and storage problems limit its usefulness. With neostigmine, only limited clinical experience is available. Spinal neostigmine may cause unacceptable nausea and vomiting. Adenosine and
magnesium have recently been studied during labour analgesia, but
preliminary data are disappointing.

Anaesthesia for Caesarean section
Caesarean section represents by its nature an intervention with all
concomitant perioperative and anaesthetic implications of surgery
in the abdominal cavity. As it is usually performed on young, healthy
women, there might be an impression that it is not a particularly difficult anaesthetic challenge. But this procedure is much more than a
surgical opening of the abdominal cavity. Higher degrees of stress,
tissue trauma, and impaired homeostasis are encountered than, for
example, surgery on the body surface or extremities. In addition,
significant intra-and postoperative pain might complicate the perioperative course and well-being of mother and newborn. However,
the physiological and potentially pathophysiological changes of late
pregnancy can increase the challenges of anaesthesia. Furthermore,
in contrast to all other surgical procedures, it also concerns at least
two individuals.
The choices of today’s anaesthesia allow for a differentiated
approach in which the treatment of the mother can guarantee
the integrity of her vital functions as well as those of the fetus.
Additionally, it is also important to provide optimal surgical conditions to the obstetrician to facilitate a rapid and careful delivery of
the newborn.

Preoperative investigations and preparation
The time available for preoperative investigations before a Caesarean
section varies from zero for the very urgent case to several months
if it is known in advance that a surgical delivery will be carried out.
In accordance with these different prerequisites, pre-anaesthetic
evaluation may vary widely in its extent and focus.
Pre-anaesthetic evaluation before extremely urgent cases is very
brief. It is essentially limited to questions regarding the feasibility of general anaesthesia and tracheal intubation. Of prominent
importance is the assessment of the airway and the probability of
problems when performing a rapid sequence induction. Of course,
there are many other relevant questions, in particular if there is any
type of pregnancy-associated or independent maternal morbidity.
In most cases, there is an urgent fetal problem that needs immediate delivery, while the mother usually is a healthy young woman
(Spitzer 1992). Fortunately, severe co-morbidities are usually
known in advance obviating the need for a time-consuming interview of the otherwise highly stressed parturient, the midwife, or

obstetrician. Urgency nevertheless is no sufficient reason to expose
the mother to any unnecessary risk by a too hasty and superficial
pre-anaesthetic evaluation that might result in wrong decisions
concerning the choice of technique.
In a grade II or III Caesarean section, there is usually enough
time to perform regional anaesthesia, either by extending an existing epidural or a single-shot spinal. Therefore, all relevant facts
concerning the application of a regional technique should be considered. A possible difference to the elective situation might be
that one should not delay anaesthesia by waiting for laboratory
results, unless there is a reason from the history (e.g. in case of
known or suspected coagulopathy). Last but not least, in elective
surgery, there is plenty of time to make all necessary investigations,
but if these have been made longer than 2 weeks before surgery,
a fresh reassessment of relevant findings is appropriate and justified in the light of possible (patho)physiological changes during late
pregnancy.
The goal of any assessment is to quantify functional limitations
of individual organ systems, with the ultimate scope to optimize
the parturient’s and her fetus’s conditions by the time of surgery.
Common problems in this context are connected to the coagulation
system, which targets primarily the question of the feasibility of
regional anaesthesia and the risk of haemorrhage and the necessary
volume and blood replacement. Sometimes these questions arise at
very short notice if there is severe pre-eclampsia or HELLP (haemolysis, elevated liver enzymes, and low platelet count) syndrome.
Other problems requiring clarification are pre-existing cardiovascular pathologies (e.g. valvular heart disease, pulmonary hypertension) that require extensive investigation and if necessary, must be
reassessed immediately before the operation.
Electrocardiogram or chest X-ray is not necessary in healthy subjects. In principle, further investigation should be adopted only if
the history leads to a reasonable likelihood of pathological findings.
However, laboratory results alone are of limited value unless they
are seen in the context of the clinical situation. For example, borderline coagulation parameters have to be carefully interpreted in
particular if they are used in deciding for or against using neuraxial
anaesthesia: one should be aware of the inherent risks of the alternative. For example, a low platelet count that might otherwise be a
contraindication for a spinal anaesthetic may be the better choice
if the patient shows signs of airway-related risks. In any case, the
decision has to be made on an individual basis, by carefully weighing the risk:benefit ratios of the alternative procedures. Further
information on neuraxial techniques in the presence of possible
coagulopathy and after drugs that inhibit coagulation can be found
in Chapter 52.
The pre-anaesthetic visit has to include provision of detailed
information to the patient and a description of the planned anaesthetic techniques, including their risks and complications. The
appropriate informed consent must be documented according to
local guidelines. The woman in labour should not be coerced into
agreeing to any specific technique; her decision based on comprehensive and complete information must be respected, even if not
the preferred or recommended technique of the anaesthetist (Wyatt
et al. 2001).
A complete pre-anaesthetic preparation includes voiding the
bladder, giving a gastric acid buffer (e.g. 30 ml of sodium citrate
orally) and the correct orientation of the operation table in a left-tilt
position to avoid caval compression syndrome (Kjaer et al. 2006).
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A sensitive psychological approach, possibly with involvement of
the partner, is also essential. The presence of the partner in the
operating theatre during delivery might be dependent on the type
of anaesthesia, or local traditions and considerations. We recommend their presence only when regional anaesthesia is used, and
only after adequate anaesthesia has been established and all preparations have been concluded. Whenever a critical situation arises
(e.g. marked bleeding), the partner should be politely asked to leave
the operation theatre.

Anaesthetic techniques
Types of anaesthesia
Caesarean delivery can be performed under general anaesthesia,
neuraxial regional anaesthesia, or local infiltration anaesthesia.
Infiltrative local anaesthesia is mentioned only for completeness,
but because of its technical complexity, lower safety and higher risk,
its use is restricted to very rare circumstances. This technique will
not be described further.

General vs regional anaesthesia
The decision between general and regional anaesthesia is guided
by parturient characteristics, the urgency of the Caesarean section, and the existing technical and infrastructure capabilities of
the unit and the needs of the operator. The final decision on the
choice of the appropriate anaesthesia procedure is ultimately left to
the anaesthetist in charge in agreement with the parturient (or in
special cases with their families or guardians) (Ranganathan and
Raghuraman 2003; Carvalho et al. 2005).
The current state of knowledge is that, given the relative benefit
and risk profiles, regional anaesthesia is the preferred technique
unless there are medical contraindications or evident anatomical or pathophysiological circumstances which would indicate a
preference for general anaesthesia (Bloom et al. 2005; Lyons and
Akerman 2005; Reynolds and Seed 2005; Stamer et al. 2005). This
conclusion is based on the belief that in pregnant women after the
12th week of gestation, regional anaesthesia is the better alternative. The reasons for the preference for regional anaesthesia for
Caesarean section are:
◆

◆

◆

Fewer concerns about transplacental passage of anaesthetics to
the fetus: in general anaesthesia, the drugs given to the parturient pass to a varying extent to the fetus and may complicate their
postpartum adaptation. As a result of fewer drugs required for
regional anaesthesia and because of the primarily non-systemic
route of administration (with a considerably delayed systemic
appearance after epidural or spinal application), virtually no
clinically relevant transplacental transfer of anaesthetics occurs
(Littleford 2004; Reynolds and Seed 2005).
No or fewer problems with airway management: in regional
anaesthesia, consciousness, protective reflexes of the airway, and
spontaneous breathing are maintained, and therefore there is no
need to interfere with the airway. This issue is even more relevant
in late pregnancy, when tracheal intubation is frequently more
difficult, and failure to secure the airway may have more severe
consequences for both mother and the newborn (Kuczkowski
2003b; Biro 2011).
Lower risk of aspiration: during tracheal intubation and extubation, there is an increased risk for aspiration of possibly acidic
stomach contents, for which reason any pregnant woman beyond

obstetric anaesthesia and analgesia

the 16th week of gestation is a priori considered to be not fasted
(Malan and Johnson 1988).
◆

◆

Easier maintenance of homeostasis and organ function: the stress
level caused by surgery and anaesthesia may be lower in regional
anaesthesia. This also applies to the immediate postoperative period; for example, by having better respiratory function,
improved bowel movements and a better analgesia (Shyken et al.
1990; Ramin et al. 1991).
Birth experience and emotional bonding: the conscious witnessing of the birth while having a regional anaesthetic has emotional
value and supports the bond between the mother and her newborn. As the woman’s partner is usually permitted to be present
with a regional anaesthetic technique, this approach also permits
a greater involvement of the partner in the birth (Cakmak and
Kuguoglu 2007).

Indications and contraindications of various methods
of anaesthesia
Indications and contraindications of suitable anaesthetic procedures for Caesarean section can be considered systematically.
Because of the generally accepted superiority of regional anaesthesia in obstetric interventions, an escalating scheme of indications
can be applied that should precede all other considerations in the
choice of the individually chosen technique:
1. In the absence of any limitation of, or contraindication to,
regional anaesthesia, this technique is a priori preferable.
2. Within the regional anaesthesia category, spinal or CSE anaesthesia is preferable to epidural or any other variant of locoregional technique.
3. An epidural as the primary technique is indicated when there is
already a functioning epidural catheter in situ (e.g. for a previously attempted vaginal delivery and subsequent switch to operative delivery or in the case of the intended use of a vacuum or
forceps).
4. If general anaesthesia is the primary choice for whatever reason,
a rapid sequence induction technique has to be adopted, unless
a difficult airway is anticipated.
5. If a difficult airway is expected, an awake fibreoptic intubation
should be considered as the primary choice of securing the
airway.
6. With unexpected difficult or failed intubation, the most important issue is to maintain oxygenation of the mother by the most
suitable alternative method. Repeated attempts at tracheal intubation with a technique which has failed should not be made.
However, in the case of unpredicted difficult intubation, recently
introduced alternative equipment based on video-assisted display of the relevant structures and the intubation pathway
(video-laryngoscopes or video stylets) should be considered in
the hands of well-trained users.

Regional anaesthesia
The preferred technique in the context of a Caesarean section is
spinal anaesthesia (either single shot or as part of a CSE technique),
in which the local anaesthetic is injected via a fine needle through
all layers of the meninges surrounding the spinal cord into the cerebrospinal fluid. In some publications, this technique is also termed
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‘subdural’, which, however, is not as commonly used but means the
same as ‘spinal’ anaesthesia.
Epidural anaesthesia can be performed either as a ‘single shot’
through the epidural needle or using an epidural catheter, which
permits the continuous or repeated administration of anaesthetic
agents for almost any duration. Although a single-shot epidural
may be suitable for a Caesarean section, a catheter provides more
options to prolong or to modify ongoing anaesthesia, analgesia, or
both. This represents a significant advantage, so that in everyday
clinical practice only the catheter-based version is used. In the context of catheter-based epidural anaesthesia, there again are two possible variants, namely, the primary form, when the epidural is used
explicitly and exclusively for a surgical delivery, and the secondary
form, if a previously inserted and functioning epidural catheter is in
situ (e.g. for epidural analgesia for a planned vaginal delivery) and
which must be converted to an epidural suitable for the abdominal
surgery of Caesarean section (Yentis 2006).

Single-shot spinal anaesthesia
This method involves the puncture of the subarachnoid space with
a very thin, specially shaped spinal needle (e.g. a pencil-point needle, 25 or 27 G), which penetrates the dura by creating a small hole
that might seal easily after withdrawal. Spinal anaesthesia is considered by many to be the first choice for elective Caesarean section.
Also in unplanned or emergent cases, spinal anaesthesia might be
the preferred option especially if the operator is experienced and
the puncture can be performed without delay.
Absolute contraindications to spinal anaesthesia are coagulopathy and hypovolaemic shock (Bloom et al. 2005).
Spinal anaesthesia can be performed with the patient sitting or
in the left lateral position. This choice depends on the patient and
physician preference and anatomical patient factors. A midline
approach is considered standard. The best possible access to the
subdural space is either at the L3/4 or L4/5 level. The L4/5 level
can be identified as at the same level as a line connecting the two
iliac crests (‘Tuffier’s line’). Insertion at levels higher than L3/4 are
not recommended because the conus medullaris of the spinal cord
might be injured with the spinal needle.
There is clear evidence that non-cutting, pencil-point spinal needles and needles not exceeding 25 G are associated with a lower
incidence of post-dural puncture headache in the obstetric population which is prone to this complication (Hafer et al. 1997). In very
obese women, an extra-long needle might be necessary, which has
the disadvantage of being floppier and requires an experienced user
(Roofthooft 2009).
The most commonly used local anaesthetic for spinal anaesthesia is hyperbaric bupivacaine 0.5% (5 mg ml−1), which is usually
given in a dose of 10–12 mg. It has become popular to add a small
amount of a µ-opioid agonist (e.g. 25 µg of fentanyl or 2–5 µg of
sufentanil) in order to achieve a more profound and prolonged analgesic effect. Some anaesthetists prefer hyperbaric mepivacaine 2%
(20 mg ml−1) with an added opioid, in particular for shorter procedures (Meininger et al. 2003). Ropivacaine is another option that
enables earlier postoperative mobilization compared with bupivacaine. As the spinal block takes effect rapidly, the parturient should
be moved into the supine position as soon as possible, but always
with a slight left lateral tilt to avoid vena cava compression syndrome. The ongoing spread of the anaesthetic effect should be regularly checked (described later) and if necessary the patient’s position

changed in order to achieve an upper limit close to the fourth thoracic segment. The extent of spread of the block can be influenced by
careful tilting of the operating table in the Trendelenburg direction
to give a higher spread and in the reverse Trendelenburg direction
to avoid excessive cephalad spread. The insertion of a triangular pillow under the upper thorax, neck, and head may help to prevent
unwanted spread above the desired limit (Yun et al. 1998). The ability to influence the spread (by tilting the operation table) is only possible if a hyperbaric agent has been used. With an isobaric agent, the
local anaesthetic dosage (in mg) and its volume are determinants
of the expected spread, which cannot be influenced after injection.
The immediate side-effects of spinal anaesthesia are haemodynamic instability, nausea, dyspnoea, restlessness, and panic attacks.
These are mostly caused by the upper thoracic spread of the block
to cause sympatholytic symptoms. With an appropriate intravenous
infusion regimen to maintain normovolaemia and the repetitive
administration or continuous infusion of suitable vasoconstricting agents (e.g. phenylephrine, ephedrine, and noradrenaline), the
haemodynamic side-effects of systemic vasodilation can be avoided
(Kee et al. 2005). The vasopressor of choice, based on extensive
work by Ngan Kee and Khaw (2006), is phenylephrine.
An especially important application of spinal anaesthesia is its
use as a rescue technique in the case of failed epidural anaesthesia.
As long as there is no contraindication to spinal anaesthesia and
there is still enough time to establish the block, it seems a reasonable approach instead of directly resorting to general anaesthesia.

Combined spinal epidural anaesthesia
Several authors advocate the use of low-dose spinal anaesthesia for
Caesarean section using a CSE technique. The initial spinal dose
of local anaesthetic can be reduced (e.g. hyperbaric bupivacaine
<8 mg). The advantages of this technique include increased haemodynamic stability with less hypotension, less risk of fetal acidosis,
less maternal nausea and vomiting and less need for vasopressors
(Roofthooft et al. 2011). However, concerns may arise that with
such a low spinal dose, intraoperative discomfort and pain may
arise (Arzola and Wieczorek 2011). Indeed low spinal doses result
in a shorter duration of anaesthesia and the epidural catheter is
required to manage and prevent breakthrough pain. The epidural
catheter also enables the use of epidural volume extension (EVE),
where saline can be injected into the epidural space to enhance the
spread of spinally administered local anaesthetic (Lew et al. 2004;
Tyagi et al. 2009; Loubert et al. 2011; Salman et al. 2013).

Epidural anaesthesia
Epidural anaesthesia is no longer the first-choice technique for
Caesarean section, but may be used if an already sited labour analgesia catheter needs to be topped up for operative delivery. In contrast to this ‘usual’ way of secondarily adopting epidural anaesthesia
for Caesarean delivery, some anaesthetists favour it as the primary
choice in cases of haemodynamic instability (e.g. in severe pre-
eclampsia), or if anaesthesia has to be extended slowly as is the case
in parturients with cardiovascular morbidity such as pulmonary
hypertension or valvular disease (Dyer et al. 2004). Another good
reason for primary epidural anaesthesia (eventually with an additional spinal component) might be an anticipated extended surgical procedure, as is possible if extended adhesions are expected or
myomas need to be resected. In these cases, an additional benefit of
the epidural technique is the ability to prolong the use of the epidural catheter for subsequent postoperative pain treatment.
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Usually, with a flawless technique, surgery can begin approximately 20 min after the first epidural dose. If the epidural anaesthetic is given through a catheter that has been previously used for
labour analgesia, and there is still residual analgesic effect, the added
doses should be administered stepwise under careful control of their
effect, which needs additional time. However, experience shows in
these cases that a full epidural anaesthetic dose is usually necessary
to achieve adequate surgical conditions. In such ‘upgrading’ of residual analgesia to full anaesthesia, care needs to be exercised to avoid
cephalad spread of the block beyond the desired limit of T4.
The immediate side-effects of epidural anaesthesia resemble
those of spinal anaesthesia, but usually appear later and are less
pronounced. The management of hypotension is similar and is
based on adequate intravenous fluid administration and administration of vasoactive drugs (Ngan Kee and Khaw 2006). A specific difference is in post-dural puncture headache; if this occurs
after epidural anaesthesia, it usually has been caused by accidental
dural perforation with the Tuohy needle and is likely to lead to a
more severe and persisting headache than is the case after spinal
anaesthesia.
If an accidental dural puncture with the Tuohy needle is recognized, the catheter can be inserted into the subdural space to
convert the epidural into a spinal anaesthetic (Ng et al. 2004). This
accidental and unintended approach at least offers the possibility
to exploit the mishap to the benefit of the parturient. The sealing
of the dura by the catheter at least delays the onset of the otherwise very likely post-dural puncture headache. If the epidural was
intended to alleviate labour pain, this aim can be achieved by providing catheter-based subdural analgesia with appropriate medication and dosage through the spinal catheter (Robbins et al. 1995).
However, it is of utmost importance to clearly label the catheter
as ‘spinal’ in order to prevent the severe consequences of administering epidural doses into the subdural space. The spinal catheter
can also be used to provide excellent anaesthesia for an operative
intervention.

Rescue techniques in case of insufficient regional
anaesthetic effect
For any variant of neuraxial anaesthesia there are three possible outcomes in terms of efficacy: (1) anaesthesia with a complete spread
over the required dermatomes and with a sufficient anaesthetic
depth (which is the ideal situation); (2) partially successful anaesthesia, which covers most but not all the required dermatomes, and
is associated with some pain perception (which might have a broad
range from mild discomfort to severe pain); and (3) only a very
limited or even no anaesthetic effect (which represents a full failure
of neuraxial blockade).
A full anaesthetic block can be confirmed by complete lack of
pain sensations in the affected dermatomes. A full motor blockade
need not be present for sufficient analgesia; however, its presence
indicates also a sensory blockade. Insufficient or even no analgesic
effect can be occasionally seen in distinct dermatomes or there may
be unilateral block. This may happen as a result of impeded spread
of the anaesthetic in the epidural space. Usually, the loss of normal temperature sensation (as tested with a cold spray or a piece of
ice) indicates the onset and presence of anaesthesia/analgesia in the
respective dermatome.
Even with a good block [as delineated in point (1)], the parturient
might sense movements and pressure in the abdomen during the
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procedure and, in the worst case, some vague discomfort transmitted by the unblocked vagal nerves. These are transient symptoms
and, after preoperative counselling and reassurance, most parturients can cope with them. Some patients who expect total paralysis
may object to still being able to move their legs. One should assure
them, that this is normal and does not indicate less sensory blockade than necessary. However, the latter has to be checked carefully
and insufficient anaesthesia should be excluded. If the spinal or epidural anaesthetic evidently fails [as delineated in point (3)], there
are two options: either to reattempt a regional technique, or revert
to general anaesthesia. This choice should be made with consideration of the available resources and the estimated chances for success. A decision to reattempt regional anaesthesia, which should
be a simple spinal anaesthetic at a different level than before or by
a paramedian approach, is appropriate if the anatomy permits such
a choice, if there is still sufficient time for another attempt and the
parturient is able to tolerate it. Converting to general anaesthesia is
appropriate if the parturient is exhausted by long labour and previous interventions, the Caesarean section is urgent, or the anatomy of the spinal column presents unusual difficulties. However,
the decision should be balanced by the perceived risks of general
anaesthesia, especially any suspicion of potential airway difficulties.
The decision how to continue is more difficult in the case of a
partially effective regional anaesthesia [as delineated in point (2)].
In this case, a wide range of spread or intensity deficits is possible
and it is of primary importance for the anaesthetist to recognize
clearly the qualitative and quantitative characteristics of the block.
The larger the deficits, the more difficult it is to manage the situation with additional systemic analgesics and one might revert to
another solution as previously described for failed regional anaesthesia. A second attempt at regional anaesthesia should be made,
recognizing that the spinal cord and spinal nerves might be partially blocked by local anaesthetic and therefore less responsive to
mechanical irritation. This implies that the second attempt should
be performed by the most experienced available anaesthetist, who
should use careful advancement of the needle and immediate
retraction if paraesthesia is elicited. These considerations are less
relevant if the initial regional technique was an epidural. There
might be a fair chance to improve the anaesthetic effect if the catheter was placed too deep into the epidural space (>4 cm) (Ithnin
et al. 2006). A slight retraction to the minimum necessary depth
of 3.5 cm bears a fair chance of improvement, in particular if it is
followed by injection of a more concentrated local anaesthetic that
may also contain adjuvant drugs such as fentanyl 50 µg or clonidine
75 µg (Karaman et al. 2006b).
The systemic administration of analgesics, sedatives, or both,
has to be limited to amounts that do not interfere with maternal
well-being and the adaptation of the newborn. Therefore only
limited doses of drugs known to cross the placenta are permitted
(Littleford 2004; Reynolds and Seed 2005). An example of appropriate adjuvant analgesic treatment is a single bolus of 0.1 mg of
remifentanil (Draisci et al. 2008). If this is still not sufficient to proceed with surgery, a different approach should be adopted instead
of a repeated dose of opioid. A subanaesthetic but analgesic dose
of ketamine up to 1 mg kg−1 (as a cumulative total amount of
repetitive 10 µg boluses) might represent an acceptable compromise between maternal and fetal tolerance and requirements (Sen
et al. 2005). Ketamine does not alter respiration and also leaves the
airway reflexes intact. However, it might cause a temporary loss of
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consciousness, and the mother might not later remember the birth.
Even worse, sometime it can induce bad dreams and so the anaesthetist should avoid unnecessary visual or auditory stimulation of
the parturient while she is under the influence of the drug. Soon
after delivery, an empathetic debriefing with both parents is recommended if more than a strictly analgesic dose of ketamine has been
administered, or if the parents request this (Hobson et al. 2006).
Indeed, if anaesthesia at any time has shown deficiencies or was
associated with discomfort or complications, a detailed debriefing
with both parents should be conducted, including a discussion of
an alternative approach for subsequent pregnancies.

General anaesthesia
Technical details
As described previously, general anaesthesia is not the technique
of choice for Caesarean section, but in certain cases remains the
only available alternative. As a result of the relative rarity of this
approach, it is not surprising that less experienced anaesthetists
may feel uncomfortable with the technique. They also might be
intimidated by the fact that in late pregnancy, fasting does not
guarantee an empty stomach, and the physiological changes in the
parturient that increase the anaesthesia-related airway risks. The
elevated intra-abdominal pressure, the reduced tone of the lower
oesophageal sphincter, the delayed gastric emptying, the lower pH,
and the higher volume of gastric secretions contribute to a substantially higher risk for pulmonary aspiration of gastric contents. In
addition, from the onset of apnoea the time for arterial desaturation
to occur in late pregnancy is less than half of that in non-pregnant
women (McClelland et al. 2009).
In light of these considerations, tracheal intubation remains the
only acceptable means of securing the airway, a technique that has
to be carried out by the most experienced available person and in
the fastest possible way. Thus, it has to be performed strictly according to the locally adopted ‘rapid sequence induction’ protocol. This
means the fastest possible anaesthesia induction and tracheal intubation using intravenous administration of a potent and rapidly
acting hypnotic (e.g. thiopental 5 mg kg−1) and a rapidly acting
neuromuscular blocking drug (suxamethonium 1 mg kg−1), assuming no specific contraindications such as porphyria for thiopental
(Consolo et al. 2005) and malignant hyperthermia susceptibility
for suxamethonium. In these rare cases, alternative induction
agents (etomidate, propofol), or neuromuscular blocking drugs (e.g.
rocuronium) should be chosen at an appropriate dose.
Measures to reduce the risk of aspiration of gastric contents and
its impact should it occur begin with the oral administration of
30 ml of sodium citrate solution to reduce the volume and buffering of acidic gastric juice (Imarengiaye and Ekwere 2005) before
induction. The anaesthetic equipment should have been checked
and optimally prepared intubation equipment (e.g. a styleted tracheal tube and availability of ‘difficult intubation’ aids) available
along with a readily to hand functioning suction device. The lungs
should be denitrogenated by pre-oxygenation and the patient positioned in a slight Trendelenburg position with left lateral tilt to in
order to avoid vena cava compression syndrome. The rationale for
the use of ‘cricoid pressure’ has been questioned and is increasingly
abandoned in some centres (Paech 2010).
The administration of an opioid for induction must be handled
very cautiously. Before cutting the umbilical cord it can be assumed
that the child’s adaptation will be delayed if opioids were given,

which implies that suitable arrangements for optimal neonatal care
have to be present (Giriyappa et al. 2006; Heard and Langley 2006;
Kee et al. 2006). Most authors thus refrain from giving opioids
before delivery. However, more and more well respected authorities
in obstetric anaesthesia are suggesting that remifentanil administered at induction is a good and safe option. Recently Heesen et al.
(2013) performed a meta-analysis of published trials and concluded
that remifentanil before induction produced haemodynamic stability and only minimal and short-lived effects on the neonate which
are easily treated. In addition to haemodynamic stability the advantages of remifentanil at induction include reduced risk of awareness
and major complications such as intracranial haemorrhage.
For maintenance of anaesthesia, an easily adjustable (with low
blood–gas partition coefficient) potent inhalation anaesthetic
may be used (e.g. sevoflurane or desflurane) (Karaman et al.
2006a). However, in the rare case of malignant hyperthermia
susceptibility, a safe alternative is to use propofol by infusion at
initially 8–12 mg kg−1 h−1 or by target-controlled infusion with a
calculated effect site concentration of 3.5–4.5 μg ml−1. Mechanical
ventilation of the lungs is adjusted according to the end-tidal CO2
and with the aim of maintaining normocarbia. After cord clamping, fentanyl or analogues can be administered in the usual dose
according to the individual clinical needs. The oxygen concentration can be reduced to 40–50% in air or nitrous oxide. As a
‘normal’ Caesarean delivery only takes about 20–30 min, the continuation of the initial neuromuscular block should be handled
cautiously and most probably it is best to avoid further neuromuscular block after tracheal intubation.
During emergence from anaesthesia, residual neuromuscular
block must be excluded with certainty and, if a non-depolarizing
neuromuscular blocking drug has been used, a suitable reversal
agent administered according to response to nerve stimulation.
Tracheal extubation takes place only upon unequivocal establishment of confirmed normal neuromuscular function, return of
airway reflexes, and responsiveness of the parturient. Adequate
postoperative analgesia is commenced immediately.

Management of the airway
For the reasons delineated previously, the increased risk of aspiration requires special attention. In the previous section, the
procedures for general anaesthesia are described in the context
of normal circumstances, that is, with not a particularly difficult
airway. However, in late pregnancy, a difficult airway is more frequently encountered than in non-pregnant women because of
physiological and pathophysiological changes that affect the visibility of the larynx during direct laryngoscopy (Kuczkowski et al.
2003; Saravanakumar and Cooper 2005). These include an increase
in mass of the breasts and shift of the rib cage towards a position
of inspiration, and oedematous swelling of the neck and of laryngeal/pharyngeal mucous membranes, which are more vulnerable to
external force and therefore bleed easily. There is also a less favourable working environment because of limited space, lack of time,
and situation-related stress factors. Respiratory difficulty, insufficient oxygenation, or failure to secure the airway and related complications are the major cause of anaesthesia-associated mortality
in obstetric patients (Mhyre 2010).
By definition, a difficult airway is present when an experienced
anaesthetist with specialist expertise cannot persistently maintain
the oxygen saturation above 90% with the usual means of airway
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management; either with face mask ventilation (having a difficult
mask ventilation), or with tracheal intubation in a maximum of
3 attempts, or until a desaturation (SpO2 < 90%) occurs (having a
difficult or failed intubation) (Heidegger et al. 2005). This situation
is sometimes predictable, but often it occurs unexpectedly. When
airway difficulties are predicted, flexible fibreoptic tracheal intubation in the awake patient is considered to be the safest technique.
There is only one specific limitation in late pregnancy: the nasal
route should be avoided because of the increased vulnerability of
the physiologically oedematous mucosa.
It is an absolutely mandatory precondition of each anaesthesia
service covering obstetrics to have made provisions for the possibility of unexpected airway difficulties (Malan and Johnson 1988;
DeMask 1993; Thind and Nagaraja 2001; Trevisan 2002). There need
to be standardized and locally adapted algorithms while all personnel must know of the location of equipment prepared specifically
for this purpose, and how to use it. At an operational level, each
anaesthetist who practises in this area should be able to provide a
professional service under prevailing conditions, such as in a remote
location devoid of additional support and outside regular working
hours. The anaesthetist in charge should be able to protect the parturient from two potentially fatal hazards, namely, hypoxaemia and
gastric aspiration. This begins with the routine search and detection of possible predictors of a difficult airway, which would be the
indication for low-risk alternative techniques such as elective, awake
fibreoptic intubation (Malan and Johnson 1988; Wong et al. 2003).
The standard technique of rapid sequence induction as described
earlier already contains certain safety-enhancing elements that
might limit the risks and avoid complications of airway difficulties.
However, in pregnant women some further precautions are necessary. When difficulty is encountered during attempted tracheal
intubation, the anaesthetist must recognize the most probable reason for the difficulty in order to appropriately choose the next step.
Throughout, emphasis must be given to the primacy of oxygenation over ventilation and the primacy of ventilation over tracheal
intubation, that is, first avoid hypoxaemia, second avoid aspiration.
Furthermore, it should be considered whether a return to baseline
(spontaneous breathing with preserved protective reflexes) might
be the best course of action. This choice is more difficult in the
presence of fetal distress, which represents an urgent indication
for the fastest possible implementation of the Caesarean section.
However, this cannot be established categorically, but requires a
joint assessment with the obstetrician to decide whether to proceed further with the intervention (escalation strategy) or to step
back to wakefulness (de-escalation strategy). In the case of a pro-
escalation decision, it has to be emphasized that such a strategy
does not permit repeated intubation attempts; implementation of
an alternative technique is more appropriate. Certainly it may be
more prudent to relinquish attempts at tracheal intubation, while
a cautious face or laryngeal mask ventilation is maintained (Bailey
and Kitching 2005; Cook et al. 2005). Other supraglottic airway
instruments such as the i-gel® (Intersurgical Ltd., Workingham,
UK), Combitube® (Tyco-Healthcare-Kendall-Sheridan, Mansfield,
MA, USA), EasyTube™ (Teleflex Rusch, Research Triangle Park,
NC, USA), laryngeal tube, and so on, may be considered as well.
The point is not the choice of any specific instrument or technique,
but a rational restriction on the selection of a small number of reliable alternatives, which are part of a local standard difficult airway
procedure (Biro 2011).
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Combined anaesthetic techniques
This heterogeneous category refers to the simultaneous and combined use of different anaesthesia techniques at the same time in
the same patient. Each of these techniques may be individually sufficient for surgery alone, but in combination they have synergistic
effects while less pronounced or fewer side-effects. The combination of regional anaesthesia with general anaesthesia for Caesarean
delivery is not standard care, but can be considered if regional
anaesthesia alone is likely to be inadequate in terms of intensity,
duration, or both. This can occur when an operation under spinal
anaesthesia unexpectedly lasts longer because of unforeseen surgical circumstances such as extensive adhesiolysis or problems with
haemostasis. The addition of general anaesthesia to an otherwise
functioning regional anaesthesia represents a gradual switch of
techniques, which should be considered when an ensuing adverse
situation is developing for the mother. Examples might include if
severe fetal distress or death occurs, or if there is a severe uterine
atony, abnormal bleeding, or both. In such situations, unconsciousness might represent a benefit for the mother, even though the
regional technique alone may sufficiently cover the surgical pain.
CSE anaesthesia may be indicated when on the one hand a rapid
onset and a profound block are needed in a patient undergoing surgery with an uncertain duration (Tyagi et al. 2009). Another indication for CSE is existing haemodynamic instability or in moderate
to severe maternal cardiovascular disease (pre-existing heart disease, pulmonary hypertension). If haemodynamic changes need to
be absolutely minimized, a stepwise increase of anaesthetic effect
might be possible by performing a CSE based on a low concentration of local anaesthetic and adjuvants for the spinal component
(e.g. ropivacaine 0.2% with fentanyl 25 µg), and a slow build-up
of the epidural component by repeated administration of small
volumes of ropivacaine 0.35% or 0.5% (Macfarlane et al. 2009).
Specially manufactured spinal/epidural sets are available for CSE,
in which the epidural needle has a separate lumen for the spinal
needle thus allowing the two punctures to be performed via one
system at the same vertebral column level.

Special situations
Highly urgent caesarean section
With sudden and sustained deterioration of fetal well-being,
operative delivery is needed as soon as is possible. If an epidural
catheter is in situ, the fastest possible onset of surgical anaesthesia can be achieved by a bolus of 8–12 ml of 2% carbonized lidocaine immediately after the alarm has been sounded. Alternatives
include ropivacaine 0.75% which in a meta-analysis was found to
be superior to lidocaine (Hillyard et al. 2011). Chloroprocaine has
recently become available in many European countries and is a
good alternative to top-up an epidural for Caesarean section as it
has an extremely fast onset. However, because of its short duration
of action, it will need supplementation with another local anaesthetic. This might even happen before the transport of the parturient to the operating theatre. Further doses of 6–10 ml during
transport with or without additional opioid can produce sufficient
anaesthesia to permit skin incision. If this approach does not yield
the desired anaesthetic effect for the surgery, one should not hesitate to switch to general anaesthesia in order to avoid unnecessary
delay. In this context, one should also consider the side-effects of
common obstetric medications such as magnesium and antibiotics
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that might prolong the action of neuromuscular blocking drugs,
and of tocolytics that might interfere with heart rate, heart rhythm,
and blood pressure.

Unexpectedly longer duration of operation
In parturients with additional diseases, or in women who have had
multiple abdominal surgical procedures (e.g. repeated Caesarean
deliveries), the duration of the operation may be significantly
extended (Raffin et al. 2006). This is also the case if additional surgical measures are undertaken such as myomectomy or appendectomy. If general anaesthesia has been adopted or an epidural catheter
is in place, this will not be a major problem, whereas a single-shot
spinal anaesthetic may wear off before the operation is completed.
This is especially the case when a local anaesthetic without any additive is used (Sanli et al. 2005). The management of this situation
depends on whether there is just a slightly premature anaesthetic
regression towards the end of surgery, or the end of the operation
remains distant. In the first case, one can get by with the measures
that are described in detail in the earlier section on ‘Rescue techniques in case of insufficient regional anaesthetic effect’. Otherwise,
conversion to general anaesthesia will be required.

Atonic haemorrhage
Atonic bleeding occurs when the uterus does not contract as a
result either of normal physiological (humoral) processes or after
pharmacological stimulation with uterotonics. If uterine contraction does not happen, sustained bleeding results from the surface
where the placenta was adhered. This most often occurs when a
placenta praevia, accreta, or vasa praevia was present during the
pregnancy (Kuczkowski 2006; Oyelese and Smulian 2006). Usually,
atonic bleeds are not self-limiting and therefore they can lead to
life-threatening haemorrhage and circulatory failure and, if not
treated rapidly, may result in morbidity or death of the mother.
The anaesthetist should begin aggressive volume replacement therapy with replacement of clotting factors (fibrinogen, fresh frozen
plasma, cryoprecipitate) and platelets (Weiniger et al. 2005). In case
of uncertainty about which clotting factor might be mostly deficient, consider fibrinogen to be the first compound that needs substitution in the range of 2–4 g. If the preceding Caesarean section
was performed under regional anaesthesia, conversion to general
anaesthesia is strongly advisable, regardless of the quality or function of the still effective regional anaesthesia technique. When volatile anaesthetic agents are used, their uterine relaxing effect must
be taken into account, and over-dosage avoided. Early siting of a
sufficient number of large peripheral intravenous cannulae, and an
arterial line are essential: delay is likely to increase the technical
challenge. The emphasis is on maintenance of circulating volume,
oxygen delivery, and haemostasis (using point-of-care monitors
of coagulation when available) with continuous and meticulous
efforts to keep the relevant variables within an acceptable range.

Pre-eclampsia, eclampsia, and HELLP syndrome
The anaesthetic concerns in pre-eclampsia, eclampsia, and HELLP
syndrome focus on the proper indications for the most suitable
anaesthetic technique, as well as the preservation, stabilization, or
restoration of vital functions and of homeostasis. With high priority,
careful attention has to be given to clotting function, where single
laboratory values are of less significance than the general direction
and speed of their change. Thus, for example an acute decrease in
platelet count from 200 000 to 100 000 over a few hours is much

more concerning than a relatively constant value around 80 000. In
marked hypertension with concomitant sequestration of intravascular fluid into the interstitial space (which inevitably is associated with
pronounced hypovolaemia), a suddenly expanding sympathectomy
after spinal anaesthesia may produce severe haemodynamic insufficiency (Santos and Birnbach 2005; Tihtonen et al. 2006). Therefore,
if sufficient time is available, invasive blood pressure measurement
should be instigated and the insertion of an epidural catheter should
be preferred to spinal anaesthesia. With this, a stepwise build-up
of anaesthesia with a sufficient spread can be achieved by repetitive administration of epidural local anaesthetics (Visalyaputra et al.
2005). The more organ systems that are affected by the underlying
disease and the more pronounced the associated symptoms, the
indications of the basic anaesthesia technique should move from
spinal to epidural or even towards general anaesthesia (Kamilya
et al. 2005; Richa et al. 2005). Full attention has to be devoted to the
oxygen supply of mother and fetus and the maintenance of uterine
blood flow. While hypovolaemia is in any case deleterious, aggressive intravenous fluid replacement may produce pulmonary oedema
because of capillary leak. In this situation good monitoring (possibly with measurement of cardiac filling pressures, non-invasive cardiac output devices) is essential in order to guide carefully tailored
therapy. As with atonic haemorrhage, in HELLP syndrome one has
to deal with an increasingly impaired coagulation, which involves
several levels of the clotting cascade and requires careful monitoring
(e.g. by using bedside function tests such as thromboelastography)
(Beilin et al. 2006) and an appropriate replacement of factors which
are recognized as deficient. Thus, the individual components such
as fibrinogen, platelets, plasma coagulation factors, and calcium are
targeted to achieve sufficient plasma concentrations. Additionally,
one has to take into account the actual as well as the expected further blood loss (Wulf 1990). Finally, normothermia, a normal pH,
and water–electrolyte balance must be constantly maintained.

Amniotic fluid embolism
Amniotic fluid embolism accounts for the highest maternal mortality during, closely before, and after childbirth (Tramoni et al. 2004;
Moore and Baldisseri 2005; Schoening 2006). Its immediate cause
lies in the passage of amniotic fluid and meconium into the maternal
circulation, by penetration through the placental attachment to the
endometrial surface. The immediate consequences are pulmonary
embolism with amniotic fluid components, concomitant pulmonary
microvascular obstruction, pulmonary hypertension, right heart
overload, and heart failure. Another important feature is disseminated
intravascular coagulation caused by activation of the clotting cascade
and formation of microthrombi in peripheral arterioles. These vessels become obstructed resulting in subsequent ischaemia and organ
failure, ultimately with cardiovascular shock. Of utmost importance is
the differential diagnosis of local anaesthetic toxicity, for example, by
accidental intravascular injection during epidural anaesthesia.
Amniotic fluid embolism requires aggressive initial therapy to
safeguard and restore vital organ function, circulation, coagulation,
and respiration. These include tracheal intubation, ventilation of
the lungs with oxygen, adequate intravascular volume administration, and administration of vasoactive and inotropic drugs. At the
same time one has to ensure haemostasis and control of coagulation with fibrinogen, tranexamic acid, clotting factor concentrates,
and possibly antithrombin-III. Therapy also encompasses normalization of acid–base and water–electrolyte balance and adequate
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renal function (dopamine 2–3 μg kg−1 min−1, furosemide) (Beilin
et al. 1996). All these measures should be performed with the aid
of invasive arterial blood pressure monitoring, which implies that
an arterial line should be sited as early as possible. After having
achieved stable haemodynamic conditions, vasodilators should be
carefully introduced to off-load the (right) heart. Invasive haemodynamic monitoring is necessary because of the severity of the
disease, the necessity to obtain fast and frequent blood gas samples, and other laboratory results. As a result of the sudden onset
of symptoms, the necessary monitoring can only be installed parallel to the treatment, but naturally the resuscitation measures have
priority. Significant bleeding complications have to be expected,
therefore, sufficient venous access lines must be established as early
as possible.

Postoperative care
Adequate and complete perioperative care covers the immediate
postoperative period, which extends from the emergence from
anaesthesia usually for 24 h. This period encompasses several
important issues, such as pain control and attempts to start lactation, which in turn might be affected by possible side-effects and
complications of anaesthesia. Analgesia should be adapted to the
prevailing after-effects of the anaesthetic, which usually is characterized by an earlier and more intense analgesic therapy after general
anaesthesia than after a regional technique (Pan et al. 2006). When
preserving the epidural catheter for further use, one has an elegant
opportunity to provide effective and safe postoperative analgesia,
which is superior to any form of systemic pharmacological pain
treatment. The latter remains the best choice in the absence of an
epidural catheter and is best adopted using a multimodal approach,
where several pharmacologically different but mutually synergistic
analgesic agents are combined. When using a lumbar epidural catheter to provide postoperative analgesia, one should decrease the
local anaesthetic concentration to the lowest possible level and it
should be combined with analgesic adjuvant drugs in order to limit
motor blockade, which during convalescence may hinder early
mobilization. This treatment principle encompasses combination
of opioids with non-opioids and adjuvant drugs that do not interfere with the post-partum adaptation of the breast-fed newborn
(Siddik et al. 2001; Jakobi et al. 2002). It should be remembered that
traditional non-steroidal anti-inflammatory drugs (NSAIDs) are
associated with persistent patent ductus arteriosus of the infant and
should be withheld from the breast-feeding mother. Paracetamol
and novaminsulfone can substitute for NSAIDs. As for opioids,
both morphine and weaker μ-receptor agonists can be used.
Postoperative fasting longer than 2 h is not necessary (Guedj
et al. 1991), but it is advisable to delay oral intake until regional
anaesthesia has regressed below the 10th thoracic segment (level
at the umbilicus). Abstinence is also recommended if there is an
increased probability of further surgical intervention, for example,
because of bleeding. Regional anaesthesia can lead to back pain at
the puncture site, temporary nerve irritation, and post-dural puncture headache. The latter is caused by loss of cerebrospinal fluid
through the hole in the dura. This occurs more frequently when
the puncture was difficult and the subdural space was repeatedly
punctured. Post-dural puncture headache is even more likely after
an accidental puncture of the dura with a Tuohy needle. Depending
on the severity of the symptoms, one should first attempt to treat
the headaches by pharmacological means, strict bed rest, and
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generous fluid intake. If no sustained improvement can be achieved
this way, the use of an epidural ‘blood patch’ should be considered
(Gunaydin and Karaca 2006; Raffin et al. 2006).

Outcome
Mortality
Anaesthesia in obstetric surgery can be regarded as overwhelmingly safe. During the last decade, the careful observance of contraindications and knowledge of risk factors associated with the
various anaesthesia techniques, the routine use of pulse oximetry
and capnography, and improvements in equipment have contributed to a significant increase in anaesthesia safety. Kuklina et al.
(2009) reported a cross-sectional study of obstetric complications
that were retrieved from the 1998–2005 Nationwide Inpatient
Sample of the Healthcare Cost and Utilization Project (Mhyre
2010). They found that the frequency of hospitalizations as a result
of severe obstetric complications markedly increased from 0.64%
in 1998–99 to 0.81% in 2004–05, which was caused by an even
more accentuated increase in Caesarean sections at the expense of
vaginal births. Even so, there was a decrease of 40% in the rate of
severe anaesthesia related complications. The ASA Closed Claims
Database also confirms the tendency for increased safety of obstetric anaesthesia for the period from 1990 to 2003 as compared with
the period before 1990 (Davies et al. 2009; Kuczkowski et al. 2010).
Respiratory complications decreased after 1990 from 24% to 4%.
A similar trend was observed for claims connected to inadequate
oxygenation or aspiration of gastric contents.
A detailed analysis of anaesthesia-related maternal mortality during childbirth in the United States indicates a significant decrease of
mortality in the period 1979 to 1990 (Hawkins et al. 1997). The number of deaths among parturients related to Caesarean section under
regional anaesthesia decreased by a factor of 4.5 while for general
anaesthesia it increased by a factor of 1.6. The Confidential Enquiries
into Maternal Mortality in the United Kingdom convincingly show
that the maternal mortality rate has decreased constantly. Between
1994 and 1996, a single death was directly associated with regional
anaesthesia, in which there were multiple drug overdoses administered during a CSE. Some other cases of maternal deaths were related
to insufficient perioperative surveillance (Lewis et al. 1998).

Morbidity
Complications associated with obstetric regional anaesthesia are
usually multifactorial, involving complicated pregnancies, difficult
childbirth, maternal co-morbidities and their treatment, inadequate
care, urgency of surgery, and poor local structures. Injuries have also
been directly associated with anaesthesia, mostly caused by inadequate perioperative surveillance, poor positioning, or both. Problems
clearly caused by anaesthesia per se are rare. The detailed interpretation of 670 closed liability cases of nerve injuries linked to anaesthesia
showed the following frequencies and locations (Cheney et al. 1999):
ulnar nerve 28%, brachial plexus 20%, lumbosacral nerve roots 16%,
and spinal cord 13%. In a comparison of anaesthesia-related complications between obstetric and non-obstetric cases from the years
1985–1995, difficult intubation had a comparable incidence, but
pulmonary aspiration of gastric contents was significantly more frequent in obstetrics. The use of epidural anaesthesia was associated
with a slightly increased frequency of seizures, neurological disorders and in a few cases with death of mother, newborn, or both. The
majority of claims dealt with cramps, awareness under anaesthesia,
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as well as headaches and back pain, which in turn represented the
most frequent complication in obstetric regional anaesthesia. There
was a single case of hypoxic brain damage associated with both non-
obstetric and obstetric anaesthesia.
In an Australian analysis (Sinclair et al. 1999) of 203 events from
obstetric anaesthesia, 33% of cases were related to documented problems with the regional technique itself in (in particular as the result
of accidental dural puncture during epidural anaesthesia). Problems
with the equipment accounted for 13% of cases, errors in drug administration were present in 10%, other problems associated with drugs
in 16%, difficult or impossible intubation 9%, and technical problems
with the tracheal tube in 9%. Difficult but ultimately successful intubations were found with equal incidence in both obstetric anaesthesia
and in non-obstetric anaesthesia, but the rare situation of impossible intubation was more common in pregnant women. In the United
Kingdom, difficult intubations occurred more frequently in the night,
over the weekend, and in emergency situations (Barnardo and Jenkins
2000), which clearly indicates that the level of training and the experience of the involved anaesthetists plays an important role.

Complications after regional anaesthesia
A comparison between spinal anaesthesia and CSE shows that there
are no significant differences in the incidence of nerve damage
(Holloway et al. 2000). After more than 17 000 consecutive neuraxial regional anaesthetics (Dahlgren and Tornerbrandt 1995) there
were 17 neurological complications, 13 of which were irreversible.
Three cases involved spinal anaesthesia and 10 followed epidural
anaesthesia. According to current data neurological complications
in obstetrics are extremely rare after neuraxial regional anaesthesia,
which in turn supports the generally accepted dogma that in pregnancy regional anaesthesia has the better benefit/risk ratio compared with general anaesthesia (Loo et al. 2000).

Declaration of interest
None declared.

References
Abouleish A, Abouleish E, Camann W. Combined spinal-epidural analgesia
in advanced labour. Can J Anaesth 1994; 41: 575–8
Abrao KC, Francisco RP, Miyadahira S, Cicarelli DD, Zugaib M. Elevation of
uterine basal tone and fetal heart rate abnormalities after labor analgesia: a randomized controlled trial. Obstet Gynecol 2009; 113: 41–7
Albright GA. Cardiac arrest following regional anesthesia with etidocaine or
bupivacaine. Anesthesiology 1979; 51: 285–7
Albright GA, Forster RM. Does combined spinal-epidural analgesia with
subarachnoid sufentanil increase the incidence of emergency cesarean
delivery? Reg Anesth 1997; 22: 400–5
Albright GA, Forster RM. The safety and efficacy of combined spinal and
epidural analgesia/anesthesia (6,002 blocks) in a community hospital.
Reg Anesth Pain Med 1999; 24: 117–25
Aldebert S, Sleth JC. [Bacterial meningitis after combined spinal and epidural anesthesia in obstetrics]. Ann Fr Anesth Reanim 1996; 15: 687–8
Arzola C, Wieczorek PM. Efficacy of low-dose bupivacaine in spinal anaesthesia for Caesarean delivery: systematic review and meta-analysis. Br J
Anaesth 2011; 107: 308–18
Asik I, Goktug A, Gulay I, Alkis N, Uysalel A. Comparison of bupivacaine
0.2% and ropivacaine 0.2% combined with fentanyl for epidural analgesia during labour. Eur J Anaesthesiol 2002; 19: 263–70
Atienzar MC, Palanca JM, Torres F, Borras R, Gil S, Esteve I. A randomized
comparison of levobupivacaine, bupivacaine and ropivacaine with fentanyl, for labor analgesia. Int J Obstet Anesth 2008; 17: 106–11

Aveline C, El Metaoua S, Masmoudi A, Boelle PY, Bonnet F. The effect of
clonidine on the minimum local analgesic concentration of epidural
ropivacaine during labor. Anesth Analg 2002; 95: 735–40
Bailey SG, Kitching AJ. The Laryngeal mask airway in failed obstetric tracheal intubation. Int J Obstet Anesth 2005; 14: 270–1
Baker MN, Sarna MC. Respiratory arrest after second dose of intrathecal
sufentanil. Anesthesiology 1995; 83: 231–2
Barnardo P, Jenkins J. Failed tracheal intubation in obstetrics: a 6-year review
in a UK region. Anaesthesia 2000; 55: 690–4
Beilin Y, Arnold I, Hossain S. Evaluation of the platelet function analyzer
(PFA-100) vs. the thromboelastogram (TEG) in the parturient. Int J
Obstet Anesth 2006; 15: 7–12
Beilin Y, Bodian CA, Haddad EM, Leibowitz AB. Practice patterns of anesthesiologists regarding situations in obstetric anesthesia where clinical
management is controversial. Anesth Analg 1996; 83: 735–41
Berga S, Trierweiler MW. Bacterial meningitis following epidural anesthesia
for vaginal delivery: a case report. Obstet Gynecol 1989; 74: 437–9
Birnbach DJ, Chestnut DH. The epidural test dose in obstetric patients: has it
outlived its usefulness? Anesth Analg 1999; 88: 971–2
Birnbach DJ, Ojea LS. Combined spinal-epidural (CSE) for labor and delivery. Int Anesthesiol Clin 2002; 40: 27–48
Biro P. Difficult intubation in pregnancy. Curr Opin Anesthesiol 2011;
24: 249–54
Bloom SL, Spong CY, Weiner SJ, et al. Complications of anesthesia for cesarean delivery. Obstet Gynecol 2005; 106: 281–7
Bouhemad B, Dounas M, Mercier FJ, Benhamou D. Bacterial meningitis following combined spinal-epidural analgesia for labour. Anaesthesia 1998;
53: 292–5
Boutros A, Blary S, Bronchard R, Bonnet F. Comparison of intermittent
epidural bolus, continuous epidural infusion and patient controlled-
epidural analgesia during labor. Int J Obstet Anesth 1999; 8: 236–41
Bromage PR. Problems with combined spinal and epidural anesthesia. Reg
Anesth Pain Med 1999; 24: 191
Buggy D. Ambulation during regional analgesia for labour should be discouraged. Int J Obstet Anesth 1999; 8: 179–83
Burnstein R, Buckland R, Pickett JA. A survey of epidural analgesia for labour
in the United Kingdom. Anaesthesia 1999; 54: 634–40
Buvanendran A, McCarthy RJ, Kroin JS, Leong W, Perry P, Tuman KJ.
Intrathecal magnesium prolongs fentanyl analgesia: a prospective, randomized, controlled trial. Anesth Analg 2002; 95: 661–6
Cakmak H, Kuguoglu S. Comparison of the breastfeeding patterns of mothers who delivered their babies per vagina and via cesarean section: an
observational study using the LATCH breastfeeding charting system. Int
J Nurs Stud 2007; 44: 1128–37
Camann W, Norris M, Rawal N, Crowhurst J, Vercauteren M, Holmstrom
B. Alleged problems with combined spinal and epidural anesthesia. Reg
Anesth Pain Med 2000; 25: 104–6
Caman WR, Minzter BH, Denney RA, Datta S. Intrathecal sufentanil for
labor analgesia. Effects of added epinephrine. Anesthesiology 1993;
78: 870–874
Camorcia M, Capogna G, Columb MO. Minimum local analgesic doses of
ropivacaine, levobupivacaine, and bupivacaine for intrathecal labor
analgesia. Anesthesiology 1995; 102: 646–50
Campbell DC, Zwack RM, Crone LA, Yip RW. Ambulatory labor epidural
analgesia: bupivacaine versus ropivacaine. Anesth Analg 2000; 90: 1384–9
Capogna G, Camorcia M, Columb MO. Minimum analgesic doses of fentanyl and sufentanil for epidural analgesia in the first stage of labor. Anesth
Analg 2003; 96: 1178–82
Capogna G, Celleno D, Fusco P, Lyons G, Columb M. Relative potencies of
bupivacaine and ropivacaine for analgesia in labour. Br J Anaesth 1999;
82: 371–3
Cappiello E, O’Rourke N, Segal S, Tsen LC. A randomized trial of dural puncture epidural technique compared with the standard epidural technique
for labor analgesia. Anesth Analg 2008; 107: 1646–51
Carvalho B, Cohen SE, Lipman SS, Fuller A, Mathusamy AD, Macario A.
Patient preferences for anesthesia outcomes associated with cesarean
delivery. Anesth Analg 2005; 101: 1182–7

1155

chapter 66

Carvalho B, Wang P, Cohen SE. A survey of labor patient-controlled epidural
anesthesia practice in California hospitals. Int J Obstet Anesth 2006;
15: 217–22
Carvalho JC. Ultrasound-facilitated epidurals and spinals in obstetrics.
Anesthesiol Clin 2008; 26: 145–58, vii–viii
Cascio M, Heath G. Meningitis following a combined spinal-epidural technique in a labouring term parturient. Can J Anaesth 1996; 43: 399–402
Chassard D, Mathon L, Dailler F, Golfier F, Tournadre JP, Bouletreau P.
Extradural clonidine combined with sufentanil and 0.0625% bupivacaine for analgesia in labour. Br J Anaesth 1996; 77: 458–62
Cheney FW, Domino KB, Caplan RA, Posner KL. Nerve injury associated with anesthesia. A closed claims analysis. Anesthesiology 1999;
90: 1062–9
Chiari A, Lorber C, Eisenach JC, et al Analgesic and hemodynamic effects
of intrathecal clonidine as the sole analgesic agent during first stage of
labor: a dose-response study. Anesthesiology 1999; 91: 388–96
Chua NP, Sia AT, Ocampo CE. Parturient-controlled epidural analgesia
during labour: bupivacaine vs. ropivacaine. Anaesthesia 2001; 56:
1169–73
Clarke VT, Smiley RM, Finster M. Uterine hyperactivity after intrathecal
injection of fentanyl for analgesia during labor: a cause of fetal bradycardia? Anesthesiology 1994; 81: 1083
Cohen S, Daitch JS, Goldiner PL. An alternative method for management of
accidental dural puncture for labor and delivery. Anesthesiology 1989;
70: 164–5
Cohen SE, Cherry CM, Holbrook RH, Jr, el-Sayed YY, Gibson RN, Jaffe RA.
Intrathecal sufentanil for labor analgesia –sensory changes, side effects,
and fetal heart rate changes. Anesth Analg 1993; 77: 1155–60
Cohen SE, Yeh JY, Riley ET, Vogel TM. Walking with labor epidural analgesia: the impact of bupivacaine concentration and a lidocaine-epinephrine
test dose. Anesthesiology 2000; 92: 387–92
Coleman L, Carvalho B, Lipman S, Schmiesing C, Riley E. Accidental intrathecal sufentanil overdose during combined spinal-epidural analgesia for
labor. Int J Obstet Anesth 2009; 18: 78–80
Collis R. Combined spinal epidural (CSE) analgesia is the preferred technique for labour pain relief. Acta Anaesthesiol Belg 2002; 53: 283–7
Collis RE, Baxandall ML, Srikantharajah ID, Edge G, Kadim MY, Morgan
BM. Combined spinal epidural (CSE) analgesia: technique, management, and outcome of 300 mothers. Int J Obstet Anesth 1994; 3:
75–81
Collis RE, Davies DW, Aveling W. Randomised comparison of combined
spinal-epidural and standard epidural analgesia in labour. Lancet 1995;
345: 1413–6
Collis RE, Plaat FS, Morgan BM. Comparison of midwife top-ups, continuous infusion and patient-controlled epidural analgesia for maintaining
mobility after a low-dose combined spinal-epidural. Br J Anaesth 1999;
82: 233–6
Colonna-Romano P, Lingaraju N, Godfrey SD, Braitman LE. Epidural test
dose and intravascular injection in obstetrics: sensitivity, specificity, and
lowest effective dose. Anesth Analg 1992; 75: 372–6
Comparative Obstetric Mobile Epidural Trial Study Group, UK. Effect of
low-dose mobile versus traditional epidural techniques on mode of
delivery: a randomised controlled trial. Lancet 2001; 358: 19–23
Consolo D, Ouardirhi Y, Wessels C, Girard C. Obstetrical anaesthesia and
porphyrias. Ann Fr Anesth Reanim 2005; 24: 428–31
Cook TM, Brooks TS, Van der Westhuizen J, Clarke M. The Proseal LMA
is a useful rescue device during failed rapid sequence intubation: two
additional cases. Can J Anaesth 2005; 52: 630–3
Crawford JS. Some maternal complications of epidural analgesia for labor.
Anaesthesia 1985; 40: 1219–25
Crites J, Ramanathan J. Acute hypoglycemia following combined spinal-
epidural anesthesia (CSE) in a parturient with diabetes mellitus.
Anesthesiology 2000; 93: 591–2
Currier DS, Levin KR, Campbell C. Dysphagia with intrathecal fentanyl.
Anesthesiology 1997; 87: 1570–1
Curry PD, Pacsoo C, Heap DG. Patient-controlled epidural analgesia in
obstetric anaesthetic practice. Pain 1994; 57: 125–7

obstetric anaesthesia and analgesia

D’Angelo R, Dean LS, Meister GC, Nelson KE. Neostigmine combined with
bupivacaine, clonidine, and sufentanil for spinal labor analgesia. Anesth
Analg 2001; 93: 1560–4
D’Athis F, Macheboeuf M, Thomas H, et al. Epidural analgesia with a
bupivacaine-fentanyl mixture in obstetrics: comparison of repeated
injections and continuous infusion. Can J Anaesth 1988; 35: 116–22
Dahlgren N, Tornerbrandt K. Neurological complications after anaesthesia.
A follow-up of 18000 spinal and epidural anaesthetics performed over
three years. Acta Anaesthesiol Scand 1995; 39: 872–80
Davies JM, Posner KL, Lee LA, Cheney FW, Domino KB. Liability associated
with obstetric anesthesia: a closed claims analysis. Anesthesiology 2009;
110: 131–9
Davis L, Hargreaves C, Robinson PN. Postpartum meningitis. Anaesthesia
1993; 48: 788–9
DeMask DR. A system of airway risk management in obstetric anesthesia.
Nurse Anesth 1993; 4: 62–72
Dounas M, O’Kelly BO, Jamali S, Mercier FJ, Benhamou D. Maternal and
fetal effects of adrenaline with bupivacaine (0.25%) for epidural analgesia during labour. Eur J Anaesthesiol 1996; 13: 594–8
Draisci G, Valente A, Suppa E, et al. Remifentanil for cesarean section
under general anesthesia: effects on maternal stress hormone secretion
and neonatal well-being: a randomized trial. Int J Obstet Anesth 2008;
17: 130–6
Duggan J, Bowler GM, McClure JH, Wildsmith JA. Extradural block with
bupivacaine: influence of dose, volume, concentration and patient characteristics. Br J Anaesth 1988; 61: 324–31
Dyer RA, Rout CC, Kruger AM, van der Vyver M, Lamacraft G, James MF.
Prevention and treatment of cardiovascular instability during spinal
anaesthesia for caesarean section. S Afr Med J 2004; 94: 367–72
Eberle RL, Norris MC, Eberle AM, Naulty JS, Arkoosh VA. The effect of
maternal position on fetal heart rate during epidural or intrathecal labor
analgesia. Am J Obstet Gynecol 1998; 179: 150–5
Eisenach JC, Grice SC. Epidural clonidine does not decrease blood pressure or
spinal cord blood flow in awake sheep. Anesthesiology 1988; 68: 335–40
Escarment J, Clement HJ. [Use of epidural and intrathecal opiates in obstetrics]. Ann Fr Anesth Reanim 1989; 8: 636–49
Ferouz F, Norris MC, Leighton BL. Risk of respiratory arrest after intrathecal
sufentanil. Anesth Analg 1997; 85: 1088–90
Ferrante FM, Lu L, Jamison SB, Datta S. Patient-controlled epidural analgesia: demand dosing. Anesth Analg 1991; 73: 547–52
Fettes PD, Moore CS, Whiteside JB, McLeod GA, Wildsmith JA. Intermittent
vs continuous administration of epidural ropivacaine with fentanyl for
analgesia during labour. Br J Anaesth 2006; 97: 359–64
Fischer C, Blanie P, Jaouen E, Vayssiere C, Kaloul I, Coltat JC. Ropivacaine,
0.1%, plus sufentanil, 0.5 microg/ml, versus bupivacaine, 0.1%, plus
sufentanil, 0.5 microg/ml, using patient-controlled epidural analgesia
for labor: a double-blind comparison. Anesthesiology 2000; 92: 1588–93
Fragneto RY, Fisher A. Mental status change and aphasia after labor analgesia
with intrathecal sufentanil/bupivacaine. Anesth Analg 2000; 90: 1175–6
Fun W, Lew E, Sia AT. Advances in neuraxial blocks for labor analgesia: new
techniques, new systems. Minerva Anestesiol 2008; 74: 77–85
Gaiser RR, McHugh M, Cheek TG, Gutsche BB. Predicting prolonged fetal
heart rate deceleration following intrathecal fentanyl/bupivacaine. Int J
Obstet Anesth 2005; 14: 208–11
Gambling DR, Huber CJ, Berkowitz J, et al. Patient-controlled epidural analgesia in labour: varying bolus dose and lockout interval. Can J Anaesth
1993; 40: 211–7
Gambling DR, McMorland GH, Yu P, Laszlo C. Comparison of patient-
controlled epidural analgesia and conventional intermittent top-up
injections during labor. Anesth Analg 1990; 70: 256–61
Gambling DR, Sharma SK, Ramin SM, et al. A randomized study of combined spinal-epidural analgesia versus intravenous meperidine during
labor: impact on cesarean delivery rate. Anesthesiology 1998; 89: 1336–44
Gambling DR, Yu P, Cole C, McMorland GH, Palmer L. A comparative
study of patient controlled epidural analgesia (PCEA) and continuous
infusion epidural analgesia (CIEA) during labour. Can J Anaesth 1988;
35: 249–54

1155

1156

1156

PART 9

the conduct of anaesthesia by surgical specialty

Gautier P, De Kock M, Van Steenberge A, Miclot D, Fanard L, Hody JL.
A double-blind comparison of 0.125% ropivacaine with sufentanil
and 0.125% bupivacaine with sufentanil for epidural labor analgesia.
Anesthesiology 1999; 90: 772–8
Gautier PE, Debry F, Fanard L, Van Steenberge A, Hody JL. Ambulatory
combined spinal-epidural analgesia for labor. Influence of epinephrine
on bupivacaine-sufentanil combination. Reg Anesth 1997; 22: 143–9
Giriyappa R, Jefferson P, Ball DR. Remifentanil for tracheal intubation.
Anaesthesia 2006; 61: 194–5
Gogarten W, Van de Velde M, Soetens F, et al. A multicentre trial comparing
different concentrations of ropivacaine plus sufentanil with bupivacaine
plus sufentanil for patient-controlled epidural analgesia in labour. Eur J
Anaesthesiol 2004; 21: 38–45
Goodman SR, Kim-Lo SH, Ciliberto CF, Ridley DM, Smiley RM. Epinephrine
is not a useful addition to intrathecal fentanyl or fentanyl-bupivacaine
for labor analgesia. Reg Anesth Pain Med 2002; 27: 374–9
Goodman SR, Smiley RM, Negron MA, Freedman PA, Landau R. A randomized trial of breakthrough pain during combined spinal-epidural
versus epidural labor analgesia in parous women. Anesth Analg 2009;
108: 246–51
Gordh T, Jr, Post C, Olsson Y. Evaluation of the toxicity of subarachnoid clonidine, guanfacine, and a substance P-antagonist on rat spinal cord and
nerve roots: light and electron microscopic observations after chronic
intrathecal administration. Anesth Analg 1986; 65: 1303–11
Greenhalgh CA. Respiratory arrest in a parturient following intrathecal
injection of sufentanil and bupivacaine. Anaesthesia 1996; 51: 173–5
Guedj P, Eldor J, Stark M. Immediate postoperative oral hydration after caesarean section. Asia Oceania J Obstet Gynaecol 1991; 17: 125–9
Gunaydin B, Karaca G. Prevention strategy for post dural puncture headache. Acta Anaesthesiol Belg 2006; 57: 163–5
Gurbet A, Turker G, Kose DO, Uckunkaya N. Intrathecal epinephrine in
combined spinal-epidural analgesia for labor: dose-response relationship for epinephrine added to a local anesthetic-opioid combination. Int
J Obstet Anesth 2005; 14: 121–5
Habib AS, Gan TJ. Use of neostigmine in the management of acute
postoperative pain and labour pain: a review. CNS Drugs 2006; 20:
821–39
Hafer J, Rupp D, Wollbrück M, Engel J, Hempelmann G. The effect of needle type and immobilization on postspinal headache. Anaesthesist 1997;
46: 860–6
Halonen P, Sarvela J, Saisto T, Soikkeli A, Halmesmaki E, Korttila K. Patient-
controlled epidural technique improves analgesia for labor but increases
cesarean delivery rate compared with the intermittent bolus technique.
Acta Anaesthesiol Scand 2004; 48: 732–7
Halpern SH, Walsh V. Epidural ropivacaine versus bupivacaine for labor: a
meta-analysis. Anesth Analg 2003; 96: 1473–9
Hamilton CL, Cohen SE. High sensory block after intrathecal sufentanil for
labor analgesia. Anesthesiology 2005; 83: 1118–21
Harding SA, Collis RE, Morgan BM. Meningitis after combined spinal-
extradural anaesthesia in obstetrics. Br J Anaesth 1994; 73: 545–7
Hawkins J, Koonin L, Plamer S, Gibbs C. Anesthesia-related deaths during
obstetric delivery in the United States, 1979-1990. Anesthesiology 1997;
86: 277–84
Hays RL, Palmer CM. Respiratory depression after intrathecal sufentanil during labor. Anesthesiology 1994; 81: 511–2
Heard A, Langley K. Remifentanil for tracheal intubation. Anaesthesia 2006;
61: 194
Heesen M, Klohr S, Hofmann T, et al. Maternal and foetal effects of remifentanil for general anaesthesia in parturients undergoing caesarean section: a systematic review and meta-analysis. Acta Anaesthesiol Scand
2013; 57: 29–36
Heidegger T, Gerig HJ, Henderson JJ. Strategies and algorithms for management of the difficult airway. Best Pract Res Clin Anaesthesiol 2005;
19: 661–74
Hepner DL, Gaiser RR, Cheek TG, Gutsche BB. Comparison of combined
spinal-epidural and low dose epidural for labour analgesia. Can J
Anaesth 2000; 47: 232–6

Herman NL, Calicott R, Van Decar TK, Conlin G, Tilton J. Determination
of the dose-response relationship for intrathecal sufentanil in laboring
patients. Anesth Analg 1997; 84: 1256–61
Hess PE, Pratt SD, Lucas TP, et al. Predictors of breakthrough pain during
labor epidural analgesia. Anesth Analg 2001; 93: 414–8
Hillyard SG, Bate TE, Corcoran TB, Paech MJ O’Sullivan G. Extending epidural analgesia for emergency Caesarean section: a meta-analysis. Br J
Anaesth 2011; 107: 668–78
Hobson JA, Slade P, Wrench IJ, Power L. Preoperative anxiety and postoperative satisfaction in women undergoing elective caesarean section. Int J
Obstet Anesth 2006; 15: 18–23
Holloway J, Seed P, O’Sullivan G, Reynolds F. Paraesthesiae and nerve damage following combined spinal epidural and spinal anesthesia: a pilot
survey. Int J Obstet Anesth 2000; 9: 151–5
Honet JE, Arkoosh VA, Norris MC, Huffnagle HJ, Silverman NS, Leighton
BL. Comparison among intrathecal fentanyl, meperidine, and sufentanil
for labor analgesia. Anesth Analg 1992; 75: 734–9
Hood DD, Eisenach JC, Tong C, Tommasi E, Yaksh TL. Cardiorespiratory
and spinal cord blood flow effects of intrathecal neostigmine methylsulfate, clonidine, and their combination in sheep. Anesthesiology 1995;
82: 428–35
Hughes D, Hill D, Fee JP. Intrathecal ropivacaine or bupivacaine with fentanyl for labour. Br J Anaesth 2001; 87: 733–7
Imarengiaye CO, Ekwere IT. Acid aspiration prophylaxis and caesarean delivery: time for another close look. J Obstet Gynaecol 2005; 25: 357–8
Ithnin F, Lim Y, Sia AT, Ocampo CE. Combined spinal epidural causes higher
level of block than equivalent single-shot spinal anesthesia in elective
cesarean patients. Anesth Analg 2006; 102: 577–80
Jakobi P, Solt I, Tamir A, Zimmer EZ. Over-the-counter oral analgesia for
postcesarean pain. Am J Obstet Gynecol 2002; 187: 1066–9
Joos S, Servais R, van Steenberge A. Sequential spinal epidural analgesia for
pain relief in labour: an audit of 620 parturients. Int J Obstet Anesth
1995; 4: 155–7
Kahn L, Hubert E. Combined spinal epidural (CSE) analgesia, fetal bradycardia, and uterine hypertonus. Reg Anesth Pain Med 1998; 23: 111–2
Kamilya G, Bharracharyya SK, Mukherji J. Changing trends in the management of eclampsia from a teaching hospital. J Indian Med Assoc 2005;
103: 132, 134–5
Karaman S, Akercan F, Aldemir O, Terek MC, Yalaz M, Firat V. The maternal and neonatal effects of the volatile anaesthetic agents desflurane and
sevoflurane in caesarean section: a prospective, randomized clinical
study. J Int Med Res 2006; 2006a; 34: 183–92
Karaman S, Kocabas S, Uyar M, Hayzaran S, Firat V. The effects of sufentanil
or morphine added to hyperbaric bupivacaine in spinal anaesthesia for
caesarean section. Eur J Anaesthesiol 2006b; 23: 285–91
Katsiris S, Williams s, Leighton BL, Halpern S. Respiratory arrest following
intrathecal injection of sufentanil and bupivacaine in a parturient. Can J
Anaesth 1998; 45: 880–3
Kayacan N, Ertugrul F, Cete N, et al. Comparison of epidural and combined
spinal-epidural analgesia in the management of labour without pain. J
Int Med Res 2006; 34: 596–602
Kee WD, Khaw KS, Ma KC, Wong AS, Lee BB, Ng FF. Maternal and neonatal
effects of remifentanil at induction of general anesthesia for cesarean
delivery: a randomized, double-blind, controlled trial. Anesthesiology
2006; 104: 14–20
Kee WD, Khaw KS, Ng FF. Prevention of hypotension during spinal anesthesia for cesarean delivery: an effective technique using combination
phenylephrine infusion and crystalloid cohydration. Anesthesiology
2005; 103: 744–50
Kjaer K, Comerford M, Kondilis L, et al. Oral sodium citrate increases nausea amongst elective Cesarean delivery patients. Can J Anaesth 2006;
53: 776–80
Kuczkowski KM. Acute hypoglycaemia in a healthy parturient following induction of a combined spinal-epidural analgesia for labour.
Anaesthesia 2003a; 58: 488–9
Kuczkowski KM. Post-dural puncture headache, intracranial air and obstetric anesthesia. Anaesthesist 2003b; 52: 798–800

1157

chapter 66

Kuczkowski KM. Severe persistent fetal bradycardia following subarachnoid
administration of fentanyl and bupivacaine for induction of a combined
spinal-epidural analgesia for labor pain. J Clin Anesth 2004; 16: 78–79
Kuczkowski KM. Anesthesia for the repeat cesarean section in the parturient
with abnormal placentation: what does an obstetrician need to know?
Arch Gynecol Obstet 2006; 273: 319–21
Kuczkowski KM. Labor pain and its management with the combined spinal-
epidural analgesia: what does an obstetrician need to know? Arch
Gynecol Obstet 2007; 275: 183–5
Kuczkowski KM, Goldsworthy M. Transient aphonia and aphagia in a parturient after induction of combined spinal-epidural labor analgesia with subarachnoid fentanyl and bupivacaine. Acta Anaesthesiol Belg 2003; 54: 165–6
Kuczkowski KM, Reisner LS, Benumof JL. Airway problems and new solutions for the obstetric patient. J Clin Anesth 2003; 15: 552–63
Kuklina EV, Meikle SF, Jamieson DJ, et al. Severe obstetric morbidity in the
United States: 1998–2005. Obstet Gynecol 2009; 113: 293–9
Lacassie HJ, Columb MO The relative motor blocking potencies of bupivacaine and levobupivacaine in labor. Anesth Analg 2003; 97: 1509–13
Lacassie HJ, Columb MO, Lacassie HP, Lantadilla RA. The relative motor
blocking potencies of epidural bupivacaine and ropivacaine in labor.
Anesth Analg 2002; 95: 204–8
Lamont RF, Pinney D, Rodgers P, Bryant TN. Continuous versus intermittent
epidural analgesia. A randomised trial to observe obstetric outcome.
Anaesthesia 1989; 44: 893–6
Landau R. Combined spinal-epidural analgesia for labor: breakthrough or
unjustified invasion? Semin Perinatol 2002; 26: 109–21
Landau R, Schiffer E, Morales M, Savoldelli G, Kern C. The dose-sparing
effect of clonidine added to ropivacaine for labor epidural analgesia.
Anesth Analg 2002; 95: 728–34
Ledin Eriksson S, Gentele C, Olofsson CH. PCEA compared to continuous
epidural infusion in an ultra-low-dose regimen for labor pain relief: a
randomized study. Acta Anaesthesiol Scand 2003; 47: 1085–90
Lee BB, Ngan Kee WD, Ng FF, Lau TK, Wong EL. Epidural infusions of ropivacaine and bupivacaine for labor analgesia: a randomized, double-blind
study of obstetric outcome. Anesth Analg 2004; 98: 1145–52
Lee S, Lew E, Lim Y, Sia AT. Failure of augmentation of labor epidural analgesia for intrapartum cesarean delivery: a retrospective review. Anesth
Analg 2009; 108: 252–4
Leighton BL, Arkoosh VA, Huffnagle S, Huffnagle HJ, Kinsella SM, Norris
MC. The dermatomal spread of epidural bupivacaine with and without
prior intrathecal sufentanil. Anesth Analg 1996; 83: 526–9
Levin A, Datta S, Camann WR. Intrathecal ropivacaine for labor analgesia: a
comparison with bupivacaine. Anesth Analg 1998; 87: 624–7
Lew E, Yeo SW, Thomas E. Combined spinal-epidural anesthesia using
epidural volume extension leads to faster motor recovery after elective cesarean delivery: a prospective, randomized, double-blind study.
Anesth Analg 2004; 98: 810–4
Lewis G, Drife J, Botting B. Why Mothers Die. Report on Confidential
Enquiries into Maternal Deaths in the United Kingdom 1994–1996.
London: Department of Health and MSO, 1998
Lim Y, Ocampo CE, Sia AT. A comparison of duration of analgesia of intrathecal 2.5 mg of bupivacaine, ropivacaine, and levobupivacaine in combined spinal epidural analgesia for patients in labor. Anesth Analg 2004;
98: 235–9
Lim Y, Ocampo CE, Supandji M, Teoh WH, Sia AT. A randomized controlled
trial of three patient-controlled epidural analgesia regimens for labor.
Anesth Analg 2008; 107: 1968–72
Lim Y, Sia AT, Ocampo CE. Comparison of computer integrated patient controlled epidural analgesia vs. conventional patient controlled epidural
analgesia for pain relief in labour. Anaesthesia 2006; 61: 339–44
Littleford J. Effects on the fetus and newborn of maternal analgesia and anesthesia: a review. Can J Anaesth 2004; 51: 586–609
Loo C, Dahlgren G, Irestedt L. Neurological complications in obstetric
regional anaesthesia. Int J Obstet Anesth 2000; 9: 99–124
Loubert C, O’Brien PJ, Fernando R, et al. Epidural volume extension in combined spinal epidural anaesthesia for elective caesarean section: a randomised controlled trial. Anaesthesia 2011; 66: 341–7

obstetric anaesthesia and analgesia

Lu JK, Manullang TR, Staples MH, Kem SE, Balley PL. Maternal respiratory arrests, severe hypotension, and fetal distress after administration
of intrathecal, sufentanil, and bupivacaine after intravenous fentanyl.
Anesthesiology 1997; 87: 170–2
Lyons G, Akerman N. Problems with general anaesthesia for caesarean section. Minerva Anestesiol 2005; 71: 27–38
Lysak SZ, Eisenach JC, Dobson CE, 2nd. Patient-controlled epidural analgesia during labor: a comparison of three solutions with a continuous
infusion control. Anesthesiology 1990; 72: 44–9
Macfarlane AJ, Pryn A, Litchfield KN, et al. Randomised controlled trial of
combined spinal epidural vs. spinal anaesthesia for elective caesarean
section: vasopressor requirements and cardiovascular changes. Eur J
Anaesthesiol 2009; 26: 47–51
Malan TP, Jr, Johnson MD. The difficult airway in obstetric anesthesia: techniques for airway management and the role of regional anesthesia. J Clin
Anesth 1988; 1: 104–11
Mandell GL, Jamnback L, Ramanathan S. Hemodynamic effects of subarachnoid fentanyl in laboring parturients. Reg Anesth 1996; 21: 103–11
Marcus MA, Vertommen JD, Van Aken H, Gogarten W, Buerkle H. The effects
of adding isoproterenol to 0.125% bupivacaine on the quality and duration
of epidural analgesia in laboring parturients. Anesth Analg 1998; 86: 749–52
Mardirosoff C, Dumont L, Boulvain M, Tramer MR. Fetal bradycardia due
to intrathecal opioids for labour analgesia: a systematic review. BJOG
2002; 109: 274–81
Mather LE, Chang DH. Cardiotoxicity with modern local anaesthetics: is
there a safer choice? Drugs 2001; 61: 333–42
McClelland SH, Bogod DG, Hardman JG. Pre-oxygenation and apnoea in
pregnancy: changes during labour and with obstetric morbidity in a
computational simulation. Anaesthesia 2009; 64: 371–7
Meininger D, Byhahn C, Kessler P, et al. Intrathecal fentanyl, sufentanil,
or placebo combined with hyperbaric mepivacaine 2% for parturients
undergoing elective cesarean delivery. Anesth Analg 2003; 97: 926–7
Meister GC, D’Angelo R, Owen M, Nelson KE, Gaver R. A comparison of
epidural analgesia with 0.125% ropivacaine with fentanyl versus 0.125%
bupivacaine with fentanyl during labor. Anesth Analg 2000; 90: 632–7
Mercier FJ, Dounas M, HBouaziz H, et al. The effect of adding a minidose
of clonidine to intrathecal sufentanil for labor analgesia. Anesthesiology
1998; 89: 594–601
Mhyre JM. What’s new in obstetric anesthesia in 2009? An update on maternal patient safety. Anesth Analg 2010; 111: 1480–7
Miro M, Guasch E, Gilsanz F. Comparison of epidural analgesia with combined spinal-epidural analgesia for labor: a retrospective study of 6497
cases. Int J Obstet Anesth 2008; 17: 15–9
Missant C, Teunkens A, Vandermeersch E, Van de Velde M. Intrathecal
clonidine prolongs labour analgesia but worsens fetal outcome: a pilot
study. Can J Anaesth 2004; 51: 696–701
Missant C, Teunkenst A, Vandermeersch E, Van de Velde M. Patient-
controlled epidural analgesia following combined spinal-epidural analgesia in labour: the effects of adding a continuous epidural infusion.
Anaesth Intensive Care 2005; 33: 452–6
Moore J, Baldisseri MR. Amniotic fluid embolism. Crit Care Med 2005; 33(10
Suppl): S279–85
Moschini V, Marra G, Dabrowska D. Complications of epidural and combined
spinal-epidural analgesia in labour. Minerva Anestesiol 2006; 72: 47–58
Nageotte MP, Larson D, Rumney PJ, Sidhu M, Hollenbach K. Epidural analgesia compared with combined spinal-epidural analgesia during labor in
nulliparous women. N Engl J Med 337: 1715–9
Naguib M, Yaksh TL. Antinociceptive effects of spinal cholinesterase inhibition and isobolographic analysis of the interaction with mu and alpha 2
receptor systems. Anesthesiology 1994; 80: 1338–48
Nelson KE, D’Angelo R, Foss ML, Meister GC, Hood DD, Eisenach JC.
Intrathecal neostigmine and sufentanil for early labor analgesia.
Anesthesiology 1999; 91: 1293–8
Ng A, Shah J, Smith G. Is continuous spinal analgesia via an epidural catheter appropriate after accidental subarachnoid administration of 15 mL
of bupivacaine 0.1% containing fentanyl 2 micrograms/mL? Int J Obstet
Anesth 2004; 13: 107–9

1157

1158

1158

PART 9

the conduct of anaesthesia by surgical specialty

Ngan Kee WD, Khaw KS. Vasopressors in obstetrics: what should we be
using? Curr Opin Anaesthesiol 2006; 19: 238–43
Nickells JS, Vaughan DJ, Lillywhite NK, Loughnan B, Hasan M, Robinson
PN. Speed of onset of regional analgesia in labour: a comparison of the
epidural and spinal routes. Anaesthesia 2000; 55: 17–20
Nicolet J, Miller A, Kaufman I, Guertin MC, Deschamps A. Maternal factors
implicated in fetal bradycardia after combined spinal epidural for labour
pain. Eur J Anaesthesiol 2008; 25: 721–5
Nielsen PE, Erickson JR, Abouleish EI, Perriatt S, Sheppard C. Fetal heart
rate changes after intrathecal sufentanil or epidural bupivacaine for
labor analgesia: incidence and clinical significance. Anesth Analg 1996;
83: 742–6
Norris MC. Are combined spinal-epidural catheters reliable? Int J Obstet
Anesth 2000; 9: 3–6
Norris MC, Ferrenbach D, Dalman H, et al. Does epinephrine improve
the diagnostic accuracy of aspiration during labor epidural analgesia?
Anesth Analg 1999; 88: 1073–6
Norris MC, Fogel ST, Conway-Long C. Combined spinal-epidural versus epidural labor analgesia. Anesthesiology 2001; 95: 913–20
Norris MC, Grieco WM, Borkowski M, et al. Complications of labor analgesia: epidural versus combined spinal epidural techniques. Anesth Analg
1994; 79: 529–37
Norris MC, Leighton BL. Continuous spinal anesthesia after unintentional
dural puncture in parturients. Reg Anesth 1990; 15: 285–7
Okutomi T, Amano K, Morishima HO. Effect of standard diluted epinephrine infusion on epidural anesthesia in labor. Reg Anesth Pain Med 2000;
25: 529–34
Okutomi T, Mochizuki J, Amano K, Hoka S. Effect of epidural epinephrine
infusion with bupivacaine on labor pain and mother-fetus outcome in
humans. Reg Anesth Pain Med 2000; 25: 228–34
Okutomi T, Saito M, Mochizuki J, Amano K, Hoka S. A double-blind randomized controlled trial of patient-controlled epidural analgesia with
or without a background infusion following initial spinal analgesia for
labor pain. Int J Obstet Anesth 2009; 18: 28–32
Owen MD, Ozsarac O, Sahin S, et al. Low-dose clonidine and neostigmine
prolong the duration of intrathecal bupivacaine-fentanyl for labor analgesia. Anesthesiology 2000; 92: 361–6
Owen MD, Thomas JA, Smith T, Harris LC, D’Angelo R. Ropivacaine 0.075%
and bupivacaine 0.075% with fentanyl 2 microg/mL are equivalent for
labor epidural analgesia. Anesth Analg 2002; 94: 179–83
Oyelese Y, Smulian JC. Placenta previa, placenta accreta, and vasa previa.
Obstet Gynecol 2006; 107: 927–41
Paech M. Newer techniques of labor analgesia. Anesthesiol Clin North
America 2003; 21: 1–17
Paech M.J. Pregnant women having caesarean delivery under general anaesthesia should have a rapid sequence induction with cricoid pressure and
be intubated. Can this ‘holy cow’ be sent packing? Anaesth Intensive Care
2010; 38: 989–91
Paech MJ, Banks SL, Gurrin LC, Yeo ST, Pavy TJ. A randomized, double-
blinded trial of subarachnoid bupivacaine and fentanyl, with or without
clonidine, for combined spinal/epidural analgesia during labor. Anesth
Analg 2002; 95: 1396–401
Paech MJ, Godkin R, Webster S. Complications of obstetric epidural analgesia and anaesthesia: a prospective analysis of 10,995 cases. Int J Obstet
Anesth 1998; 7: 5–11
Paech MJ, Pavy TJ, Sims C, Westmore MD, Storey JM, White C. Clinical
experience with patient-controlled and staff-administered intermittent bolus epidural analgesia in labour. Anaesth Intensive Care 1995;
23: 459–63
Palmer CM. Early respiratory depression following intrathecal fentanyl-
morphine combination. Anesthesiology 1991; 74: 1153–5
Palmer CM, Cork RC, Hays R, Van Maren G, Alves D. The dose-response
relation of intrathecal fentanyl for labor analgesia. Anesthesiology 1998;
88: 355–61
Palmer CM, Maciulla JE, Cork RC, Nogami WM, Gossler K, Alves D. The
incidence of fetal heart rate changes after intrathecal fentanyl labor analgesia. Anesth Analg 1999; 88: 577–81

Palot M, Visseaux H, Botmans C, Pire JC. [Epidemiology of complications of
obstetrical epidural analgesia]. Cah Anesthesiol 1994; 42: 229–33
Pan PH, Coghill R, Houle TT, et al. Multifactorial preoperative predictors
for postcesarean section pain and analgesic requirement. Anesthesiology
2006; 104: 417–25
Pan PH, Moore CH, Ross VH. Severe maternal bradycardia and asystole after
combined spinal-epidural labor analgesia in a morbidly obese parturient. J Clin Anesth 2004; 16: 461–4
Petre E, Dylst D, Vandermeersch E, Van de Velde M. Obstetric anesthesia
in Belgium: the First nationwide survey of current practice. Int J Obstet
Anesth 2008; 14: S17–S21
Pickering AE, Parry MG, Ousta B, Fernando R. Effect of combined spinal-
epidural ambulatory labor analgesia on balance. Anesthesiology 1999;
91: 436–41
Polley LS, Columb MO, Naughton NN, Wagner DS, van de Ven CJ. Relative
analgesic potencies of ropivacaine and bupivacaine for epidural analgesia in labor: implications for therapeutic indexes. Anesthesiology 1999;
90: 944–50
Polley LS, Columb MO, Naughton NN, Wagner DS, van de Ven CJ. Effect of
epidural epinephrine on the minimum local analgesic concentration of
epidural bupivacaine in labor. Anesthesiology 2002; 96: 1123–8
Polley LS, Columb MO, Naughton NN, Wagner DS, van de Ven CJ Goralski
KH. Relative analgesic potencies of levobupivacaine and ropivacaine for
epidural analgesia in labor. Anesthesiology 2003; 99: 1354–8
Polley LS, Columb MO, Wagner DS, Naughton NN. Dose-dependent reduction of the minimum local analgesic concentration of bupivacaine
by sufentanil for epidural analgesia in labor. Anesthesiology 1998;
89: 626–32
Preston R. The role of combined spinal epidural analgesia for labour: is there
still a question? Can J Anaesth 2007; 54: 9–14
Price C, Lafreniere L, Brosnan C, Findley I. Regional analgesia in early
active labour: combined spinal epidural vs. epidural. Anaesthesia 1998;
53: 951–5
Purdie J, Reid J, Thorburn J, Asbury AJ. Continuous extradural analgesia: comparison of midwife top-ups, continuous infusions and patient
controlled administration. Br J Anaesth 1992; 68: 580–4
Raffin L, Batiste C, Noel D, Serbouh A. Epidural blood patch, never too late.
Ann Fr Anesth Reanim 2006; 25: 201–5
Ramin SM, Porter JC, Gilstrap LC, 3rd Rosenfeld CR. Stress hormones and
acid-base status of human fetuses at delivery. J Clin Endocrinol Metab
1991; 73: 182–6
Rane K, Sollevi A, Segerdahl M. A randomised double-blind evaluation
of adenosine as adjunct to sufentanil in spinal labour analgesia. Acta
Anaesthesiol Scand 2003; 47: 601–3
Ranganathan M, Raghuraman G. Ethical considerations in obtaining consent
under anaesthesia. Anaesthesia 2003; 58: 1250–1
Rawal N. Combined spinal-epidural anaesthesia. Curr Opin Anaesthesiol
2005; 18: 518–21
Rawal N, Holmstrom B, Crowhurst JA, Van Zundert A. The combined spinal-
epidural technique. Anesthesiol Clin North America 2000; 18: 267–95
Reynolds F. Damage to the conus medullaris following spinal anaesthesia.
Anaesthesia 2001; 56: 238–47
Reynolds F, Seed PT. Anaesthesia for Caesarean section and neonatal acid-
base status: a meta-analysis. Anaesthesia 2005; 60: 636–53
Richa F, Yazigi A, Nasser E, Dagher C, Antakly MC. General anesthesia with
remifentanil for Cesarean section in a patient with HELLP syndrome.
Acta Anaesthesiol Scand 2005; 49: 418–20
Robbins PM, Fernando R, Lim GH. Accidental intrathecal insertion of an
extradural catheter during combined spinal-extradural anaesthesia for
caesarean section. Br J Anaesth 1995; 75: 355–7
Roelants F. The use of neuraxial adjuvant drugs (neostigmine, clonidine) in
obstetrics. Curr Opin Anaesthesiol 2006; 19: 233–7
Roofthooft E. Anesthesia for the morbidly obese parturient. Curr Opin
Anaesthesiol 2009; 22: 341–6
Roofthooft E, Walters M, Van de Velde M. Low dose spinal anesthesia for
Cesarean section to prevent spinal hypotension. Reg Anesth Pain Med
2011; 36: E2–E5

1159

chapter 66

Russell R. The dura is too vulnerable to be breached routinely in labour. Int J
Obstet Anesth 1999; 8: 56–61
Russell R. Combined spinal epidural analgesia is the preferred technique for
labour analgesia. Acta Anaesthesiol Belg 2002; 53: 331–4
Rutter SV, Shields, F, Broadbent CR, Popat M, Russell R. Management of accidental dural puncture in labour with intrathecal catheters: an analysis of
10 years’ experience. Int J Obstet Anesth 2001; 10: 177–181
Salim R, Nachum Z, Moscovici R, Lavee M, Shalev E. Continuous compared
with intermittent epidural infusion on progress of labor and patient satisfaction. Obstet Gynecol 2005; 106: 301–6
Salman C, Kayacan N, Ertugrul F, Bigat Z, Karsli B. Combined spinal-epidural
anesthesia with epidural volume extension causes a higher level of block
than single-shot spinal anesthesia. Braz J Anesthesiol 2013; 63: 267–72
Sanli S, Yegin A, Kayacan N, Yilmaz M, Coskunfirat N, Karsli B. Effects of
hyperbaric spinal ropivacaine for caesarean section: with or without fentanyl. Eur J Anaesthesiol 2005; 22: 457–61
Santos AC, Arthur GR, Wlody D, De Armas P, Morishima HO, Finster M.
Comparative systemic toxicity of ropivacaine and bupivacaine in nonpregnant and pregnant ewes. Anesthesiology 1995; 82: 734–40
Santos AC, Birnbach DJ. Spinal anesthesia for cesarean delivery in severely
preeclamptic women: don’t throw out the baby with the bathwater!
Anesth Analg 2005; 101: 859–61
Saravanakumar K, Cooper GM. Failed intubation in obstetrics: has the incidence changed recently? Br J Anaesth 2005; 94: 690
Scavone BM. Altered level of consciousness after combined spinal-epidural
labor analgesia with intrathecal fentanyl and bupivacaine. Anesthesiology
2002; 96: 1021–2
Schoening AM. Amniotic fluid embolism: historical perspectives & new possibilities. MCN Am J Matern Child Nurs 2006; 31: 78–83
Scott DB, Hibbard BM. Serious non-fatal complications associated with
extradural block in obstetric practice. Br J Anaesth 1990; 64: 537–41
Sen S, Ozmert G, Aydin ON, Baran N, Caliskan E. The persisting analgesic
effect of low-dose intravenous ketamine after spinal anaesthesia for caesarean section. Eur J Anaesthesiol 2005; 22: 518–23
Shennan A, Cooke V, Lloyd-Jones F, Morgan B, de Swiet M. Blood pressure
changes during labour and whilst ambulating with combined spinal epidural analgesia. Br J Obstet Gynaecol 1995; 102: 192–7
Shyken JM, Smeltzer JS, Baxi LV, Blakemore KJ, Ambrose SE, Petrie RH.
A comparison of the effect of epidural, general, and no anesthesia on
funic acid-base values by stage of labor and type of delivery. Am J Obstet
Gynecol 1990; 163: 802–7
Sia AT, Chong JL. Epidural 0.2% ropivacaine for labour analgesia: parturient-
controlled or continuous infusion? Anaesth Intensive Care 1999; 27: 154–8
Sia AT, Lim Y, Ocampo C. A comparison of a basal infusion with automated
mandatory boluses in parturient-controlled epidural analgesia during
labor. Anesth Analg 2007; 104: 673–8
Siddik SM, Aouad MT, Jalbout MI, Rizk LB, Kamar GH, Baraka AS.
Diclofenac and/or propacetamol for postoperative pain management
after cesarean delivery in patients receiving patient controlled analgesia
morphine. Reg Anesth Pain Med 2001; 26: 310–5
Simmons SW, Cyna AM, Dennis AT, Hughes D. Combined spinal-epidural
versus epidural analgesia in labour. Cochrane Database Syst Rev 2007;
3: CD003401
Sinclair M, Simmons S, Cyna A. Incidents in obstetric anaesthesia and analgesia: an analysis of 5000 AIMS reports. Anaesth Intensive Care 1999;
27: 275–81
Smedstad KG, Morison DH. A comparative study of continuous and intermittent epidural analgesia for labour and delivery. Can J Anaesth 1988;
35: 234–41
Smedvig JP, Soreide E, Gjessing L. Ropivacaine 1 mg/ml, plus fentanyl 2
microg/ml for epidural analgesia during labour. Is mode of administration important? Acta Anaesthesiol Scand 2001; 45: 595–9
Spitzer LE. Preoperative evaluation of the patient for regional anesthesia.
CRNA 1992; 3: 147–53
Stacey RG, Watt S, Kadim MY, Morgan BM. Single space combined spinal-
extradural technique for analgesia in labour. Br J Anaesth 1993;
71: 499–502

obstetric anaesthesia and analgesia

Stamer UM, Wiese R, Stuber F, Wulf H, Meuser T. Change in anaesthetic
practice for Caesarean section in Germany. Acta Anaesthesiol Scand
2005; 49: 170–6
Stocks GM, Hallworth SP, Fernando R, England AJ, Columb MO, Lyons G.
Minimum local analgesic dose of intrathecal bupivacaine in labor and
the effect of intrathecal fentanyl. Anesthesiology 2001; 94: 593–8
Swenson JD, Wisniewski M, McJames S, Ashburn MA Pace NL. The effect
of prior dural puncture on cisternal cerebrospinal fluid morphine concentrations in sheep after administration of lumbar epidural morphine.
Anesth Analg 1996; 83: 523–5
Tan S, Reid J, Thorburn J. Extradural analgesia in labour: complications of
three techniques of administration. Br J Anaesth 1994; 73: 619–23
Thind GS, Nagaraja SV. Airway management/
failed intubation drill.
Anaesthesia 2001; 56: 385
Thomas JA, Pan PH, Harris LC, Owen MD, D’Angelo R. Dural puncture with
a 27-gauge Whitacre needle as part of a combined spinal-epidural technique does not improve labor epidural catheter function. Anesthesiology
2005; 103: 1046–51
Tihtonen K, Koobi T, Yli-Hankala A, Huhtala H, Uotila J. Maternal haemodynamics in pre-eclampsia compared with normal pregnancy during
caesarean delivery. BJOG 2006; 113: 657–63
Tramoni G, Valentin S, Robert MO, et al. Amniotic fluid embolism during
caesarean section. Int J Obstet Anesth 2004; 13: 271–4
Trevisan P. Fibre-optic awake intubation for caesarean section in a parturient with predicted difficult airway. Minerva Anestesiol 2002; 68: 775–81
Tyagi A, Girotra G, Kumar A, Kumar S, Sethi AK, Mohta M. Single-shot spinal anaesthesia, combined spinal-epidural and epidural volume extension for elective caesarean section: a randomized comparison. Int J
Obstet Anesth 2009; 18: 231–6
Usha Kiran TS, Thakur MB, Bethel JA, Bhal PS, Collis RE. Comparison of
continuous infusion versus midwife administered top-ups of epidural
bupivacaine for labour analgesia: effect on second stage of labour and
mode of delivery. Int J Obstet Anesth 2003; 12: 9–11
Vallejo MC, Ramesh V, Phelps AL, Sah N. Epidural labor analgesia: continuous infusion versus patient-controlled epidural analgesia with background infusion versus without a background infusion. J Pain 2007;
8: 970–5
Van de Velde M, Berends N, Kumar A, et al. Effects of epidural clonidine
and neostigmine following intrathecal labour analgesia: a randomised,
double-blind, placebo-controlled trial. Int J Obstet Anesth 2009;
18: 207–14
Van de Velde M, Dreelinck R, Dubois J, et al. Determination of the full dose-
response relation of intrathecal bupivacaine, levobupivacaine, and ropivacaine, combined with sufentanil, for labor analgesia. Anesthesiology
2007; 106: 149–56
Van de Velde M, Mignolet K, Vandermeersch E, Van Assche A. Prospective,
randomized comparison of epidural and combined spinal epidural analgesia during labor. Acta Anaesthesiol Belg 1999; 50: 129–36
Van de Velde M, Schepers R, Berends N, Vandermeersch E, De Buck F. Ten
years of experience with accidental dural puncture and post-dural puncture headache in a tertiary obstetric anaesthesia department. Int J Obstet
Anesth 2008; 17: 329–35
Van de Velde M, Teunkens A, Hanssens M, van Assche FA, Vandermeersch
E. Post dural puncture headache following combined spinal epidural or
epidural anaesthesia in obstetric patients. Anaesth Intensive Care 2001a;
29: 595–9
Van de Velde M, Teunkens A, Hanssens M, Vandermeersch E, Verhaeghe J.
Intrathecal sufentanil and fetal heart rate abnormalities: a double-blind,
double placebo-controlled trial comparing two forms of combined spinal epidural analgesia with epidural analgesia in labor. Anesth Analg
2004; 98: 1153–9
Van de Velde M, Vercauteren M, Vandermeersch E. Fetal heart rate abnormalities after regional analgesia for labor pain: the effect of intrathecal
opioids. Reg Anesth Pain Med 2001b; 26: 257–62
van der Vyver M, Halpern A, Joseph G. Patient-controlled epidural analgesia
versus continuous infusion for labour analgesia: a meta-analysis. Br J
Anaesth 2002; 89: 459–65

1159

1160

1160

PART 9

the conduct of anaesthesia by surgical specialty

Van Houwe P, Heytens L, Vercruysse P. A survey of obstetric an aesthesia
practice in Flanders. Acta Anaesthesiol Belg 2006; 57: 29–37
Vercauteren M, Bettens K, Van Springel G, Schols G, Van Zundert J.
Intrathecal labor analgesia: can we use the same mixture as is used epidurally? Int J Obstet Anesth 1997; 6: 242–6
Vercauteren MP, Hans G, De Decker K, Adriaensen HA. Levobupivacaine combined with sufentanil and epinephrine for intrathecal labor analgesia: a
comparison with racemic bupivacaine. Anesth Analg 2001a; 93: 996–1000
Vercauteren MP, Jacobs S, Jacquemyn Y, Adriaensen HA. Intrathecal labor
analgesia with bupivacaine and sufentanil: the effect of adding 2.25
microg epinephrine. Reg Anesth Pain Med 2001b; 26: 473–7
Vernis L, Duale C, Storme B, Mission JP, Rol B, Schoeffler P. Perispinal analgesia for labour followed by patient-controlled infusion with bupivacaine and sufentanil: combined spinal-epidural vs. epidural analgesia
alone. Eur J Anaesthesiol 2004; 21: 186–92
Vertommen JD, Vandermeulen E, Van Aken H, et al. The effects of the addition of sufentanil to 0.125% bupivacaine on the quality of analgesia during labor and on the incidence of instrumental deliveries. Anesthesiology
1991; 74: 809–14
Visalyaputra S, Rodanant O, Somboonviboon W, Tantivitayatan K,
Thienthong S, Saengchote W. Spinal versus epidural anesthesia for cesarean delivery in severe preeclampsia: a prospective randomized, multicenter study. Anesth Analg 2005; 101: 862–8
Viscomi C, Eisenach JC. Patient-controlled epidural analgesia during labor.
Obstet Gynecol 1991; 77: 348–51
Weiniger CF, Elram T, Ginosar Y, Mankuta D, Weissman C, Ezra Y.
Anaesthetic management of placenta accreta: use of a pre-operative high
and low suspicion classification. Anaesthesia 2005; 60: 1079–84
Whitty R, Goldszmidt E, Parkes RK, Carvalho JC. Determination of the
ED95 for intrathecal plain bupivacaine combined with fentanyl in active
labor. Int J Obstet Anesth 2007; 16: 341–5

Wilson MJ, Cooper G, MacArthur C, Shennan A, U. K. Comparative
Obstetric Mobile Epidural Trial Study Group. Randomized controlled
trial comparing traditional with two mobile epidural techniques: anesthetic and analgesic efficacy. Anesthesiology 2002; 97: 1567–75
Wilson MJ, MacArthur C, Cooper GM, Shennan A, COMET Study Group
UK. Ambulation in labour and delivery mode: a randomised controlled trial of high-dose vs mobile epidural analgesia. Anaesthesia 2009;
64: 266–72
Wong CA, Ratliff JT, Sullivan JT, Scavone BM, Toledo P, McCarthy RJ. A randomized comparison of programmed intermittent epidural bolus with
continuous epidural infusion for labor analgesia. Anesth Analg 2006;
102: 904–9
Wong SY, Wong KM, Chao AS, Liang CC, Hsu JC. Awake fiberoptic intubation for cesarean section in a parturient with odontoid fracture and
atlantoaxial subluxation. Chang Gung Med J 2003; 26: 352–6
Writer WDR, Stienstra R, Eddleston JM, et al. Neonatal outcome and mode
of delivery after epidural analgesia for labour with ropivacaine and bupivacaine: a prospective meta-analysis. Br J Anaesth 1998; 81: 713–7
Wulf H. Anesthesia and intensive therapy of pregnant women with the
HELLP syndrome. Anaesthesist 1990; 39: 117–21
Wyatt SS, Jones DA, Peach MJ, Gurrin L. Anxiety in patients having caesarean section under regional anaesthesia: a questionnaire and pilot study.
Int J Obstet Anesth 2001; 10: 278–83
Yaksh TL, Grafe MR, Malkmus S, Rathbun ML, Eisenach JC. Studies on the
safety of chronically administered intrathecal neostigmine methylsulfate
in rats and dogs. Anesthesiology 1995; 82: 412–27
Yentis SM. Height of confusion: assessing regional blocks before caesarean
section. Int J Obstet Anesth 2006; 15: 2–6
Yun EM, Marx GF, Santos AC. The effects of maternal position during
induction of combined spinal-epidural anesthesia for cesarean delivery.
Anesth Analg 1998; 87: 614–8

1161

CHAPTER 67

Anaesthesia for
transplant surgery
Michael A. E. Ramsay
Introduction
The provision of anaesthesia for organ transplantation requires a
team of specialist anaesthetists who are available 24 h a day. The
cold and warm ischaemia times may have very deleterious effects
on the graft. The team must have a basic understanding of the
immune system and the strategies of immunosuppression therapy.
The preoperative assessment of the patient requires an understanding of the cause and effects of the compromised organ that is to
be replaced. The procedure in many instances will result in a reperfusion syndrome when the graft is revascularized and also an
ischaemia–reperfusion (I–R) injury. The understanding of these
entities is essential as is the preparation and protocols to treat or
ameliorate the effects of these syndromes if they occur.
The preparation for many organ transplants includes invasive
monitoring of haemodynamics, cardiac function, pulmonary function, and acid–base balance. Access for massive transfusion therapy
and coagulation assessment is essential for many transplant procedures. The maintenance of body temperature and fluid balance may
be challenging. The protection and monitoring of the function of
major organs such as the brain, heart, lungs, and kidneys is essential but the homeostasis of endocrine function and electrolytes is
also important.
The provision of excellent anaesthesia is a key component of a
successful transplant programme. A small team of highly trained
professionals with extensive training and experience in transplant
anaesthesia provide the best results.

Innate and adaptive immunity, organ
transplantation, and immunosuppression
The immune system provides the body with protection from foreign
pathogens such as infections. It responds rapidly to repel microorganisms that have penetrated our protective epithelial and endothelial borders. The initial response is termed the innate response and
is the first line of defence against pathogens with the production
of macrophages and dendritic cells that are activated to engulf
and kill the invader. Inflammatory cytokines are produced such
as interleukin 12 and the pathogens are contained. The dendritic
cells orchestrate this innate response and also an adaptive response
(Kreisel and Goldstein 2012). The adaptive response takes time to
develop but is very specific for the antigens presented and has a
durable memory to provide resistance to re-infection. The dendritic cells take antigen particles to the lymph nodes where T cells

are produced that will target and kill the antigen-presenting cells
(Banchereau and Steinman 1998). The innate immune response
may be activated by the I–R injury that occurs when a transplanted
organ undergoes reperfusion after an ischaemic period. The dendritic cells orchestrate the responses of both the innate and adaptive immune responses to induce immunity or tolerance (Steinman
and Banchereau 2007; Ueno et al. 2007, 2010). Overactivity may
cause harm in the form of autoimmune disease, organ rejection,
and graft-vs-host disease while underactivity may allow tolerance
or exacerbation of infection and cancer.
Immunosuppressant therapy is designed to prevent rejection of
the allograft but also minimizes the adverse effects on the recipient
such as increased propensity for infection, malignancy, and other
adverse reactions. Over time, some organ recipients may develop
tolerance and be successfully weaned off immunosuppressant therapy. The majority of major organ recipients will require immunosuppressant drugs for the rest of their lives (Olson and Wiesner 2012).
Therefore, from the anaesthetist’s perspective, it is important that
immunosuppression therapy be administered before reperfusion of
the graft and maintained if the patient returns for further surgery.
The regimens for major organ transplants are dependent on
centre and type of organ. The drugs are divided into two main
categories: pharmacological-and biological-based therapies. The
pharmacological therapies are small-molecule drugs and consist of
corticosteroids, calcineurin inhibitors, antimetabolites, and mTOR
inhibitors. The corticosteroids inhibit transcription of important
inflammatory cytokines and induce apoptosis of T lymphocytes,
reduce the number of dendritic cells, and impair adhesion molecules thereby impeding T-cell migration to target zones. High
doses of steroids are often given at the time of organ implantation
to induce immunosuppression and they are then tapered down
over time (3–6 months) to reduce side-effects (Zarrinpar and
Busuttil 2012).
Calcineurin inhibitors interfere with signalling and impede
the activation of T cells. Ciclosporin was the first isolated and
resulted in a major advance in the success of organ transplantation. Later, tacrolimus was developed, which is absorbed from the
intestine with better predictability. These agents are associated with
nephrotoxicity, neurotoxicity, hypertension, and hyperlipidaemia.
Antimetabolites are often administered, including azathioprine
and mycophenolate mofetil, which block lymphocyte proliferation.
mTOR inhibitors prevent the proliferation of T lymphocytes: sirolimus is an example, and does have significant side-effects including
poor wound healing, cytopenia, arthralgia, and mouth ulcers.
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Biological therapies are also available and these are divided into a
group that depletes antibodies and a non-depleting group. The former group includes polyclonal antithymocytes, monoclonal anti-
CD3 antibodies (e.g. muromonab), and an anti-CD52 antibody,
alemtuzumab. The non-depleting antibodies include the anti-CD25
antibody basiliximab, which has few side-effects.

Ischaemia–reperfusion injury
All major organs when transplanted will undergo an I–R injury.
This is caused by a period of ischaemia, when the blood supply
has been clamped off; a period of cold ischaemia followed by a
period of warm ischaemia when the organ is being re-implanted;
and finally reperfusion, when the clamps are removed and blood
flows again through the organs. During the ischaemic period
the endothelium is damaged, leucocytes become adherent to the
damaged endothelial cells, and inflammatory cytokines are activated, as is complement and reactive oxygen species. On reperfusion, macrophages cross the endothelium and cause apoptosis of
the organ cells; the complement activation results in an explosive
release of inflammatory cytokines, platelet adhesion, and potential no-reflow in the small arterioles. Oxidative stress results in an
increase in reactive oxygen species that include superoxide, hydrogen peroxide, and hydroxyl ions. These molecules cause apoptosis, cellular necrosis, and damage to DNA. The outcome if severe
may result in primary non-function of the graft. The damage also
occurs in distant organs (Ramsay 2008; Weyker et al. 2012; Zhai
et al. 2013).
To ameliorate the I–R injury two approaches can be made. The
first is an attempt to provide remote ischaemic preconditioning
(Brevoord et al. 2012). In this manner, a series of short non-lethal
periods of ischaemia are applied to a more readily accessible remote
organ such as a tourniquet on a limb. This has been demonstrated
in some studies to ameliorate the end-organ damage in the target
organ (Candilio et al. 2013). The second approach is to attempt to
ameliorate the inflammation that occurs at reperfusion (Gorsuch
et al. 2012). This is predominantly an innate immune-dominated
response that is mediated by the sentinel pattern recognition receptor system. This proinflammatory immune response triggers an
adaptive immune response that culminates in allograft rejection.
Studies are underway to attempt to block the cell adhesion cascade
in an effort to mitigate the I–R injury. Inhaled nitric oxide decreases
platelet adhesion and leucocyte adherence to injured endothelium
(Bahde and Spiegel 2010). The volatile anaesthetic sevoflurane has
been shown in one randomized prospective clinical trial (Beck-
Schimmer et al. 2008) to have a protective effect if administered
before reperfusion in patients undergoing liver surgery with inflow
occlusion (Van Allen et al. 2012).

Major organ transplantation
Liver transplantation
The indications for liver transplantation include viral hepatitis,
alcoholic liver disease (Laennec’s cirrhosis), non-alcoholic fatty
liver disease, autoimmune hepatitis, primary biliary cirrhosis, primary sclerosing cholangitis, drug-induced liver damage (paracetamol, methotrexate), genetic causes (Wilson’s disease, α1-antitrypsin
deficiency, haemochromatosis), contained hepatocellular cancer,
and cryptogenic causes.

Pathophysiology of liver disease
An understanding of the pathophysiology of end-stage liver
disease and cirrhosis is required in order to manage the patient
undergoing transplantation. Some genetic aetiologies may affect
more than just one organ system such as the patient with amyloidosis who may have significant cardiac amyloid infiltration as
well. The synthetic liver function of some patients such as those
with early hepatocellular cancer may be well preserved while in
others severe dysfunction may be present. The patient who has
developed severe cirrhosis will have a liver wherein the response
to damage has been fibrosis and nodular regeneration. This is frequently associated with portal hypertension causing widespread
varices with bleeding, a profound coagulopathy as a result of
impaired synthetic function, severe ascites and pleural effusions,
cirrhotic cardiomyopathy, hepatorenal syndrome (HRS), and
encephalopathy.
To assess the severity of the liver disease and determine risk
for survival, two classification systems have been developed: the
Child–Turcotte–Pugh (CTP) system (see Table 67.1) and the Model
for End-stage Liver Disease (MELD) (see Table 67.2). Both are
designed to assess the risk for mortality of patients on the waiting
list for liver transplantation, so that organs can be allocated to those
in greater need.
The 3-month mortality for a patient with a CTP score of 5–6
points is 4%; 7–9 points is 14%; and 10–15 points is 51%.
The MELD score is a more precise calculation that is based
on serum creatinine, bilirubin, and international normalized
ratio (INR) (Table 67.2). Both scores assess the patient’s risk for
survival.
Table 67.1 The Child–Turcotte–Pugh score
1 Pt

2 Pts

3 Pts

Encephalopathy

0

1–2

3–4

Ascites

Slight

Moderate

Severe

Bilirubin (μmol/L)

<34

34–50

>50

Albumin g/L

>35

28–35

< 28

INR

<1.7

1.8–2.3

>2.3

OR PT (sec)

1–4

5–6

>6

Reproduced with permission from Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC,
Williams R, Transection of the oesophagus for bleeding oesophageal varices. British Journal
of Surgery, Volume 60, Issue 8, pp. 646–9, Copyright © 1973 British Journal of Surgery
Society Ltd.

Table 67.2 Three-month mortality according to MELD score. The
MELD score: 10 × [0.957 × loge (creatinine) + loge (bilirubin) + 1.12 ×
loge (INR)] + 6.43
Meld score

9 or less

10–19

20–29

30–39

>40

In Hospital

4%

27%

76%

83%

100%

Out Patient

2%

6%

50%

Reproduced with permission from Malinchoc M, Kamath PS, Gordon FD, Peine CJ,
Rank J, ter Borg PC, A model to predict poor survival in patients undergoing
transjugular intrahepatic portosystemic shunts. Hepatology, Volume 31, Issue 4, pp. 864–71,
Copyright © 2000 The American Association for the Study of Liver Diseases.
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Preoperative assessment
The patient presenting for liver transplantation is frequently
severely debilitated with multiple organ system malfunctions.
The time to assess the patient may be limited by the arrival of an
organ for which the ischaemia time is limited. The major concerns
should be focused on a patient with severe muscle wasting, severe
ascites and pleural effusions, renal dysfunction, cardiomyopathy,
coagulopathy, encephalopathy, respiratory compromise, electrolyte
derangements, altered physiology and pharmacology, and potentially an increased aspiration risk. The patient may have deteriorated significantly from the last full assessment and this may be the
reason that the patient is now receiving a transplant. It is paramount
that the anaesthesia team are involved in the selection process for
liver transplant candidates but also kept in close communication
on the results of ongoing assessments that occur while the patient
is on the waiting list. Careful assessment for specific pathological
changes that may have taken place since the previous evaluation
include a cardiac assessment for progression of cardiomyopathy,
portopulmonary hypertension (POPH), and hepatopulmonary
syndrome (HPS). The use of cardiac echocardiography may be
extremely helpful in this regard. Renal function needs to be rapidly assessed to determine if intraoperative continuous venovenous
haemodialysis will be useful.
Cardiovascular system
The usual haemodynamic picture of the cirrhotic patient is that of
high cardiac output and low systemic vascular resistance (Kowalski

Reduced Cardiac
function

anaesthesia for transplant surgery

and Abelmann 1953). This reduced afterload can make a preliminary assessment of ventricular function to be excellent, but it is
important to take into consideration that nearly 100% of cirrhotic
patients will exhibit a cardiomyopathy even if it is just a down-
regulation of the β-receptor (Lee 1989). This may be further compromised by the chronic use of β-blocking agents used to control
portal hypertension. Close examination by transoesophageal echocardiography (TOE) may demonstrate both systolic and diastolic
dysfunction. The diagnostic features include an E/A ratio less than
1, a prolonged deceleration time greater than 200 ms, a prolonged
isovolumetric relaxation time greater than 80 ms, an enlarged
atrium, and overall decreased pattern of contractility (Zardi et al.
2010) (Fig. 67.1).
Coronary artery disease is also prevalent in this population and
careful screening should be undertaken during the initial assessment (Carey et al. 1995). Non-invasive stress testing may be considered in liver transplantation candidates with no active cardiac
conditions on the basis of the presence of multiple coronary artery
disease risk factors regardless of functional status. Relevant risk
factors among transplantation candidates include diabetes mellitus, prior cardiovascular disease, left ventricular hypertrophy, age
greater than 60 years, smoking, hypertension, and dyslipidaemia.
The specific number of risk factors that should be used to prompt
testing remains to be determined, but three or more appear to be
reasonable. A stress test assessment should be made; the type of
test is dependent on what the physical condition of the patient will
allow (Lentine et al. 2012). The dobutamine stress echocardiogram
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Figure 67.1 The progression of cirrhotic cardiomyopathy.
Reprinted from Journal of the American College of Cardiology, Volume 56, Issue 7, Zardi, E.M., et al. Cirrhotic cardiomyopathy. pp. 539–549, Copyright © 2010 American College of Cardiology
Foundation.
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test has been demonstrated to have a strong positive predictive
value and detection capability (Plotkin et al. 2000). If ischaemia is
demonstrated then coronary arteriograms should be obtained. If
arterial obstructive lesions can be dilated and a bare-metal stent
placed then liver transplantation may be an acceptable risk. If coronary artery bypass surgery is necessary then the decision has to be
made how best to manage this (Morris et al. 1995). However, once
treated the patient may undergo liver transplantation with similar
outcomes as those patients without coronary artery disease (Wray
et al. 2013).
Pulmonary system
The severe cirrhotic patient may have restricted ventilation because
of pleural effusions but also severe abdominal ascites making it
impossible for the patient to lie down without respiratory distress.
When patients such as this are met in the operating theatre, anaesthesia should be induced with the patient breathing comfortably
with the back raised up. The patient should only be laid flat when
the airway and ventilation are controlled. A sepsis syndrome is seen
in some patients with end-stage liver disease and this presents with
an adult respiratory distress syndrome with bilateral pulmonary
infiltrates. Resolution of this syndrome has been reported with liver
transplantation suggesting that it is the result of endotoxins and not
infection (Doyle et al. 1993).
Hepatopulmonary syndrome and portopulmonary hypertension
These are pathological conditions that result from changes in the
pulmonary arteriolar wall. When the pulmonary vascular endothelium is dysfunctional, as may occur in liver disease or with portal hypertension because of exposure to inflammatory cytokines,
increased stress forces caused by high cardiac output, and increased
exposure to oxidants, several effects may occur. These include
vasodilation, the formation of aneurysms and shunts resulting in
HPS, or vasoconstriction, proliferation of smooth muscle cells, and
microthrombosis causing an increase in pulmonary vascular resistance (PVR) and POPH. These two pathological changes may be
seen in the same lung but one entity usually predominates (Pham
et al. 2010).
Hepatopulmonary syndrome The HPS is defined as the triad of
liver disease and increased alveolar–arterial oxygen gradient in the
presence of intrapulmonary vascular dilations. The diameter of
pulmonary capillaries is normally between 8 and 15 μm. Red blood
cells, which possess a similar diameter, travel through the capillaries in single file. This configuration minimizes the distance required
for oxygen diffusion and facilitates oxygen transfer to red cells. In
HPS, pulmonary capillaries dilate to a diameter of 50–500 μm,
impeding oxygenation (Umeda and Kamath 2009). The HPS is
defined as the triad of liver disease and increased alveolar–arterial
oxygen gradient in the presence of intrapulmonary vascular dilatations (Fig. 67.2). Thus, the hallmark of HPS is impairment in
oxygenation, and can easily be screened for by pulse oximetry.
A unique feature of HPS is orthodeoxia, which is a decrease in oxygen saturation upon standing. This is caused by preferential perfusion of the lung bases in a standing patient. All patients presenting
for liver transplantation should be screened with pulse oximetry
while breathing room air in both the sitting and supine positions.
Platypnoea, shortness of breath worsened by sitting, results from
the same mechanism. Again, most patients with dyspnoea prefer
to sit up but not the patient with HPS. The diagnostic test is the

delayed passage (4–6 heart beats) of echogenic material (agitated
saline) passing from right heart to left heart with echocardiography.
HPS has a prevalence of 15–20% in patients undergoing evaluation
for liver transplantation (Fallon and Abrams 2000). Other clinical
features of HPS when severe are finger clubbing and cyanosis. It
is a progressive syndrome but is reversed by liver transplantation.
Intraoperative management focuses on the provision of adequate
oxygenation. Given that HPS is typically responsive to supplemental oxygen, this goal is usually attainable. The prevention of embolic
material, especially air bubbles, from entering the venous circulation is imperative as these may traverse through the shunts to the
systemic circulation. The more severe the hypoxia, the higher the
risk for undergoing liver transplantation and the longer the period
of post-transplant intensive care needed (Gupta et al. 2010; Zhang
and Fallon 2012).
Portopulmonary hypertension 
If the pulmonary vascular
remodelling results in vascular smooth muscle proliferation,
vasoconstriction, intimal proliferation, and fibrosis, then an
obstructive pathology exists that causes an increased resistance
to blood flow and pulmonary hypertension. When this is associated with portal hypertension it is termed POPH. The diagnostic criteria for POPH include a mean pulmonary artery pressure
(MPAP) of greater than 25 mm Hg at rest, and a PVR greater
than 240 dyn s−1 cm−5 (Ramsay 2010). The transpulmonary gradient of greater than 12 mm Hg (MPAP − pulmonary arteriolar
occlusion pressure) reflects the obstruction to flow and distinguishes the contribution of volume and resistance to the increase
in MPAP (Safdar et al. 2012) (Fig. 67.3).
POPH may be classified as mild (MPAP 25–35 mm Hg), moderate (MPAP >35 and <45 mm Hg), and severe (MPAP >45 mm Hg)
(Krowka et al. 2006). Mild POPH is not associated with increased
mortality at liver transplantation, although the immediate recovery
period may be challenging if there is a significant increase in cardiac output after reperfusion of the new graft. Moderate and severe
POPH are associated with significant mortality at transplantation.
However, the key factor is not MPAP, but rather right ventricular
(RV) function (Ramsay 2010).
Transthoracic echocardiography is an effective, non-invasive
method of screening for POPH. Positive screening necessitates
right-heart catheterization for definite diagnosis. The right ventricular systolic pressure (RVSP) is estimated based upon the velocity
of tricuspid regurgitation (TR) using the Bernoulli equation, RVSP
(in mm Hg) = 4 × (TR m s−1)2 + right atrial pressure. Any dilatation
of the right heart chambers must be noted as a risk factor for liver
transplantation. Patients with fluid overload may also present with
elevated pulmonary artery pressure, particularly in the presence
of HRS and oliguria. However, these patients also have normal (or
low) PVR, and therefore do not fulfil POPH criteria.
The current recommendation of the European Respiratory
Society Task Force is to target a MPAP of less than 35 mm Hg and
PVR less than 400 dyn s−1 cm−5 (Rodriguez-Roisin et al. 2004).
There is evidence that a portion of POPH patients respond to
treatment, and that subsequent liver transplantation can be performed without additional risk if these treatment goals are reached.
However, the course of POPH after successful transplant is, unlike
HPS, not one of progressive improvement. Thus, POPH monitoring and treatment is indicated after successful transplantation. The
key to how well the patient will tolerate liver transplantation may
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Figure 67.2 The key pathological features of HPS are pulmonary microvascular alterations including vasodilation, intravascular monocyte accumulation, and
angiogenesis.
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Gastroenterology and Hepatology, Volume 9, Issue 9, Zhang, J. and Fallon, M.B. Hepatopulmonary syndrome: update on
pathogenesis and clinical features. pp. 539–549, Copyright © 2012 Nature Publishing Group.

rest with RV function more than any other factor. If the RV has
accommodated the increase in PVR and has hypertrophied, is contracting well, and is no longer dilated, this may facilitate a successful outcome (Ramsay 2010).
Central nervous system 
Mild encephalopathy has been found
in up to 84% of patients with chronic liver failure (Moore et al.
1989). Hepatic encephalopathy is characterized by alterations in
mental status with fluctuating neurological signs (asterixis, hyperreflexia, or an inverted plantar reflex) and characteristic electroencephalographic changes (symmetric high-voltage, slow-wave

activity). Some patients especially with fulminant hepatic failure may have elevated intracranial pressure (ICP) from cerebral
oedema. The cause of hepatic encephalopathy has been associated
with increased γ-aminobutyric acid (GABA) neurotransmitter
in the brain (Bakti et al. 1987). This excess GABA neurotransmitter effect may be potentiated by benzodiazepine drugs, so
these should be avoided as they may precipitate hepatic coma
(Basile et al. 1991). Flumazenil, the reversal agent for benzodiazepine drugs, may also temporarily reverse hepatic coma (Barbaro
et al. 1998; Dursun et al. 2003). The failure of the liver to convert ammonia to urea results in the accumulation of ammonia
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Figure 67.3 Portopulmonary hypertension: an update.
Reproduced with permission from Safdar, Z., Bartolome, S. and Sussman, N., Portopulmonary hypertension: an update, Liver Transplantation, 18, pp. 881–891, Copyright © 2012 American
Association for the Study of Liver Diseases.

that exacerbates the encephalopathy. If the encephalopathy worsens as the patient becomes obtunded, early intervention to protect
the airway and maintain ventilation and oxygenation is warranted.
The anaesthetic management of the comatose patient with raised
ICP is greatly facilitated by the presence of an ICP monitor. The
severe coagulopathy associated with fulminant hepatic failure presents a risk of intracranial haemorrhage on placing an epidural
transducer. The administration of fresh frozen plasma may be all
that is needed but when this is inadequate, recombinant activated
factor VII will temporarily correct the coagulopathy of liver failure
and allow the placement of an ICP monitor (Shami et al. 2003).
Renal system Many patients with liver cirrhosis will sustain
endothelial damage in all organs including the kidney. This may
progress to cause parenchymal damage and eventually acute tubular necrosis. This will not be reversed by liver transplantation and
a combined liver–kidney transplant should be considered. The
serum creatinine is not a good marker of renal function in this
patient population as there is frequently severe muscle wasting and
reduced production of creatinine. Renal dysfunction may also present as HRS, in which there is no parenchymal damage, but there is
profound hypoperfusion of the kidney caused by vasoconstriction
in the setting of systemic and splanchnic arterial vasodilation in
patients with advanced cirrhosis (Nadim et al. 2012). HRS is classified as type 1 when there is rapid deterioration in kidney function
and type 2 with a more moderate deterioration in renal function.
HRS diagnosis is based on the absence of primary renal disease,
proteinuria, hypovolaemia, and renal hypoperfusion. It is characterized by normal urinary sediment, low urinary sodium (<10 mmol
litre−1), uraemia, and oliguria. HRS is reversible with liver transplantation. The recommendation from the Acute Dialysis Quality
Initiative Group is that patients with HRS type 1 be resuscitated
with albumin in combination with a vasoconstrictor, preferentially
terlipressin (Nadim et al. 2012). If terlipressin is not available then
alternative vasoconstrictors such as noradrenaline, vasopressin,

or a combination of octreotide and midodrine should be considered. If the patient is unresponsive to therapy, early institution of
intraoperative continuous venovenous haemodialysis should be
considered. It can easily be accomplished in the operating room
and greatly facilitates fluid and electrolyte management.
Coagulation system 
Liver cirrhosis is characterized by the
impaired synthesis of coagulation factors, resulting in prolongation
of the prothrombin time (PT) and INR. However, the anticoagulant
factors (protein C, antithrombin, and tissue factor pathway inhibitor) are also reduced and may balance out any effect of a prolonged
PT. This may be confirmed by assessing thrombin generation in the
presence of endothelial-produced thrombomodulin (Tripodi and
Mannucci 2007). The liver functions as an important modulator
of the coagulation balance, preventing hyper-or hypocoagulation
and fibrinolysis. An alteration in this fine-tuning by the presence
of liver disease can result in coagulopathy caused by hypocoagulation, excessive fibrinolysis, or a hypercoaguable state, resulting in
thrombosis or disseminated intravascular coagulation (Hambleton
et al. 2002). The state of coagulation should be monitored both by
laboratory testing and by intraoperative viscoelastic tests. These
include the thromboelastography and rotational thromboelastometry or Sonoclot® (Sienco Inc., Morrison, CO, USA) analysis.
These instruments allow the state of coagulation in whole blood to
be monitored and can provide an early indication of the presence
and severity of fibrinolysis (Furnary et al. 2003). In this manner,
the accurate administration of antifibrinolytic agents can be made.
Fulminant hepatic failure
Fulminant liver failure results from severe hepatocellular injury
and necrosis. Hepatic encephalopathy develops early, together
with deep jaundice. Laboratory findings include hyperbilirubinaemia, marked elevation of the serum aminotransferase concentration, hypoglycaemia, hyperammonaemia, and hypoalbuminaemia.
Severe coagulopathy develops because there is impaired liver
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synthesis of coagulation factors; a prolongation of the PT is a sensitive index of hepatocyte dysfunction. Depressed liver gluconeogenesis results in increased anaerobic metabolism and generation of
lactic acid, creating a severe metabolic lactic acidosis. Some patients
in fulminant liver failure will recover, therefore guidelines for the
selection of patients for orthotopic liver transplantation were developed so that transplantation can occur before grade IV coma sets
in (de Knegt and Schalm 1991; Saibara et al. 1991). Criteria include
any three of the following variables: younger than 10 years or older
than 40 years of age, non-A, non-B hepatitis, halothane hepatitis,
idiosyncratic drug reaction, jaundice for at least 7 days before the
onset of encephalopathy, PT greater than 50 s, and serum bilirubin
concentration greater than 300 mmol litre−1. Arterial ketone body
ratio is a predictor of prognosis in fulminant liver failure (Ellis and
Wendon 1996). As the patient becomes obtunded, airway control
and ventilation are indicated because there is a risk of pulmonary
aspiration, hypercarbia, and hypoxia. Elevation of the patient’s head
to 25° and maintenance of cerebral perfusion pressure by supporting systemic arterial blood pressure and reducing central venous
pressure are essential. Cerebral perfusion pressure should be maintained above 50 mm Hg (Husberg et al. 1991).
Anaesthesia management 
Adequate venous access must be
obtained so that massive rapid transfusions may be administered
if necessary. Large-bore peripheral and central venous catheters
may be placed in the upper part of the body because fluid given
through lower body venous catheters may be lost in the surgical
field or obstructed in passage to the heart. A radial arterial catheter
is inserted for continuous blood pressure monitoring and access for
arterial blood gas measurement. A single large-bore catheter or two
catheters are placed percutaneously in the right internal jugular
vein, if venovenous bypass is contemplated. One, a 12-French catheter, is used for rapid volume replacement and as the return limb of
a venovenous bypass circuit. The other, an internal jugular catheter,
is used as a pulmonary artery catheter introducer. A pulmonary
artery catheter, although not used in all centres, may prove valuable
in diagnosing pulmonary hypertension and managing haemodynamic instability. All fluids should pass through warming devices
to assist in temperature maintenance. A rapid infusion system may
be necessary for those times when massive blood loss occurs.
A modified rapid-sequence induction technique is used in the
majority of patients. Preoxygenation is followed by the administration of propofol (1.5 mg kg−1). Tracheal intubation is assisted by
neuromuscular block, for example, by vecuronium (0.2 mg kg−1),
and cricoid pressure is applied until the airway is secured.
Anaesthesia is maintained with isoflurane in an air–oxygen mixture, supplemented with fentanyl and vecuronium. Isoflurane
provides an optimal relationship between liver oxygen supply and
demand; however, in this extensive procedure, this may be only
a theoretical consideration. The use of neuromuscular blocking
agents that are metabolized by the liver, such as vecuronium or
rocuronium, should be accompanied by monitoring of neuromuscular block with a nerve stimulator.
The anaesthetic management of the operation can be considered
with respect to three phases: preanhepatic, anhepatic, and neohepatic. The preanhepatic phase includes dissection and isolation of
infra-and suprahepatic vena cava, exposure of the porta hepatis
and hilar structures of the liver, and preparation for venovenous
bypass when used. The anhepatic phase begins with isolation of the
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liver and extends until the time of reperfusion of the donor liver.
The neohepatic phase begins at reperfusion and lasts until the end
of the procedure. During the preanhepatic phase, significant blood
loss may occur, particularly in patients with portal hypertension.
Massive volumes of ascitic fluid may be drained, and volume shifts
need to be anticipated and corrected. The most common cause of
a low cardiac output at the start of liver transplantation is hypovolaemia. Good volume replacement is required for adequate tissue perfusion, and more especially for adequate renal perfusion.
A non-lactate balanced electrolyte solution can be used as maintenance fluid. This solution will not exacerbate lactic acidosis in
patients with little or no liver function.
Venovenous bypass is used in some centres while others use a
‘piggy-back’ technique where the inferior vena cava is partially
occluded and the hepatic vein caval patch is parachuted down on
to the cava. Careful attention to volume management is essential, as
the new liver when reperfused will be injured by congestion if the
central venous pressure is allowed to be high. Immunosuppression
needs to be administered before reperfusion and this usually consists of 1 g of hydrocortisone. Reperfusion of the graft liver via the
portal vein marks the beginning of the neohepatic phase.
Reperfusion is complicated by the reperfusion syndrome and
I–R injury. The reperfusion syndrome is the result of cold blood,
with acids, and other toxic molecules from the new liver graft being
flushed directly into the heart. This causes hypotension, arrhythmias and rarely a transient cardiac arrest (Ramsay 2008; Paugam-
Burtz et al. 2009).
I–R injury may result in an impaired reperfusion of the new
graft. Prostaglandin E1 (PGE1) has been reported to improve the
survival of livers that appeared marginal at reperfusion (Greig et al.
1989). The effect of PGE1 on vascular endothelium may enhance
perfusion of the graft both generally and in areas of ‘no reflow’.
The third stage or neohepatic stage consists of the hepatic artery
reconstruction and bile duct anastomosis. This is the time to obtain
good haemostasis before closing.
Signs of a good functioning graft include good hepatic arterial
flow, early bile formation, increasing body temperature, improvement in coagulation status, correction of acidosis, a decrease in
potassium, and an increase in carbon dioxide production.

Postoperative care
The patient’s lungs are ventilated until full recovery from anaesthesia and their trachea is then extubated. This may be performed
safely in many patients at the end of the procedure on the operating room table or on arrival in the intensive care unit (Mandell
et al. 2002). Sepsis and retransplantation are major risk factors for
the development of adult respiratory distress syndrome (Takaoka
et al. 1989).

Kidney transplantation
The patient with end-stage renal disease may be treated with haemodialysis, peritoneal dialysis, or undergo renal transplantation.
The patient who undergoes renal transplantation has a better survival than those patients who remain on dialysis (Wolfe et al. 1999).
There are considerable co-morbidities associated with chronic kidney disease and some can be anticipated from the aetiology of the
disease such as diabetes mellitus, hypertension, chronic glomerulonephritis, lupus nephritis, and renal toxic medications. The major
cause of death for the renal failure patient either before transplant
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Figure 67.4 Adult heart transplants.
Data from 2011 Annual Report of the U.S. Organ Procurement and Transplantation Network and the Scientific Registry of Transplant Recipients; http://optn.transplant.hrsa.gov

or afterwards is related to cardiovascular disease. Accelerated
arteriosclerosis and cardiomyopathy may both be found in this
patient population.

Preoperative assessment
Careful assessment of this high-risk group of patients is essential.
The combination of diabetes mellitus and cardiovascular disease
allows symptoms to be minimized as the diabetic autonomic neuropathy may eliminate angina. Diabetes is seen in up to 30% of
patients and by its deleterious effect on the vascular endothelium
can increase the risk for myocardial infarction and stroke (Gaston
et al. 2003). The incidence of coronary artery disease in patients with
chronic kidney disease is 25% (McClellan and Chertow 2005) and
this is the most important factor affecting perioperative morbidity and mortality (Kasiske et al. 2006). The risk of cardiovascular
disease is 10–30 times higher in the chronic kidney disease patient
than in the normal population. It is further complicated by the high
incidence of hypertension that is difficult to control, often requiring multiple therapies. The hypertension may be the result or cause
of the kidney disease, or both, and may be sustained in a progressive cycle. Congestive heart failure is also prevalent in patients with
end-stage kidney disease and will increase the risk of transplantation, but after a successful transplant left ventricular function has
been shown to improve (Wali et al. 2005). Basic laboratory analysis will be required to assess electrolytes, especially serum potassium, glucose, and haemoglobin, as many of these patients will be
chronically anaemic. Volume status is important and will depend
on timing of last dialysis. If the patient is volume overloaded then
preoperative dialysis will be warranted.

The anaesthetic technique is dictated by local preference, and
both general anaesthesia and regional techniques have been used
successfully. One important facet of the anaesthetic technique is
good postoperative pain management. This is not only for good
patient care but in many of these recipients significant pain will
cause extreme hypertension and tachycardia unless well β-blocked
because of their non-compliant vasculature. The addition of a transverse abdominis plane block has had reported mixed results, from
being very effective to completely ineffective (Mukhtar and Khattak
2010; Freir et al. 2012). This may represent the quality of technique
used when administering the block. The diabetic recipients will
benefit from close glucose control with an insulin infusion.
Intravenous access may be challenging for those patients who
have undergone years of haemodialysis. Ultrasound technology
may be helpful for both peripheral and central venous access. The
type of fluid administered is a matter of debate. Some centres use
normal saline, as it contains no potassium, but this does cause an
increase in total body sodium and a hyperchloraemic acidosis that
will cause an increase in serum potassium. Other centres use a
balanced crystalloid solution. The better course is to monitor the
electrolytes during the procedure and adjust fluids accordingly
(Schmid and Jungwirth 2012).
Basic monitoring is required but centres differ in the use of invasive monitors (Niemann and Eilers 2010; Othman et al. 2010). Their
use is probably best guided by the clinical condition of the patient.
To improve renal perfusion ‘renal dose’ dopamine is often infused
(3 µg kg−1 min−1) but there is little evidence to demonstrate efficacy
and significant data that it may be harmful (Marik 2002). The best
therapy is to maintain a good perfusion pressure and cardiac output.
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Anaesthetic drugs that do not rely primarily on excretion by the
kidney are recommended but as long as repeated doses are not
administered this may not be relevant (Lepage et al. 1987).
Postoperative care will vary from routine recovery room care to
intensive care depending on the initial status of the patient and the
state of the new kidney graft.

Heart transplantation
This has been the best option for selected patients with end-stage
heart failure for many years, but ventricular assist devices (VADs)
are approaching similar 1-year survival rates. The projected duration of current VADs is at least 5 years and many VADs are inserted
as destination devices with no plans for transplantation. The most
common causes in the United States for heart transplants are
dilated and ischaemic cardiomyopathy with a consistent average of
2000 adult heart transplants performed annually (Fig. 67.4). The
number of recipients who have had VADs placed in the months or
years before transplant is increasing and this adds extra challenges
in recipient management (Fig. 67.5). The placement of an arterial
catheter for monitoring blood pressure perioperatively may need a
Doppler probe or ultrasound to identify the artery in patients with
non-pulsatile VADs. Surgically, the removal of an established VAD
may result in significant bleeding.
Overall 5-year graft survival is 74.9% and is similar between all
status codes and disease groups.
The timing of the recipient procedure is often set as an emergency basis as the ischaemia time is kept to a minimum. The timing
of the procedure will depend on location of the donor and whether
the recipient has had previous heart surgery or VAD placement.

Anaesthesia management
The time from the patient being scheduled for surgery and the
induction of anaesthesia may be very short. A rapid but precise
preoperative assessment is made followed by placement of an arterial monitoring catheter. Once the organ recovery team have given
the go ahead, the anaesthesia is induced using a minimally cardiodepressant technique and with inotropes standing at the ready.
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A large-bore central venous catheter is placed plus a multilumen
catheter for infusion of vasoactive drugs. A pulmonary artery catheter may be placed or just passed into the vena cava for placement
after implantation of the graft. A TOE probe is placed and native
cardiac function assessed. If a left ventricular assist device (LVAD)
is in place there may be minimal flow through the aortic valve.
Immunosuppression therapy is administered and the patient heparinized and placed on cardiopulmonary bypass. The diseased heart
is excised, and haemostasis obtained. The donor heart is removed
from ice and implanted into the recipient. Right heart failure is the
main contributor to early graft failure so pulmonary vasodilators
and inotropes are prepared including the immediate availability of
inhaled nitric oxide (Shanewise 2004; Koster et al. 2011).
After rewarming, the function of the graft is examined for ventricular contractility and for any retained air in the chambers.
Inotropic support is started initially with dobutamine 5 µg kg−1
min−1 and if there is any concern about ventricular function
adrenaline infusion is added at 0.05 µg kg−1 min−1. If there is any
concern for RV dysfunction, milrinone 0.5 µg kg−1 min−1 is also
started. After a period of rest for the new graft, the patient is gradually weaned from cardiopulmonary bypass. If there is evidence
of RV strain then inhaled nitric oxide at 20–40 ppm is started
or inhalation of aerosolized prostaglandins may be used, iloprost
20–30 µg over 15 min (Khan et al. 2009). If the right heart is still
seen to be dysfunctional by TOE then the heart should be put
back on cardiopulmonary bypass and rested for 30 min and then
retried. Finally if the right heart continues to function poorly then
extracorporeal membrane oxygenation should be considered or
finally the placement of a right ventricular assist device (RVAD)
(Marasco et al. 2005).

Lung transplantation

Indications of lung transplantation include pulmonary fibrosis (33%), chronic obstructive pulmonary disease (29%), cystic
fibrosis (16%), α1-antitrypsin deficiency, and primary pulmonary
hypertension.
The anaesthetic management requires an excellent skill set in
endobronchial intubation and lung isolation, including the ability
to manage optimal gas exchange during one-lung ventilation, the
ability to support right and left ventricular dysfunction, and expertise with TOE (Myles et al. 2007). Early post lung graft implantation therapy may be needed with inhaled nitric oxide, RVAD, and
extracorporeal membrane oxygenation (ECMO).
Donor lungs are matched by ABO compatibility and anatomical size. Donor organ allocation is assigned on the basis of estimated pretransplant mortality and postoperative survival (Merion
et al. 2004). Bilateral lung transplantation appears to offer better
outcomes than single-lung transplantation (Chang et al. 2007;
Nwakanma et al. 2007) (Figs 67.6 and 67.7).
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Figure 67.5 Adult heart recipients on circulatory support prior to transplant.
Data from 2011 Annual Report of the U.S. Organ Procurement and Transplantation Network
and the Scientific Registry of Transplant Recipients; http://optn.transplant.hrsa.gov

Preoperative assessment must include the current respiratory status
of the patient and this will frequently demonstrate a patient with
end-stage pulmonary disease, sitting up to breathe, and with continual supplemental oxygen. A review of the haemodynamic data
is also paramount to understand the degree of pulmonary hypertension that exists before isolation of one lung. Most centres will
plan to stay off cardiopulmonary bypass for the transplant procedure but pulmonary hypertension may lead to RV dysfunction
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Figure 67.6 Total adult lung transplants.
Data from 2011 Annual Report of the U.S. Organ Procurement and Transplantation Network and the Scientific Registry of Transplant Recipients; http://optn.transplant.hrsa.gov
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Figure 67.7 Graft failure and patient death among adult lung transplant recipients.
Data from 2011 Annual Report of the U.S. Organ Procurement and Transplantation Network and the Scientific Registry of Transplant Recipients; http://optn.transplant.hrsa.gov

intraoperatively so these patients are often electively placed on cardiopulmonary bypass from the start.
Induction of anaesthesia and the onset of mechanical ventilation may lead to profound hypotension; therefore an intra-arterial
monitoring catheter should be placed before induction. A central
venous volume catheter and a monitoring catheter follow the placement of a double-lumen endobronchial tube with a fibreoptic bronchoscope to confirm position. A multilumen catheter allows access
for pharmacological infusions. If a pulmonary artery catheter is
placed it should be withdrawn back into the RV before clamping of
the pulmonary artery. A TOE probe allows assessment of ventricular function; especially RV function when one pulmonary artery is
clamped and ventilation may be impaired. The imaging may also
be used to review the arterial and venous anastomoses to ensure
that there is no obstruction or rotation of the vessels. Mechanical
ventilation will be adjusted according to the disease process and the
arterial blood gas analysis. Patients with chronic obstructive pulmonary disease may be vulnerable to air trapping so longer expiratory times may be necessary with occasional disconnection of the
circuit to allow adequate lung deflation, with occasional assistance
by the surgeon compressing the lung. One-lung ventilation may

cause significant shunting of blood before clamping of the pulmonary artery. If this is severe, the surgeon may be able to place a
temporary snare around the vessel and prevent the shunting. If the
pulmonary artery pressure increases and compromises the right
ventricle, pulmonary vasodilators may be helpful such as inhaled
nitric oxide or inhaled epoprostenol (Khan et al. 2009). If this intervention does not help the RV then cardiopulmonary bypass should
be instituted. Some centres will use cardiopulmonary bypass consistently while others are concerned that there will be increased
bleeding. However, outcomes are the same between groups that use
cardiopulmonary bypass routinely and those that use it selectively.
Once the pulmonary arterial and venous anastomoses are complete, the bronchial anastomosis is completed and it is aspirated
under direct vision through a fibreoptic bronchoscope to remove
any blood or mucus and also the anastomoses are inspected. The
lung is then reperfused and ventilation resumed. The allograft is
very susceptible to pulmonary oedema and protective lung ventilation strategies should be implemented. This includes low tidal volumes with increased frequency, high levels of PEEP at 10 cm H2O,
and the use of the lowest inspired oxygen concentration that will
allow adequate oxygenation. Avoidance of fluid overload is essential.
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Good postoperative analgesia is necessary to enable early tracheal extubation in selected patients. Thoracic epidural or paravertebral blocks may be very effective (Davies et al. 2006). Opioid
reduction to avoid respiratory depression by using non-steroidal
anti-inflammatory drugs and α2 agonists such as dexmedetomidine
can be very useful.
Severe postoperative graft dysfunction from reperfusion injury
is the most common cause of death in the immediate postoperative
period. Strategies to counteract this include inhaled nitric oxide
(Pasero et al. 2010), PGE1, and intravenous nitroglycerine. It has
also been treated successfully by the temporary implementation of
ECMO (Oto et al. 2004; Mason et al. 2006; Lucangelo et al. 2012).

Pancreas transplantation and islet
cell transplantation
Type 1 diabetes is an autoimmune disease in which pancreatic islet
insulin-producing cells, β cells, are selectively destroyed by autoantibodies. The scourge of diabetes may be devastating with loss of
renal function, accelerated atherosclerosis, diabetic retinopathy, and
autonomic and peripheral neuropathy, therefore pancreatic transplantation or transplantation of islet cells offers great promise. The
most successful therapy is auto-islet cell transplantation where, after
a total pancreatectomy, the islet cells are salvaged and infused via the
portal vein into the liver where they survive and produce insulin.
Immunosuppression therapy is not required. In the United States,
1500–2000 pancreas transplants are performed each year. Frequently
a combined kidney–pancreas transplant is performed, as there is
renal failure as the result of the diabetes. Pancreatic graft survival with
insulin independence is around 80% at 1 year. Survival rates have
increased as a result of improved surgical techniques, improved organ
preservation, and improved immunosuppression (Fisher et al. 2010).
The preoperative assessment includes determining the effects of
diabetes on major organ systems, including cardiovascular, renal,
and the nervous system. Ischaemic heart disease may be harder to
assess in the diabetic patient as diabetic neuropathy may prevent
the sensation of chest pain because of the autonomic dysfunction.
Therefore, non-invasive cardiac stress evaluation is required for most
recipients (Rabbat et al. 2003). More invasive testing may be indicated depending on the stress test results. Most deaths related to this
procedure are the result of cardiovascular disease. The patients may
also be at an increased aspiration risk because of diabetic-induced
gastroparesis, therefore the routine precautions should be instituted.
In patients with concomitant renal dysfunction, medications that
rely on renal excretion may be avoided. Monitoring should include
intra-arterial catheter and central venous catheter placements.
Blood glucose homeostasis should be instituted with an initial insulin infusion but as the islet cells begin to function this may need to be
reduced or stopped. Close monitoring of blood glucose is essential.
Islet cell transplantation with autotransplantation after a total
pancreatectomy has had some excellent results with the report of
insulin independence for more than 16 years (Robertson 2004).
However, allotransplants do not do as well with a reported efficacy
of only 12% of recipients being insulin independent at 1 year.
Anaesthetically, the procedure consists of managing a total pancreatectomy for which direct arterial blood pressure monitoring is
helpful, and the presence of a central venous multilumen catheter.
The resected pancreas is transferred to a laboratory where the islet
cells are recovered by enzymatic isolation and then purified and
returned to the operating room. This may take several hours. The
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prepared islet cells are then transfused via the portal vein and ‘seed’
into the liver.

Small intestine transplantation
Intestinal transplantation may replace long-term parenteral nutrition in patients with ‘short gut syndrome’. The patient and graft survival at 1 year is 81% and 73.4%, respectively (Pascher et al. 2008).
A combined liver and intestinal transplant is sometimes performed
especially in the paediatric population. The preoperative assessment includes assessing a patient who is often afflicted with chronic
pain, and very limited vascular access because of long-term parenteral nutrition. Venous mapping may need to be performed to find
access to the central venous circulation. Intraoperative monitoring
will require central venous access and intra-arterial catheter placement. There is a significant aspiration risk at induction, therefore
precautionary measures should be taken. Regional anaesthesia may
be useful in managing postoperative pain and allowing early tracheal extubation but a coagulopathy is frequently present that will
rule out a neuraxial technique. Significant blood and fluid losses
may take place, requiring careful attention to fluid resuscitation
and coagulation management. The reperfusion syndrome with this
transplant procedure may be significant, causing severe haemodynamic instability (Planinsic 2004). Maintaining normothermia
may be challenging so all appropriate measures should be taken.
Postoperative pain management requires extensive skill and experience, as this too will be complex (Lomax et al. 2011).

Extremity transplantation
Hand, forearm, and arm transplants are termed vascularized composite allografts. They consist of multiple transplanted tissues unlike
solid organ transplants. The first successful hand transplant was
reported from Lyon in 1998. Now nearly 100 upper extremity allografts have been transplanted (Lanzetta et al. 2007). The anaesthetic
management of these recipients has been described by the Pittsburgh
group as the Pittsburgh Upper Extremity Transplant Anesthesiology
Protocol (PUETAP) (Lang et al. 2012). This protocol focused on
fluid management, intraoperative monitoring, and regional anaesthesia. The protocol includes good regional analgesia by placing
ultrasound-guided supraclavicular catheters, central venous and
arterial catheters, coagulation monitoring with thromboelastography and the availability of a rapid infuser device. Adequate pain control in the postoperative period is challenging and essential.

Face transplantation
There are a few centres around the world that have successfully performed face transplants. The first face transplant was described in
2005 (Devauchelle et al. 2006) and since then fewer than 25 have
been reported. The reasons to perform this procedure include severe
burn and blast injuries, animal bites, and disfiguring diseases such
as neurofibromatosis (Edrich et al. 2012). Two major impacts on the
anaesthesia team have been reported. The first is a very prolonged
procedure—median 19 h. The second is major blood loss that occurs
after the transplanted face has been reperfused. Much of the blood
loss is hard to detect, as it is mainly occult to the anaesthesia team
as it drains into the surgical drapes and is not collected by sucker
canisters. The median blood transfusions were 20 units of packed
red cells. Most of the recipients required a tracheostomy for protection of the airway but also to facilitate surgical access to the whole
face. An armoured tracheal tube was inserted into the tracheostomy
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site so that it could be easily manipulated without kinking. Arterial
and venous access was via the femoral artery and vein to avoid the
risk of thrombosis in the neck area from the usual sites. Successful
outcomes have led to measurable improvements in depression, body
image, quality of life, and social integration (Coffman et al. 2010).

Tracheal transplantation
Resection of a severe tracheal stenosis or a trachea with a tumour
and replacing it with a tracheal transplant is a surgical and anaesthesia challenge (Delaere 2012). The trachea lacks a well-defined
blood supply so the implantation of an allograft with a microvascular reconstruction is not possible. Therefore a significant advance
in tissue engineering has taken place wherein a donor allograft trachea 10 cm in length is wrapped in the recipients forearm fascia
and after 2 months it becomes revascularized. The donor respiratory epithelium is then removed and replaced by a full-thickness
buccal mucosa graft from the recipient (Fig. 67.8). Three months
after implantation the graft is revascularized by the recipient and
can be placed in the tracheal defect. This tracheal chimera will
only need short-term or no immunosuppression (Sykes 2010). The
use of ECMO has alleviated some of the anaesthetic difficulties of
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maintaining oxygenation during the procedure and early after the
operation (Roman et al. 2013).

The anaesthetic management of
the transplanted patient undergoing
non-transplant surgery
As the number of transplanted patients increases, it is likely that many
anaesthetists will be required to manage patients that have undergone
an organ transplant and now present for additional surgery. This will
require consideration of the function of the transplanted organ, the
side-effects of immunosuppressant drugs and managing the risks of
infection, and the potential for enhanced rejection.
Nearly all the patients will be on immunosuppressant therapy.
Those taking corticosteroids will need to be covered by stress doses
of steroids until they are able to resume oral intake. Protective drug
therapy for gastrointestinal bleeding should be considered. Steroidal
side-effects may be seen and need to be managed, such as fragility
of the skin and increased infection risk. The calcineurin inhibitors
require to be kept at a therapeutic drug concentration so care needs
to be taken in the administration of the preoperative dose and consultation with the immunosuppressant therapist regarding perioperative management of the drugs (Kostopanagiotou et al. 1999).
The preoperative assessment should specifically include an evaluation of the graft function, and the side-effects of graft dysfunction
and immunosuppression therapy on major organs, especially the
kidney. Great care should be exercised not to introduce infection
into the immunosuppressed patient when inserting catheters or
tracheal tubes. Patients who have received a heart transplant may
still have an autonomic denervation and may not respond to vagolytic drugs. Lung transplant recipients may have an impaired cough
reflex below the bronchial anastomosis. Small intestine graft recipients and kidney recipients may have very limited venous access and
often require ultrasound to find an open vein.

The anaesthetic care of the living donor
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Figure 67.8 Tracheal allotransplant being revascularized in the recipient forearm.
Reproduced with permission from Delaere, P. R. Tracheal transplantation. Current Opinion
in Pulmonary Medicine, Volume 18, Issue 4, pp. 313–320, Copyright © 2012 Wolters Kluwer
Health.

The use of living donors for many transplant recipients is increasing
as it may be the only source of organ supply when religious or cultural reasons prevent cadaveric donation, or because of organ shortage: in these circumstances they offer a lifeline to a recipient. The
ethical issues raised by living donors are significant as the risks of
morbidity and mortality are not zero (Calne 2012). The first successful kidney transplant was from a living donor who was an identical
twin of the recipient (Murray et al. 1955). During the early years
of transplantation, immunosuppression strategies had not been
elucidated. Today, because the risks are relatively low, living kidney
donation is increasing and now accounts for about 40% of all kidney transplants in the United States. Most kidney donations are performed laparoscopically so that there are faster recovery times and
less pain than with open procedures (Jankovic 2008). Anaesthesia
should be routine with good intravenous access and maintenance
of perfusion pressure. The value of ‘renal dose’ dopamine has not
been substantiated and may be harmful (Marik 2002). Living donor
liver transplants are the most frequent donors in Asian countries
but form only a small percentage in the United States. The left or
right lobe of the liver may be resected for transplantation. In the
United States, the right lobe is usually used as it is the larger of the
two lobes. There are good data to suggest that keeping the central
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venous pressure low will reduce the hepatic venous volume and
thereby reduce bleeding during the resection (Lautt and Greenway
1976; Jones et al. 1998). Intra-arterial monitoring of blood pressure and central venous access with a volume catheter are helpful
in patient management as well as good postoperative analgesia to
allow tracheal extubation at the end of the procedure (Merritt 2004;
Feltracco and Ori 2010). Early postoperative coagulation dysfunction may be noted (Borromeo et al. 2000). The logistics of having
the donor surgery and recipient surgery overlapping in order to
minimize the ischaemia time will engage a significant number of
the transplant team.
Living donor lung transplantation is performed in some centres
wherein a lobe of the lung may be resected from a donor or two
lobes from two donors and implanted into a recipient. Many recipients are children as cadaveric donors are scarce. Excellent postoperative analgesia for the donor is essential so that tracheal extubation
may take place at the end of the procedure. The donor anaesthetic
management is similar to a routine lobar lung resection.

The future
The future of major organ transplantation will rest in many different approaches, including:
1. The maintenance of good function of existing organs by better
prevention of disease and better therapeutic options
2. The improved development of immunosuppression therapy to
prevent loss of transplanted organs
3. The development of immunotolerance so that immunosuppressive drugs are no longer required, resulting in great savings of
cost and morbidity
4. The development of xenotransplantation particularly in the field
of pancreatic islet cell transplantation
5. The development of more advanced devices to support failing
organs, including LVADs, RVADs, and ECMO, in addition to
even newer devices such as the total artificial heart, which is
now under clinical trial (Kobashigawa 2012)
6. Regenerative medicine: stem cells and tissue engineering will be
used to develop new organs that do not require immunosuppression therapy (Taylor 2009).
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CHAPTER 68

Anaesthesia for
day-stay surgery
Jan Jakobsson
Introduction
During the last two to three decades, there has been an increasing
interest in and adoption of day surgery. Thus, almost 60–80% of
surgery today is performed on an ambulatory basis in many countries across the world. There are several reasons for the increase
in day surgery cases: the healthcare cost constraints; decreasing
number of hospital beds; expanding developments in minimally
invasive surgery; and introduction of new drugs and perioperative
anaesthetic techniques, promoting rapid recovery and early ambulation allowing safe discharge of the patient to return home and
sleep in their own beds. These have had a major impact in promoting day surgery. The benefits of early ambulation and shortening
the time spent in hospital, thus reducing the risk of thromboembolism and hospital-acquired infections, have also contributed to the
expanding interest in day surgery.
The positive experience from day surgery, from the adoption of
a multidisciplinary commitment in order to facilitate efficient and
rapid patient turnover, has led to an increasing interest and adoption of programmes aimed at shortening the hospital stay, through
various accelerated recovery programmes. The anaesthetist and the
perioperative anaesthetic care form vital and fundamental parts of
the success of such programmes. Effective preparation and planning, including structured intraoperative care and multimodal pain
and postoperative nausea and vomiting (PONV) management, are
cornerstones of this work. The present chapter provides a guide to
the basic and general aspects of the anaesthetic perioperative care
of the day-stay surgical patient.

Patient selection, preoperative assessment,
and evaluation
Preoperative management
Previous boundaries and limitations to day surgery have been
stretched in recent years to include sicker patients undergoing not
only minor or intermediate-risk surgery but also major surgery,
and the boundaries for day surgery are likely to expand further
in the future (see Fig. 68.1). Thus, we first need to ask ourselves
whether the patient can be safely operated on a day-stay basis or
if outcome and quality of care is significantly improved through
inpatient care. A detailed preoperative assessment, in order to
identify medical conditions that potentially increase the risk for
an adverse outcome, or that have a significant impact on quality of care associated with surgery and anaesthesia, is important.

Preoperative assessment must therefore take into consideration
not only the surgical trauma but also the pathophysiological stress
associated with the planned procedure (see Fig. 68.2). In addition,
preoperative assessment should also identify anaesthetic and analgesic techniques that would be suitable, taking into consideration
the patient’s preference, and the availability of support services after
discharge, while at home.

Preoperative assessment
Preoperative assessment is often based on age, procedure, or both.
In many institutions, preoperative assessment follows a standardized pathway. A regular review and possible revision of such
Hospital stay

Anaesthesia–
recovery

Convalescence

Figure 68.1 Day surgery.

Postop pain and PONV
Duration of surgery

Procedure
Major
Intermediate

Anaesthesia
Minor

Healthy (ASA 1)

------------ Co -morbidities ASA 4
Patient

Figure 68.2 Day-stay assessment guide.
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Anaesthesia
Patient
Social circumstances
Distance from hospital

Discharge

Figure 68.3 Selection criteria for day-stay surgery must consider four variables.

routine practices needs to be done in view of the continuous expansion of day surgery. ASA class I–II patients scheduled for minor or
intermediate-risk surgery may not exhibit a substantial anaesthetic
risk when operated as day cases and routine preoperative assessment in the preoperative anaesthetic clinic may not be necessary,
thus avoiding an extra hospital visit.
The use of patient questionnaires for assessment of general health
which incorporate questions on physical activity and capacity,
smoking and substance abuse, prior anaesthetic or surgical outcome, allergies, and unfavourable experiences from medications
provides some effective screening questions that may be appropriate for most patients. These can be completed during the preoperative surgical consultation or submitted electronically using the
Internet. Many institutions rely upon surgeons to screen patients
initially in order to select those who should meet an anaesthetist
before surgery, while others have trained nurses who perform the
screening by telephone interview or via a hospital visit. Another
method that has recently been successfully tested in Finland is the
use of an Internet-based patient questionnaire as a tool to avoid
an additional hospital visit before a day surgical procedure. Each
method has its advantages and disadvantages and none can be considered to be universally applicable. The choice is often dependent
on such factors as local institutional practices, patient and procedure characteristics, preferences of the attending anaesthetist, and
the costs involved.
Selection criteria for accepting patients for day surgery need to
take several features into account. Essentially, four variables need to
be considered: the patient, the type of surgery, the planned anaesthesia technique, and plans for the extended recovery and rehabilitation in the home environment (see Fig. 68.3). In addition, the
duration of surgery is sometimes considered to be an independent
but important factor. Thus, anticipated surgical times exceeding
120 min should preclude day surgery.

The patient
Previously, extremes of age, weight, and ASA classification were the
primary determinants of whether or not to perform day surgery.
Over time, each of these has proved to be more or less irrelevant.
Age limits have never independently been shown to affect outcome
in prospective, randomized studies. Body mass index (BMI) has
also not been shown to be an independent risk factor for outcome

and, although ASA classification continues to be used as a criterion
for day surgery, it is likely that factors other than the ASA physical
status are much more important for outcomes after day surgery. For
instance, a healthy 90-year-old patient with no concomitant disease and undergoing minor surgery cannot be denied day surgery
because of age limitations. Cataract surgery is nowadays almost
exclusively performed as a day-stay procedure and, in many institutions, as office-based practice in the elderly patient. Similarly, a
patient with a BMI of 55 with no attendant co-morbidities undergoing minor surgery should not be denied day surgery on the basis
of weight. In contrast, a 30-year-old type 1 diabetic with hypertension and mild heart failure undergoing laparoscopic cholecystectomy may not be an ideal candidate for day surgery.

The type of surgery
Surgical procedures have been classified into three categories,
based on the risks involved: minor-, intermediate-and major-risk
surgery. Major-risk surgery should certainly not be performed as
day surgery, although enthusiastic surgeons have performed endovascular aortic aneurysm repair on an ambulatory basis, which
most would consider to be undesirable. Intermediate-risk surgical
procedures can be performed in a day-stay setting provided the
supporting services (nursing, home-doctor, physiotherapists, etc.)
are well developed, the patient is motivated to go home and has
the support services needed while at home, and is not living far
away from the hospital so that potential complications can be managed quickly without putting the patient at major risk. Minor-risk
surgery is ideally suited for day surgery provided the postoperative
pain is likely to be manageable using simple analgesic techniques.

The anaesthetic technique
Procedures that can be performed under sedation or local anaesthesia are almost invariably suitable for day surgery, independent of
patient-or surgical-risk factors. For instance, inguinal hernia repair
may be performed under local anaesthesia with sedation even in
patients with compromising co-morbidities. Although procedures
that may be accomplished under spinal anaesthesia may also be
acceptable in day surgery, a somewhat delayed home discharge
might be anticipated. Newer spinal anaesthetics (chloroprocaine
and articaine) with a shorter duration of action that will soon be
available may change this scenario in the future. Regional blocks,
specifically of the upper extremity, in otherwise sick patients may
be suitable for day surgery. However, general anaesthesia in sick
patients undergoing moderately invasive surgery should preferably
not be performed as day surgery as the risk for admission or readmission may be high.

The after-discharge planning
The socioeconomic situation and travel times from home to the
hospital are aspects that need to be taken into consideration when
planning day-stay surgery. There are several examples of successful
implementation of extensive surgical procedures in dedicated centres. This is certainly possible for experienced teams working in a
specifically designed and organized unit but it cannot be universally
recommended. There are no randomized trials that have compared
alternative standardized clinical pathways for patients undergoing
intermediate risk surgery and no such trials are likely in the future.
However, experience from accelerated rehabilitation programmes
that encourage early home discharge has been positive. Therefore,
a proper benefit vs risk assessment should be made in each case

1179

chapter 68

and the merits of inpatient management weighed against home discharge the same day. Nonetheless, day surgery should not put the
patient at any risk. Day-stay anaesthesia and surgery should provide an adequate, safe, and cost-effective alternative to traditional
in-hospital care.
In summary, each patient has to be considered individually
and the balance and interactions between surgical procedure, the
patient’s functional capacity, planned anaesthesia, and the management of pain, PONV, and all other aspects of the more extended
recovery/rehabilitation process should influence whether surgery
should be performed on a day-care basis. It is important to know
that there are no strict criteria as to which patients are suitable for
day surgery but patients unsuitable for day surgery can often be
identified. Local practices, the level of experience of personnel,
patient motivation, and bed availability all interact in deciding the
best management for each patient. Whatever the decision made, in
each establishment, implementation of day surgery should never
put patients at any but minimal added risk.

Preoperative investigations
Whether day surgical patients should be exposed to investigations based on predefined criteria or not has been much debated.
Essentially, investigations should be performed in day surgical
patients if they are needed or would change patient management
and should follow the same basic principles as for in-patients.
Chung et al. (2009) published a study to elucidate the value of routine preoperative laboratory testing and found that routine testing did not have any significant or clinically meaningful impact
on outcome. The question of routine ECG in elderly patients has
also been addressed in several studies. The consensus of opinion
seems to suggest that routine ECG does not lead to improved outcome in day surgical (or indeed any) patients and that testing, both
laboratory and cardiac, should be performed only if it may change
patient management. Thus, a patient with ischaemic heart disease
should have an ECG performed before day surgery while a diabetic
patient should have a blood glucose checked before induction of
anaesthesia.

Preoperative information
Verbal information given by the surgeon and anaesthetist is mandatory. Informed consent about the surgical procedure, acceptance of
short stay schedule, and the type of anaesthesia is strongly recommended, although not obligatory, in most countries. Furthermore,
information about the time schedule, preoperative preparations,
and aspects of postoperative care, wound care and hygiene, mobilization, and limitations in activities of daily living should be provided to all patients. Information should preferably be both verbal
and written: nurses may easily provide many aspects of this. Other
cost-effective strategies for optimal information may include brochures, video-tapes, Internet-based resources, and other interactive
media. Information should not be limited to surgical intervention
but also include aspects of anaesthesia and postoperative care and
convalescence, pain management at home, and ways to improve
mobilization and early return to work. Information about take-
home analgesics should preferably be provided, or patients should
be encouraged to buy these medicines preoperatively in order that
that they are available on returning home from the hospital. Finally,
information about preoperative medications, personal hygiene,
and when to stop eating, smoking, and drinking are important and
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help in allaying anxiety, improving patient outcome, and promoting good clinical practice. Elective day-stay patients with no risk
factors for delayed gastric emptying should be encouraged to take
clear fluids up to 2 h before anaesthesia, thus reducing preoperative
fluid restriction and perioperative fluid replacement.
Patients on regular medications should be provided with explicit
and detailed information about what to do on the morning of surgery with regard to regular medication. In general, regular medications to control cardiovascular disease should be continued, with
the possible exception of angiotensin-converting enzyme inhibitors
for hypertension. Other non-essential drugs that could be omitted
on the morning of day surgery include digoxin for atrial fibrillation,
thyroxine for hypothyroidism, and oral antidiabetics. Although
local hospital practices should guide therapy, interrupting these
medications for a short period of time does not appear to cause
harm. Most institutions currently allow continuation of low-dose
aspirin, while oral anticoagulation therapy may be interrupted,
depending on its indication, and on an individual basis, taking into
account the type of surgery, the risk of bleeding, and the risk of
thromboembolic complications.
Type 2 diabetic patients should be accepted for day surgery if
the diabetes is stable and well controlled. Co-morbidities in these
patients must be optimally controlled before surgery. The management of patients with diabetes mellitus should follow general
guidelines (see Chapter 79).

Premedication
Anxiolytic premedication is not commonly needed in day-stay
anaesthesia. Patients should be well informed and waiting time
minimized. The preoperative holding area should be comfortable
and relaxing and patients should have the opportunity if they wish
to read, watch TV, listen to music, and even have access to the
Internet. Children should have the option of watching films while
waiting for their operation. These multimedia possibilities help to
divert attention and thereby reduce anxiety in the holding area.
A patient beeper or mobile contact may allow those who wish to
relax outside the hospital atmosphere to do so with the possibility of coming to the day-care centre only shortly before surgery.
However, clear instructions on when to eat and drink have to be
given if the patient is not in the day centre. In certain anxious
patients and specifically when waiting times may be long, administration of an anxiolytic preoperative medication may be appropriate. Benzodiazepines have been the drugs of choice in this situation
and intravenous midazolam 1–2 mg in an adult is usually adequate.
Clonidine has also been used, specifically in children, and has the
benefit of having both anxiolytic and postoperative analgesic effects.
Doses of about 4 μg kg−1 orally may be administered but the time to
onset can be up to 1 h. Topical anaesthesia with a local anaesthetic
cream should be applied in children and even adult patients who
have a fear of needles.
It has become increasingly popular to administer peripheral analgesics such as non-steroidal anti-inflammatory drugs (NSAIDs)
and paracetamol orally preoperatively as premedication in order to
have analgesic effects perioperatively and thus reduce postoperative
pain. This has become a standard of care in day-stay surgery for
preventive analgesia. Administration of a cyclooxygenase (COX)-2
inhibitor such as etoricoxib has been shown to be effective and does
not cause increased bleeding. However, if the surgeon is concerned
about the potential impact of bleeding on surgical outcome, such as
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during plastic surgery, parecoxib, which has a short time to onset
of action, may be an option and can be given intravenously at the
end of surgery. The potential concerns about cardiovascular complications associated with the prolonged use of NSAIDs and selective COX-2 inhibitors (‘coxibs’) are well known. However, the risks
associated with their short postoperative use seem low. Naproxen
has been shown to be associated with the lowest risk, and can be
recommended as the drug of first choice in patients at risk of cardiovascular complications.

Preoperative fasting
Patients undergoing day surgery should follow the same guidelines for preoperative fasting as in-patients. Prolonged fasting and
withholding of fluids should be avoided. Whether administration
of preoperative nutritional drinks has any major impact on outcome in day surgery has not yet been established. In consideration
of the risk of fluid deprivation from prolonged fasting, maintaining fluid homeostasis by oral intake of clear fluids up to 2 h before
anaesthesia should be encouraged in all patients who are not at
risk. Similarly, early fluid intake during recovery should also be
encouraged.

should be administered pre-or intraoperatively in order to have
a good effect at the time of awakening. This helps to shorten postoperative recovery. Multimodal pain management (see Fig. 68.4)
has become a standard of care in day surgery. This necessitates the
administration of several analgesics with different mechanisms of
action in order to reduce postoperative pain. Whenever feasible,
the surgical field should be infiltrated with local anaesthetic before
or at the end of surgery. Administration of local anaesthetic before
surgery reduces the noxious afferent impulses and has benefits both
intra-and postoperatively. The use of a peripheral nerve block may
be an option and offers similar benefits, providing good intraoperative analgesia and reducing postoperative pain. However, patients
should be explicitly instructed to proactively take oral pain medication during the recovery period and up to 24–48 h after the operation in order to avoid breakthrough pain, which commonly occurs
when the residual effects of local anaesthetic wear off.
General or regional anaesthesia and intravenous or inhalation
anaesthesia all have benefits and side-effects. It would be impossible to describe all of the advantages and disadvantages of each technique in this short chapter. However, the salient features of these
techniques in relation to day surgery are outlined in the following
sections (see Fig. 68.5).

Anaesthetic practice

General anaesthesia

Preparation for induction of anaesthesia

This is still the commonest technique for day-stay surgery. The
advantage of rapid induction and easy maintenance of anaesthesia means that the operating lists can easily be managed without
inconvenience for patient or surgeons. The disadvantage of general
anaesthesia is that early recovery from anaesthesia can sometimes
be delayed as a result of residual effects of general anaesthetics and
intermediate recovery sometimes delayed because of pain, dizziness, and PONV, leading to loss of efficiency in a busy unit.

Establishment of intravenous access in the preoperative preparation area may facilitate logistics and patient turnover. Inhalation
of nitrous oxide in oxygen by mask for 1–2 min makes intravenous
access more comfortable in children and may also be an option in
adults with needle phobias.
After intravenous access, a small dose of midazolam (1–2 mg) or
propofol (10–30 mg) may be an option in order to reduce anxiety.
The latter may be repeated during preparation of the patient in the
operating theatre, which is usually appreciated by the patient.

Anaesthesia
There are many anaesthetic techniques that can be safely and effectively used for day-stay surgery (Kumar et al. 2014). However,
the main principle should be to use drugs with a short duration
of action in order that recovery is rapid. Postoperative analgesics

Propofol
Propofol is the drug of choice for day-stay anaesthetic induction.
Inhalation anaesthetic induction is an option in children and adults
with needle phobia. Thiopental (thiopentone) may also be used for
induction of anaesthesia.
Maintenance of anaesthesia may be achieved effectively and safely
with both inhaled anaesthetics and intravenous drugs. The choice
is based on the experience of the anaesthetist and the anaesthesia

Intensity

Opioid

anaesthetics/block
Local anaesthetics/b
b
Anaesthesia
Non-opioid-acting analgesics

Time……..
Figure 68.4 Multimodal approach for use in day surgery.
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Inhaled anaesthesia

Intravenous anaesthesia

Local anaesthesia/
blocks
MAC sedation

Desflurane

Sevoflurane
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+ Nitrous oxide

+ Nitrous oxide
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±
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Alfentanil
Remifentanil

Figure 68.5 Anaesthesia for day surgery.

team. It is often more important as to how the drugs are used than
what drugs are chosen for maintenance of general anaesthesia. Thus,
knowing the pharmacokinetics of the drugs used and maintaining a
close cooperation with the surgeon ensures that a vaporizer or infusions can be turned off well ahead of the end of surgery thus ensuring quick and smooth recovery. Similarly, analgesics and antiemetics
can be given well before the end of surgery so they are acting when
the patient is awakening from anaesthesia.

and coughing is a potentially significant problem. Small doses of
short-acting opioids have been shown to effectively reduce airway
irritation. The increase in heart rate and blood pressure that may
be seen in conjunction with rapid increases in the inhaled concentration of desflurane can also be suppressed by the use of opioids.
The rapid emergence from desflurane anaesthesia may have clinical
advantages in obese and in elderly patients undergoing day surgery,
ensuring rapid elimination and emergence.

Propofol-based total intravenous anaesthesia

Nitrous oxide

This is a safe and effective technique. Target-controlled propofol
infusion has improved drug delivery and, using different pharmacokinetic models programmed into infusion pumps, ensures
correct and adequate propofol delivery in conjunction with total
intravenous anaesthesia (TIVA) for day surgery. The target concentration of propofol must be individualized but target values
between 3 and 8 µg ml−1 may be safely used, depending on which
agents are used in conjunction with propofol. There are also pumps
with algorithms for effect site concentration dosing which further
enhance fine tuning of administration.
As an alternative to propofol for maintenance of anaesthesia, the
inhaled anaesthetics desflurane and sevoflurane have gained huge
popularity for use in day surgery.

Nitrous oxide may be used as a component of inhalation anaesthesia. The favourable pharmacokinetic and -dynamic properties
of nitrous oxide, including low blood:gas solubility, combined
with the minimal effects on cardiovascular and respiratory functions have promoted its use in day surgery. It facilitates the ability
to maintain spontaneous breathing and shortens emergence. The
effect of nitrous oxide on the occurrence of PONV is important and
nitrous oxide should be avoided in patients at a high risk for PONV
and in procedures lasting for more than 1 h.

Opioids during general anaesthesia

Sevoflurane has several advantages and has therefore become a
very popular anaesthetic. Its low propensity for airway irritation
makes it a popular option for induction of anaesthesia in children
and even adults who are afraid of needles. Sevoflurane has the additional advantage that it has only mild effects on the heart rate and
blood pressure, and adequate spontaneous respiration is usually
maintained when sevoflurane is used as the sole agent.

Opioids during general anaesthesia are commonly used in order to
reduce the concentration of inhalation or intravenous anaesthetics and thereby reduce side-effects and facilitate emergence from
these anaesthetics. In addition, they prevent the stress response by
reducing perioperative pain. A low dose of any of the fast-acting
opioid analgesics may be used and the lowest effective dose should
be sought. In the spontaneously breathing patient, monitoring of
the respiratory rate and end-tidal CO2 and in all patients, the heart
rate and blood pressure help in dose titration during the intraoperative period.

Desflurane

Remifentanil infusion

Desflurane is another potent halogenated inhaled anaesthetic with
the advantage of a low blood:gas solubility and therefore, both
induction and recovery are faster compared with sevoflurane and
isoflurane. However, desflurane is known to cause airway irritation and when used as a sole agent, the risk of airway irritability

Remifentanil infusion has gained increasing popularity, specifically during TIVA. The combination of remifentanil with propofol and sometimes with sevoflurane or desflurane is efficacious
and enhances early recovery. Thus, remifentanil infusion titrated
to effect site concentration between 3 and 8 ng ml−1, reduces the

Sevoflurane
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dose of propofol or inhaled anaesthetic considerably. However, it is
important to give adequate doses of other analgesics before awakening as hyperalgesia after remifentanil can otherwise become difficult to treat in the recovery ward. Respiratory depression is also
common when using remifentanil and therefore the option for controlled ventilation during anaesthesia should be available. Finally,
opioids are an important cause of PONV and therefore shorter-
acting opioids should be used, combined with antiemetics given
prophylactically.

The airway during general anaesthesia
The airway must be safely secured whenever general anaesthesia is
administered. The laryngeal mask airway (LMA) and similar supraglottic devices have led to an important change in the management
of the airway and have become part of the routine management
of day surgical procedures under general anaesthesia, reducing
the need for neuromuscular blockade, laryngoscopy, and tracheal
intubation.

Laryngeal mask airway
The LMA is still used during laparoscopic surgery by some practitioners for selected patients and has also become an acceptable alternative for shorter procedures with the patient in the lateral or even
prone position. Some LMA devices have reduced the risk of unanticipated gastro-oesophageal reflux, allowing gastric contents to drain
away from the glottis thereby avoiding aspiration of gastric contents.
The use of the supraglottic airway allows spontaneous respiration or
pressure-assisted ventilation during anaesthesia. There are several
supraglottic devices that have gained widespread use for day-stay
anaesthesia and local practices and personal choice should dictate
the type of device used as differences between them are minor.

Perioperative monitoring
Monitoring of patients undergoing day surgery should follow the
same international standards as for those undergoing in-patient
surgery. The underlying disease should determine the level of monitoring in an individual patient rather than the surgical setting. In
general, pulse oximetry, non-invasive blood pressure monitoring,
ECG, and anaesthetic gas monitoring are basic requirements during day surgical procedures performed under general anaesthesia.
In addition, the use of a depth of anaesthesia monitor has been
shown to reduce anaesthetic consumption and increase fast tracking (see later) when used in day surgery. The use of these monitors
may also have an impact on quality of recovery, promoting a rapid
emergence, lowering the occurrence of PONV and the risk for cognitive impairment after day surgery.

Regional anaesthesia
With the increasing availability of ultrasound devices to better
visualize peripheral nerves, both upper and lower extremity surgery may be performed using regional blocks. The use of regional
anaesthesia has major advantages for the patient as the side-effects
of general anaesthesia are avoided and postoperative pain relief can
be prolonged, specifically when catheters are left in situ. Low-dose
spinal anaesthesia may be used during lower abdominal surgery
and hernia repair. The major disadvantages of regional anaesthesia
are that ultrasound devices are expensive and require considerable
training before a high success rate can be achieved. Block failures
occur even in expert hands.

Upper extremity surgery
Regional anaesthesia techniques that are commonly used for upper
extremity surgery include brachial plexus block, ulnar nerve block,
median nerve block, and digital nerve block (see Chapter 54).
Long-acting local anaesthesia may be combined with adjuvant
drugs in order to prolong analgesia postoperatively. Several drugs
have been shown to prolong the analgesic effects: buprenorphine,
clonidine, dexamethasone, magnesium, and dexmedetomidine.
Their use for perineural injection is still, however, off-label and
benefit vs risk must be considered. The more distal the block, the
less the likelihood of residual motor block and the easier it is to discharge patients home early. However, patients may be discharged
home even with residual motor block but clear instructions need
to be given in order to avoid injuries. In addition, oral analgesic
supplementation needs to be provided as severe pain can be experienced when the residual sensory block wears off.

Lower extremity surgery
Although almost all procedures on the lower extremity are amenable to spinal anaesthesia, many anaesthetists prefer peripheral nerve
blocks of the lower extremity because these have the major advantage of being side specific and, when effective, allow specific regions
of the lower extremity to be blocked rather than the entire extremity, which can be considered by many patients to be distressing.
Common blocks of the lower extremity used in day surgery include
femoral, sciatic, and popliteal nerve blocks (see Chapter 55).
The use of ultrasound increases block success rate and lowers the
volume of local anaesthetic injected and has become increasingly
popular during regional anaesthesia and analgesia.

Selective spinal anaesthesia
Selective spinal anaesthesia can be achieved by the administration of a low dose of bupivacaine and fentanyl/sufentanil mixture
injected slowly in a lateral position and allowing the patient to
remain in this position for 10–15 min so that the block remains
preferentially one-sided. It has been shown to provide rapid onset,
effective anaesthesia and analgesia, and is associated with a relatively quick recovery and only minor side-effects. Doses of 4–8 mg
of bupivacaine mixed with 5–15 µg of fentanyl or an equivalent
dose of sufentanil have been successfully administered for arthroscopic procedures of the knee and for open inguinal hernia repair.

Local anaesthesia
Local anaesthetics can be used alone for perioperative anaesthesia
and analgesia and many procedures in day surgery are performed
using local anaesthetic infiltration only. Not only is this cost-
effective, but it allows rapid recovery and home discharge, which is
appreciated by both patients and healthcare givers. Specifically, procedures commonly performed using local anaesthetic alone include
plastic and aesthetic surgery, hand and arthroscopic surgery, eye
surgery, and minor general surgery. When feasible, peripheral or
central blocks using local anaesthetic alone or in combination with
adjuvants to facilitate the block and analgesic duration should be
considered in the day-stay setting.
Infiltration of local anaesthetic into the wound before incision is
strongly recommended but when this is not possible, local anaesthetic infiltration should be done at the end of the procedure in
order to prolong postoperative analgesia. Administration of long-
acting local anaesthetics in the wound and the surgical field can
reduce postoperative pain and the need for early postoperative
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opioid analgesics. The combination of local anaesthesia, paracetamol, and NSAIDs or COX-2 inhibitors administered preoperatively
should constitute the basis of postoperative pain management. The
potential risks associated with NSAIDs/COX-2 inhibitors are well
known but the risk associated with their short-term use after ambulatory surgery is probably low.
The use of wound catheters and intermittent injection of local
anaesthetic for postoperative pain management is becoming
increasingly popular. Catheters placed subfascially may reduce pain
and the use of rescue analgesics. However, their efficacy has been
questioned and, except in special situations, their routine use is not
recommended. Large-volume, local infiltration of local anaesthetic
into different tissue planes during surgery has been found to be
efficacious, specifically during orthopaedic surgery, but attention to
the technique used is required for a high success rate.

Postoperative recovery
In day surgery, three phases of recovery have been described: early,
intermediate, and late recovery. These phases are characterized by
specific end-points and are commonly assessed using well-defined
protocols. Fulfilling recovery criteria is an important part of the
decision to change the level of care such as during fast-tracking
or home-discharge. No easy and objective methods are currently
available to assess street fitness or fitness to drive and return to
work, which remain poorly explored and very subjective.

Early recovery
Several end-points are used to assess early recovery including time
to opening eyes, obeying commands, and full orientation. Mostly,
these end-points are achieved in the operating theatre and within
minutes after the end of the anaesthetic. Therefore, using modern
anaesthetic agents, almost all patients are able to retain a free airway, are oriented, and have protective reflexes when they leave the
operating theatre. Early recovery, however, continues into the post-
anaesthesia care unit (PACU) and ends when stable vital signs are
achieved and patients have only mild pain and minimal nausea or
vomiting. They can then be transferred into the step-down unit
where intermediate recovery can be followed up. In the last decade,
the concept of ‘fast-tracking’ has been introduced, which means
that patients can bypass the early phase of recovery if they fulfil
all the above-mentioned criteria and move into a step-down unit.
This can be achieved through the use of very short-acting drugs
and is believed to reduce costs by moving patients rapidly from the
operating theatre to the step-down unit. It is, however, important
that early recovery is not initiated in the operating theatre in order
to fast-track patients as operating theatre occupancy is much more
expensive than early recovery in the PACU.

Intermediate recovery
This is characterized by continued stable vital signs, mild pain, and
return of functional status to preoperative levels. Thus, the patient
should be mobilized without any evidence of deterioration in vital
signs and be able to walk independently, with no or minimal assistance (non-lower limb surgery), eat and drink without vomiting,
and pass urine without the need for catheterization. This last criterion is especially important after spinal anaesthesia, in elderly men,
and in patients living far away from a hospital but is otherwise not
necessary for discharge home. When there is concern about the
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possibility of urinary retention, an ultrasound scan of the bladder is useful. Intermediate recovery ends when the patients have
achieved a score on the Post-Anaesthesia Discharge Scoring System
(PADSS), which is considered satisfactory for home readiness.
Shorter, user-friendly versions of this scoring system are described
but have not been documented to provide similar results.

Late recovery
This is the time from discharge from the PACU to the time when
the patient returns to work or full normal function. This process can
take anything from 1 day up to 6 weeks, or even longer depending
on the type of surgery and possible complications. Patients should
be given goal-oriented skills that need to be achieved in order to
accelerate this process otherwise there is a risk that late recovery
can be prolonged. Patients should be advised not to drink alcohol or
drive during the first 24 h after the anaesthetic and longer if motor
or cognitive skills have not returned to normal. Unfortunately, this
area is poorly researched and information is mostly obtained from
questionnaires on subjective well-being and not objective measures
of recovery. Driving skills have been tested in several studies under
very controlled circumstances and mostly in simulator situations.
Therefore, these tests, although objective, cannot be applied to individual patients. Follow-up should be done over a few weeks, if not
months, and recent studies have focussed on this important area,
albeit using questionnaire techniques.
There are several multi-dimensional scales for assessment of
recovery. The Quality of Recovery Scale and Postoperative Quality
of Recovery Scale (PQRS) (Bowyer et al. 2014) assess recovery in
multiple domains, including physiological, nociceptive, emotive,
activities of daily living, cognition, and patient satisfaction. They
address recovery over time and compare individual patient data
with baseline, thus describing resumption of capacities, and are
acceptable methods for detailing individual patient recovery. They
include follow-up until 7 days after surgery and can also be used for
a more remote follow-up.

Postoperative pain management
Adequate management of postoperative pain is one of many important aspects of good day surgical practice. Procedure-specific and
structured plans should be adopted. Pain management should start
preoperatively as pain is inevitable after surgery, if inadequately
managed. Several approaches have been used in the management of
pain including preventive, proactive, and multimodal approaches.
Preventive analgesia implies the use of analgesics pre-or peroperatively in order to reduce the likelihood of development of postoperative pain (see Fig. 68.6). Proactive management means that pain
should be anticipated, treatment initiated, and analgesics taken
regularly in the presence or absence of postoperative pain as pain is
more difficult to treat than prevent. A multimodal approach means
that several drugs with different mechanisms of action need to be
used to prevent or treat pain as one drug in larger doses would inevitably lead to side-effects and poor pain control. Patients should be
informed about how to manage post-discharge pain at home and
also be given clear and explicit written instructions including how
and when to take prescribed basic pain medication and the use of
rescue analgesics in case of insufficient analgesia from this base
medication.
The concept of multimodal or balanced analgesia has become
a standard of care. Combining local anaesthetics and non-opiate
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Long-acting
local anaesthesia
at wound closure
Anaesthesia

Fentanyl or similar
at induction

basis. This technique requires proper education and training of the
entire day-stay team, and adequate information given to patients on
how to manage the use of analgesic pumps at home after discharge.
They appear to have some analgesic effects in certain types of surgery and are a good option when more invasive methods cannot be
used. However, the results show a weak analgesic effect and, when
possible, other methods should be used in the first instance.

Oral analgesics

Local anaesthesia
before incision

Figure 68.6 Preventive pain management.

Opioids
Intravenous
Oral

NSAIDs/coxibs

Paracetamol
Intravenous
Oral

Figure 68.7 Preventive pain management in day surgery.

analgesics including paracetamol and NSAIDs provides superior
analgesia than one drug alone. The lowest effective dose of all drugs
should be used for the management of pain after day surgery (see
Fig. 68.7).

Local anaesthesia
Local anaesthetics have been used routinely in the wound as a
single injection, which is effective but has a short duration. Many
patients may not experience postoperative pain until they arrive
home when the effect of the local anaesthetic has worn off. This
could be a problem unless proactive pain management with other
analgesics is started early. Newer techniques whereby local anaesthetic is injected into different tissue planes during surgery may
further improve pain management postoperatively in the future.

Regional analgesia
Regional analgesia with or without a catheter has been used successfully for many decades. Recently, the use of ultrasound techniques
has made regional anaesthesia popular. However, it requires experience and training to achieve a high success rate and is sometimes
time-consuming, which could be a problem in a busy ambulatory
surgical practice. Technical difficulties in nerve identification, specifically in the obese, could also be a problem.

Catheter techniques
Catheter techniques for continuous administration of local anaesthetics in the wound have been used successfully and safely in
conjunction with more extensive surgery performed on a day-stay

Paracetamol
Paracetamol is commonly administered preoperatively and many
hospitals in Sweden use a loading dose of 20–30 mg kg−1 orally.
When oral intake is not an option, intravenous paracetamol at the
end of the procedure ensures adequate plasma concentration at
awakening and some hours postoperatively. Because of the relatively few side-effects in otherwise healthy patients, and the of
ease of administration, a standard prescription of 1 g of paracetamol four times daily is recommended as basic pain medication in
adult patients. In children, the total dose of paracetamol should not
exceed 80–100 mg kg−1 day−1.
NSAIDs and COX-2 inhibitors
NSAIDs and COX-2 inhibitors have also been shown to be efficacious and reduce the need for opiate analgesics thus minimizing
opiate-induced side-effects, and improving and accelerating recovery. As the analgesic properties are similar to NSAIDs, the benefit
of COX-2 inhibitors which have a lower risk for gastrointestinal
side-effects and with minimal effects on platelet function must be
weighed against their somewhat higher cost. However, caution
must be taken when using NSAIDs in patients with ischaemic heart
disease, hypertension, or renal impairment, and the benefit vs risk
of these drugs must be weighed in each patient. The potential risk
for negative effects on the healing process, specifically in orthopaedic surgery, has been a matter of debate and the data are still insufficient to make any general recommendation. The short-term use
of NSAIDs or COX-2 inhibitors in post-surgical patients without
other risk factors for impaired healing such as diabetes, concomitant steroid medication, or excessive smoking is unlikely to have
long-term effects. A standard dose of ibuprofen 400 mg three times
daily has been shown to be an effective basal pain medication after
day-stay surgery. Other NSAIDs may be chosen, depending on
availability and local practices. If surgeons are concerned about the
risk of bleeding when using NSAIDs, celecoxib 200 mg twice daily
is an option and this also reduces the risk of gastric irritation in
patients prone to it. Combining paracetamol and a NSAID/COX-2
inhibitor during the early postoperative course has been shown to
be effective. The potential risk for cardiovascular side-effects associated with the prolonged use of COX-2 inhibitors and NSAIDs
are clearly recognized. Naproxen is the NSAID associated with the
lowest risk, and should thus be the first-line choice.

Level I pain management
Paracetamol alone or in combination with a NSAID/COX-2 inhibitor is considered to be level I pain management in a ‘pain ladder’
approach recommended by the World Health Organization.

Level II pain management
Weak opioids such as codeine or tramadol should be considered
after procedures with expected moderate postoperative pain.
Codeine is considered a pro-drug as it is metabolized in vivo to the
active compounds morphine and codeine-6-glucoronide. It can be
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useful as an oral supplement after moderately painful procedures,
specifically as a medication for use at home. Tramadol possesses
weak agonist actions at the µ-opioid receptor, releases serotonin,
and inhibits the reuptake of noradrenaline (norepinephrine).
Like codeine, tramadol is used to treat moderate to severe pain.
However, there is a high incidence of nausea and vomiting and
therefore some are reluctant to prescribe it for pain management
at home.

Level III pain management
This includes the classical slow-release or regular opioid tablet.
The use of oral oxycodone has also become widely accepted either
as slow-release oral oxycodone or as intravenous oxycodone for
severe postoperative pain. The potential risk for addiction when
using oxycodone at home must be considered. Clinical experience
suggests that oxycodone can be used safely when indicated.
Box 68.1 summarizes how to handle pain after discharge.
The place for other medications such as clonidine, gabapentin,
and pregabalin is not well established for routine use in day surgery.
The use of clonidine has been shown to have opiate-sparing effects
but the overall effects on enhancing rapid and safe discharge is not
equally well documented. Gabapentin and pregabalin have also
been studied in patients undergoing ambulatory surgery with some
benefit. Several studies have been published using gabapentin for
ambulatory surgery with mixed results. The benefits appear to be
small and side-effects such as tiredness and giddiness are common.
Therefore, the precise role of these drugs in routine clinical practice
during ambulatory surgery also remains unclear.
In summary, a structured strategy for the management of pain
is of utmost importance. The multimodal or balanced analgesia
approach has become the gold standard. Procedure-specific programmes should be implemented. Supportive information on pain
management is available from the Prospect Group and Bandolier
website (http://www.postoppain.org/).

Postoperative nausea and vomiting
PONV is also a common minor but annoying complication of surgery and anaesthesia and requires considerable resources in time
and money: when possible, it should be prevented. Persistent PONV
may have a major impact during day surgery, as it is a common
Box 68.1 Handling pain after discharge
◆

Level I:
–	 Paracetamol 1 g four times daily
–	 NSAID/COX-2 inhibitors:

◆

Prophylactic measures
Prophylactic measures should be taken in order to minimize the
occurrence and severity of PONV. Nausea and vomiting is one of
the most important factors determining a negative patient experience after anaesthesia. It is important that each department develops policies and protocols for the prevention of PONV as standard
therapy in all patients may not be successful. However, some common measures to reduce the incidence of PONV should be taken
and include avoiding/minimizing the use of opiates; avoiding
hypotension; use of oral fluids up to 2 h before induction of anaesthesia; and liberal perioperative fluid therapy. In addition, avoiding nitrous oxide, use of propofol for induction and maintenance
of anaesthesia, and avoiding the use of neostigmine for reversal of
neuromuscular blocking agents have all been shown to have some
impact on the risk of PONV. In patients at very high risk of PONV,
regional anaesthetic techniques that avoid general anaesthesia may
be advantageous. In addition to these measures, drugs may be used,
alone or in combination, to prevent PONV. Non-pharmacological
measures such as acupressure at the P6 point at the wrist have been
successfully used in preventing PONV. The drugs used for prevention are the same as for treatment of PONV and therefore discussed
in the following paragraphs. All drugs lead to a similar reduction
in PONV and therefore, no one drug can be considered to be better than another for preventing PONV. Local traditions, costs, and
personal choice may sometimes dictate the use of these drugs in
the individual patient. A structured risk-based stepwise approach is
recommended which has been shown effective in reducing the risk
for PONV. There is, however, still no strategy that guarantees avoiding PONV. The drugs used in the pharmacological management of
emesis should be based on their pharmacokinetic and pharmacodynamic profile, such as time to onset, duration of action, and side-
effects. Ondansetron, with a rather short duration of action, may
be best administered at the end of surgery or used for treatment of
PONV. The onset of action of corticosteroids can be up to 2 h and
therefore, these should be used for prophylaxis (not treatment) of
PONV and given early so that their effect can be evident even in the
early postoperative period.

Treatment of established PONV

• Etoricoxib 120 mg once daily

Emetic agents act through different neurotransmitters at different
receptors in the central nervous system and therefore drugs with
different mechanisms need to be used in combination in order to
block several receptors for best effect. When one drug has been
administered, a different drug with a different mechanism of action
should be chosen. Repeating the same drug for prophylaxis and
treatment of PONV may be ineffective. Drug combinations produce additive effects.
Dexamethasone and betamethasone have been shown to exhibit
antiemetic effects. The use of a single preoperative intravenous

Level II:
Level III:
–	 Classic opioid: oxycodone slow-release

◆

reason for delayed discharge and unplanned hospital admission.
Post-discharge nausea and vomiting also has a major impact on
patient satisfaction. In addition, inability or unwillingness to drink
or eat properly may also require readmission. Several risk-scoring
systems have been developed for the identification of patients at
risk of PONV and these should be used in each individual patient.
Factors identified to be associated with a high incidence of PONV
include female gender, history of PONV or motion sickness, non-
smoking status, and the need for postoperative opiates (Apfel risk
score).

• Naproxen 500 mg twice daily

–	 Codeine or tramadol
◆

anaesthesia for day-stay surgery

Rescue analgesic:
–	 Oxycodone.
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dose of dexamethasone or betamethasone 4–8 mg has become well
established in the prevention of PONV. Not only does it prevent
PONV, it has also been shown to reduce pain and the need for rescue analgesics thus having a dual function. A single preoperative
0.1 mg kg−1 intravenous dose of dexamethasone has been shown to
exhibit a dual action in preventing PONV and reducing postoperative pain. It has also been shown that a single dose of dexamethasone may improve and prolong the effects of peripheral blocks.
Droperidol (0.5–1 mg intravenous) is also efficacious and should
be administered early in order to monitor the ECG because of
a minor but significant risk for prolongation of the QT interval,
which could lead to malignant arrhythmias.
The serotonin antagonists differ somewhat in their duration of
action. Thus, ondansetron, with a rather short duration of action,
should be administered at the end of surgery in order to have prolonged postoperative effects. On the other hand, granisetron has
a longer duration of action and may thus be a good alternative in
order to cover an extended postoperative period.
Non-pharmacological management of PONV should not be
forgotten. The P6 acupressure point has been shown to be equi-
efficacious as pharmacological management without the side-
effects of these drugs.
In summary, liberal risk-adjusted PONV prophylaxis should
be administered. The use of double antiemetic prophylaxis using
steroids and droperidol is useful in the high-risk patient while the
serotonin antagonists may be reserved for treatment thus providing a cost-effective approach to the pharmacological management
of PONV. Post-discharge nausea and vomiting should not be forgotten and adequate information and provision of an oral rescue
antiemetic may be appropriate in high-risk patients (see Box 68.2).

goals. Effective planning for the management of postoperative pain
and minimizing nausea and vomiting is of outmost importance.
Multimodal pain and PONV management has become a standard
of care in day-stay anaesthesia. Day-case surgery is a multidisciplinary commitment; personnel working in day-stay surgical establishments should be dedicated, and documentation, follow-up, case
discussions, regular reviews, and audits should be undertaken in
order to help identify problems and improve quality. In any well-
functioning ambulatory surgical unit, postoperative complications
should be low, patient satisfaction high, and unanticipated hospital
admissions exceptional.

Conclusion

Declaration of interest

Effective day-stay anaesthesia practice means careful preparation,
planning, and logistics combined with a good understanding of
the pharmacology of drugs to be used. Day-stay anaesthesia can
be performed with most of the fast-and short-acting anaesthetics available, both intravenous and inhaled. Success is more a matter of how the drugs are used and combined than which drugs are
chosen. Early recovery and rapid home discharge must be planned
before the start of surgery and detailed information and education of patients provided before the operation helps achieve these

Professor Jakobsson has taken part in advisory boards for Pfizer,
MSD, Grunenthal, Abbott, Baxter, Onysis, Medipharm, and
Nycomed and has also lectured on pain and pain management. He
also has a consultant agreement with Linde Healthcare.

Box 68.2 Antiemetic strategy
◆

Female

◆

History of PONV: motion sickness

◆

Non-smoking

◆

Need for postoperative opioid

◆

Steroid:
–	 Droperidol
–	 Metoclopramide

◆

5-HT3 blocker: scopolamine

◆

TIVA: consider the need for a rescue antiemetic.

Key messages
◆
◆

◆

◆
◆

◆

◆

Day-stay surgery/anaesthesia demands proper patient selection.
Day-stay anaesthesia should be based on standardized and structured procedure-specific anaesthesia planning.
Planning for the handling of postoperative pain and protocols for
minimizing PONV are of utmost importance.
Multimodal analgesia should be used intra-and postoperatively.
Postoperative quality of care should be ensured while achieving
rapid recovery.
A patient who can walk, drink, and make an unassisted visit to
the rest room with adequate control of pain and PONV is generally considered ready for discharge.
Ready for discharge is not the same as street-fit. The latter requires
patients to have recovered fully, both physically and psychologically, and even to have returned to normal working life.
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CHAPTER 69

Anatomy, physiology,
and pharmacology
in paediatric anaesthesia
Niall Wilton, Brian J. Anderson,
and Bruno Marciniak
Introduction
We develop from a small mass of undifferentiated cells to a highly
complex organism that is the adult human. Various systems develop
and mature at different rates and these differences affect anaesthesia
care. The neonate undergoes a rapid period of growth and development continuing into the first few years of life. These anatomical,
physiological, and behavioural changes affect the child’s response
to disease, drugs, and the environment. Growth is an increase in
size while development is an increase in complexity and function.
Prenatal growth is the most important phase of development, comprising organogenesis in the first 8 weeks (embryonic growth), followed by the functional development of organ systems to full-term
gestation (fetal growth).

Growth and maturation
While rapid growth occurs particularly in the second trimester,
a major increase in weight from subcutaneous tissue and muscle
mass occurs in the third trimester. Prematurity is defined relative to gestation age with a preterm infant defined as one born
before 37 completed weeks of gestation. A term or full-term
infant is one born between 37 and 42 completed weeks of gestation. A post-term infant is one born after 42 completed weeks
of gestation.
Preterm infants are further classified according to their actual
birth weight. A low-birth-weight infant is one weighing less than
2500 g regardless of the duration of the pregnancy. A very low-
birth-weight infant weighs less than 1500 g, and an extremely
low-birth-weight infant weighs less than 1000 g. A summary of
the more significant neurological and physical signs of maturity at
birth is presented in Table 69.1.
After birth, physical growth continues at a rapid pace during
the first 6 months of extrauterine life but slows by about 2 years of
age. Physical growth accelerates a second time during the pubertal period (Fig. 69.1). A simple way to remember how rapidly the
infant grows is that birth weight doubles by 6 months of age and
triples by 1 year. Length doubles by 4 years of age. The different
organs increase in size at different rates (Fig. 69.2).

Assessment of growth is measured by changes in weight, length,
and head circumference. Percentile charts (e.g. Ogden et al. 2002;
de Onis et al. 2007) are valuable for monitoring the child’s growth
and development. Weight is a more sensitive index of well-being,
illness, or poor nutrition than length or head circumference and is
the most commonly used measurement of growth. Change in weight
reflects changes in muscle mass, adipose tissue, skeleton, and body
water and thus is a non-specific measure of growth. Measurement

Table 69.1 Neurological and external physical criteria used to assess
gestational age
Physical
examination

Preterm (<37 weeks)

Term (≥37 weeks)

Ear

Shapeless, pliable, slow recoil

Firm, well formed

Skin

Oedematous, thin skin

Thick skin, wrinkled

Sole of foot

Anterior transverse crease
only

Whole foot creased

Breast tissue

Less than 1 mm diameter

More than 5 mm diameter

Scrotum poorly developed,
faint rugae

Scrotum rugated

Testes undescended

Testes descended

Female

Large clitoris, gaping labia
majora

Labia majora developed
and cover clitoris

Limbs

Hypotonic

Tonic (flexed)

Grasp reflex

Weak grasp

Can be lifted by reflex grasp

Moro reflex

Complete but exhaustible
(>32 weeks)

Complete

Sucking reflex

Weak

Strong, synchronous with
swallowing

Genitalia
Male

This table was published in A Practice of Anesthesia for Infants and Children, Fifth Edition,
Cote C, Lerman J, Anderson BJ (eds), Copyright Elsevier 2013.
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Figure 69.1 Observed weights across the human age range with 90% prediction
intervals for females (dashed line) and males (solid line). These demonstrate
growth spurts in infancy and puberty. PMA, postmenstrual age.
Reproduced with permission from Sumpter A and Holford NHG, Predicting weight using
postmenstrual age –neonates to adults. Pediatric Anesthesia, Volume 21, pp. 309–15,
Copyright © 2011 John Wiley and Sons Ltd.
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of length provides the best indicator of skeletal growth because it is
not affected by changes in adipose tissue or water content.
Term infants may lose 5–10% of their body weight during the
first 24–72 h of life from loss of body water. Birth weight is usually regained in 7–10 days. A daily increase of 30 g is satisfactory
for the first 3 months. Thereafter, weight gain slows so that at
10–12 months of age it is 70 g each week. Plots (see the World Health
Organization charts at http://www.who.int/childgrowth/standards/en/)
should be made using corrected gestational age [also known as postmenstrual age (PMA)]. Post-conception age is taken from conception and is approximately 10 days to 2 weeks shorter, while postnatal
age (PNA) is the chronological age from birth. Growth and development continue during gestation and PNA is unsatisfactory for size
monitoring during the first 2 years of the infant’s life.
Head size reflects growth of the brain and correlates with intracranial volume and brain weight. Changing head circumference reflects
head growth and is a part of the total body growth process; it may
or may not indicate underlying involvement of the brain. An abnormally large or small head may indicate abnormal brain development,
which can be an alert to possible underlying neurological problems.
A large head may indicate a normal variation, familial features, or
a pathological condition (e.g. hydrocephalus or increased intracranial pressure), whereas a small head may indicate a normal variant,
a familial feature, or a pathological condition such as craniosynostosis or abnormal brain development. During the first year of life,
head circumference normally increases by 10 cm, and it increases by
2.5 cm in the second year. By 9 months of age, head circumference
reaches 50% of adult size, and by 2 years it is 75%.
Body composition changes with age. Total body water decreases
at the expense of the extracellular compartment, with adult proportions attained at 1 year of age. Total body water and extracellular fluid (ECF) (Friis-Hansen 1961) are increased in neonates and
reduction tends to follow PNA while the percentage of body weight
contributed by fat is 3% in a 1.5 kg premature neonate and 12% in
a term neonate. This proportion further doubles by 4–5 months of
age (Fig. 69.3). These body component changes affect volumes of
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distribution of drugs. Polar drugs such as aminoglycosides distribute rapidly into the ECF, but enter cells more slowly. The initial dose
of such drugs is consequently higher in the neonate compared with
a child or adult.
Fentanyl has an increased volume of distribution in neonates. The
volume of distribution at steady-state is 5.9 (sd 1.5) litres kg−1 in a
neonate compared with 1.6 (sd 0.3) litres kg−1 in an adult (Johnson
et al. 1984). This may contribute to the reduced degree of respiratory depression seen after doses as high as 10 mcg kg−1 in infants.
However, a higher dose results in a prolonged effect in neonates as
a result of reduced clearance. Reduction of propofol concentrations
after induction is attributable to redistribution rather than rapid
clearance. Neonates have low body fat and muscle content and so
less propofol is apportioned to these ‘deep’ compartments. Delayed
awakening occurs because central nervous system (CNS) concentration remains higher than that observed in older children as a
consequence of this reduced redistribution. This observation can
also be demonstrated with thiopental (Fig. 69.4).

Pharmacology and size
Drug clearance in children 1–2 years of age, expressed as litres
h−1 kg−1, is commonly greater than that observed in older children
and adolescents. This is consistent with metabolic processes that
are faster in small children (e.g. oxygen consumption). This is a
size effect and is not as a result of bigger livers or increased hepatic
blood flow in that subpopulation. This ‘artifact of size’ disappears
when alternate scaling is used such as body surface area (BSA)
(Mosteller 1988):
BSA(m2 ) =

height (cm) × weight (kg)
3600

(69.1)

BSA can also be described using an allometric equation with an
exponent of ⅔. Allometry is a term used to describe this non-linear
8

relationship between size and function such as metabolic rate. This
non-linear relationship is expressed as:
y = a × body mass PWR

(69.2)

where y is the variable of interest (e.g. basal metabolic rate), a is a
scaling parameter, and PWR is the allometric exponent. The value
of PWR has been the subject of much debate. Basal metabolic rate
is the commonest variable investigated and camps advocating for
a PWR value of ⅔ (i.e. BSA) are at odds with those advocating a
value of ¾. It has been demonstrated that cardiac output (Vinet
et al. 2003; Chantler et al. 2005) and oxygen consumption (West
et al. 1997) (other physiological functions related to basal metabolic rate) are better scaled with an allometric exponent closer to
¾ than with BSA.
Support for a value of ¾ comes from investigations that show the
log of basal metabolic rate plotted against the log of body weight
produces a straight line with a slope of ¾ in all species studied,
including humans (Fig. 69.5).
The ¾-power law for metabolic rates was derived from a general model that describes how essential materials are transported
through space-filled fractal networks of branching tubes (West and
Brown 2005). A great many physiological, structural, and time-
related variables scale predictably within and between species with
weight (W) exponents (PWR) of ¾, 1, and ¼ respectively. These
exponents have applicability to pharmacokinetic parameters such
as clearance (CL exponent of ¾ because this is a metabolic process
related to metabolic rate), volume (V exponent of 1), and half-time
(T½ exponent of ¼) (Anderson and Holford 2008). The factor for
size (Fsize) for total drug clearance may be expressed as:

(

Fsize = W

)

3/ 4

70

(69.3)

Remifentanil and atracurium are degraded by non-specific esterases in tissues and erythrocytes. Clearance, expressed per kilogram, is increased in younger children, likely attributable to size
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Figure 69.4 Time–concentration profiles for a premature neonate (30 weeks’
PMA) and an adult given 3 mg kg−1 of thiopental. Neonates have low body fat and
muscle content and so less thiopental is apportioned to these ‘deep’ compartments,
resulting in the higher concentrations in the first 30 min. Later concentrations are
higher in neonates because clearance is lower than in adults (shown as grey line).

Figure 69.5 A comparison of the temperature-standardized relation for whole-
organism metabolic rate as a function of body mass. The ‘allometric ¾ power
model’ fits for unicells, poikilotherms, and homeotherms, uncorrected for
temperature, are also shown.

Data from Larsson P Acta Anaesth Scand 2011; 55: 444–51. Adult parameters are from
Stanski D. Anesthesiology 1990; 72: 421–22.

From Gillooly, J. F. et al., Effects of Size and Temperature on Metabolic Rate, Science, 2001,
Volume 293, No. 5538, pp. 2248–2251, Reprinted with permission from AAAS.
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because clearance is similar when scaled to a 70 kg person using
allometry (Rigby-Jones et al. 2007). Non-specific blood esterases
that metabolize remifentanil are mature at birth (Welzing et al.
2011). Suxamethonium clearance is also increased in neonates suggesting butyrylcholinesterase activity is mature at birth and can be
described using allometry.

Maturation of drug clearance
Unlike remifentanil clearance, allometry alone is insufficient to
predict clearance in neonates and infants from adult estimates
for most drugs. The addition of a model describing maturation
is required (Holford et al. 2013). The sigmoid hyperbolic or Hill
model (Hill 1910) has been found useful for describing this maturation process (MF):
MF =

PMA Hill
Hill
TM50
+ PMA Hill

(69.4)

The TM50 describes the maturation half-time, while the Hill coefficient relates to the slope of this maturation profile. Maturation
of clearance begins before birth, suggesting that PMA would be a
better predictor of drug elimination than PNA. Figure 69.6 shows
the maturation profile for dexmedetomidine expressed as both the
standard per kilogram model and using allometry with a maturation factor. Clearance is immature in infancy. Clearance is greatest
at 2 years of age, decreasing subsequently with age. This ‘artifact of
size’ disappears with use of the allometric model.

Neurobehavioral
The nervous system is anatomically complete at birth, but functionally it remains immature with the continuation of myelination and
synaptogenesis. Myelination is usually complete by 7 years of age.
An infant’s normal mental development depends on the maturation
of the CNS.

Development of the nervous system
The brain weighs about 335 g at birth and grows rapidly in the first
year of life, doubling its size by 6 months (Fig. 69.2) and reaching its
adult size by 12 years. Brain development starts with the formation
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Figure 69.6 The clearance maturation profile of dexmedetomidine expressed
using the per kilogram model and the allometric ¾-power model. This maturation
pattern is typical of many drugs cleared by the liver or kidneys.
Data from Potts et al. Pediatr Anesth 2009; 19: 1119–29, with permission.

of the neural tube (neurulation) and forebrain (prosencephalon)
from the third week of gestation. Intensive growth and proliferation
of the brain cells then follow, during which time the cells migrate
to genetically programmed areas, gradually forming the layers and
structures of the brain. This involves processes of neurogenesis,
migration, synaptogenesis, apoptosis, and myelination that follow
a definite timeline in each region of the brain resulting in different rates of neurocognitive development (Table 69.2). Neurulation
refers to the events that result in formation of the brain and spinal cord and this occurs during days 20–23. Cells at the tip of the
neural folds are not incorporated into the neural tube but form
the neural crest, which together with some neural tube cells form
the peripheral nervous system. By 7 weeks, these cells move to
either side of the spinal cord forming the dorsal root ganglia. Neural
crest cells link the periphery and CNS via dorsal roots. Axons from
the developing motor roots join with sensory afferents distal to the
dorsal root ganglia to form spinal nerves. Spina bifida and neural
tube defects occur during this period. Prosencephalic development
then results in paired optic and olfactory structures, the cerebral
hemispheres (telencephalon), plus the thalamus and hypothalamus
(diencephalon). Finally, other midline structures such as the corpus callosum, septum pellucidum, optic chiasm, and hypothalamus are formed, and completed by about 20 weeks of gestation.
Congenital hydrocephalus probably originates during this period.
Brain growth then shifts to developing connections between the
various cell groupings.
During the remainder of the fetal period, proliferation of the brain
neurones occurs together with migration of these cells to specific
sites in the CNS. Increasing organization results in the intricate circuitry that defines the human brain and is followed by myelination.
During organization (which continues through childhood), neuronal differentiation results in the establishment of the six layers of
the cortex with the subplate neurones being particularly important.
They form an extensive dendritic network, receive synaptic inputs,
and extend axonal projections linking the cortical and subcortical
sites (synaptogenesis). Several pathways are involved in development and remodelling of the dendritic spines which involve a number of neurotransmitters [γ-aminobutyric acid (GABA), excitatory
amino acids], neuropeptides, and trophic factors. Cell death and
selective elimination of neuronal processes and synapses are an
integral part of brain development. Importantly, up to 90% of the
subplate neurones and 50% of the neurones in the cortical region
undergo programmed cell death (or apoptosis) in the final trimester. This appears to be triggered by neuronal competition for limited amounts of trophic factors and allows elimination of incorrect
Table 69.2 Major events in human brain development and peak times
of occurrence
Major developmental event

Peak time of occurrence

Primary neurulation

3–4 weeks of gestation

Prosencephalic development

2–3 months of gestation

Neuronal proliferation

3–4 months of gestation

Neuronal migration

3–5 months of gestation

Organization

5 months of gestation to years postnatally

Myelination

Birth to years postnatally
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or aberrant connections. Further organizational refinement occurs
by selective pruning of neuronal processes and synapses, which is
mediated and controlled by activation of a N-methyl-D-aspartate
mediated type of glutamate receptor. Importantly, these processes
may be altered by anaesthetic agents (see ‘The immature brain and
anaesthesia’). The most common disorders occurring throughout
this developmental process are shown in Table 69.3 Myelination

Table 69.3 Central nervous system anomalies and development
Development event

Peak time

Examples of anomalies

Primary and secondary
neurulation

3–4 weeks

Anencephaly
Encephalocoele
Myeloschisis
Myelomeningocele
Dysraphic states

Prosencephalic
development

5–6 weeks

Holoprosencephaly
Agenesis of the corpus
callosum
Septo-optic dysplasia

Neuronal proliferation
Cerebral

2–4 months

Microcephaly and
macrocephaly
Tuberous sclerosis

Cerebellar

2–10 months
postnatal

Dandy-Walker malformation

3–5 months

Schizencephaly

Cerebellar hypoplasias

Neuronal migration
Cerebral

Lissencephaly-pachygyria
Heterotopias
Cerebellar

4–10 months
postnatal

Joubert syndrome

Axon outgrowth

3 months–birth

Agenesis of the corpus
callosum

Dendritic growth and
synapse formation

6 months–1 year
postnatal

Mental retardation

Synaptic rearrangement

Birth–years
postnatal

Autism

Neuronal differential

Angelman syndrome
Down syndrome
Rett syndrome

Myelination

Birth–years
postnatal

Cerebral white matter
hypoplasia
18q syndrome
Cerebral white matter disease
of prematurity
Nutritional and metabolic
disturbances

begins in the second trimester, peaks immediately after birth but
continues into adult life. Myelination begins in the peripheral nervous system before birth and then in the CNS where, in contrast
to the peripheral nervous system, the sensory system precedes the
motor system.

Further brain development
The period between the seventh month in utero and the age of
2 years sees the greatest activity in growth and synaptic organization (Davies 2011). The rapid synaptogenesis that occurs during
this period gives rise to the whole range of human functioning,
including motor abilities, sensory capacities, cognitive skills,
emotional responses, and some pain processing. Myelination
allows faster transmission of neural impulses, a process that
increases gradually until mid adolescence. Increased processing
speed improves as pruning of the synaptic circuits plus myelination allows them to function more efficiently. As myelination
proceeds, new functions develop, for example, walking becomes
possible when nerve pathways and the spinal cord become myelinated. The brain is genetically programmed to over-produce synapses during the early growth period with synaptic production
also being influenced by use. Neurones that are frequently stimulated grow denser dendritic branches, whereas those that are
not are gradually pruned away. Synaptogenesis and myelination
occur at different rates as different brain regions with particular
functions develop. Motor reflexes and sensory abilities including
hearing and vision are fairly well developed at birth and undergo
rapid maturation during the first 6 months of life. Synaptogenesis
in the visual and auditory cortices peaks at about 3 months and
then a pruning process begins. Other areas mature over much
longer periods for example, synapses in the neocortex (which
controls high cognitive functions), continue to be over-produced,
pruned, and myelinated throughout childhood and do not attain
their final organization until late adolescence (Huttenlocher and
Dabholkar 1997).
It is during these periods of development that the brain may be
affected by environmental factors, but the impact of these is complicated as the brain also shows a great deal more plasticity during
this during this time than in later years. Because of this plasticity, risk and opportunity factors during the early years have more
influence on how the brain ultimately functions (Nowakowski and
Hayes 1999). As an opportunity example, children with early damage to the left cerebral cortex (the side of language ability), can
go on to normal language development because the brain compensates by relying on the right hemispheres (Bates et al. 2001).
A number of biological and environmental factors may compromise brain development. These include genetic disorders, exposure
to toxic substances, poor nutrition, prematurity, stress, deprivation,
and trauma. Anaesthesia and surgery may need to be added to this
list (see next section).

The immature brain and anaesthesia
Cell death can occur by two main routes—apoptotic or necrotic.
Apoptosis is used synonymously with ‘programmed cell death’; this
is an intrinsic mechanism of cell suicide. Apoptosis is important in
the developing nervous system but is also prominent in brain injury
or disease. It is an active process which leads to the progressive dismantling of cell components such as proteins and DNA. Packaging
of the cell components into apoptotic bodies then occurs, which
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are removed by phagocytic cells without any evidence of inflammation. This process is distinct from necrosis where there is disruption of cellular contents with associated inflammation (Pirianou
et al. 2011).
Anaesthetic drugs disrupt synaptogenesis and cause or accelerate apoptosis and programmed cell death of many neurones that
would have otherwise have survived and contributed to brain function (Creeley and Olney 2010). Most classes of anaesthetic drugs,
N-methyl-D-aspartate antagonists (ketamine), GABA agonists
(benzodiazepines, thiopental, and propofol), plus inhalational
agents, cause apoptotic neurodegeneration and long-term locomotor and cognitive defects in rats. These detrimental effects appear
to be age dependent with maximal effects being seen at the peak
of synaptogenesis (Jevtovic-Todorovic 2011). Similar effects are
demonstrated in subhuman primates (rhesus and macaque monkeys). Ketamine exposure produces long-lasting cognitive defects
in rhesus monkeys (Paule et al. 2011). Drug combinations appear
to be detrimental as clinically relevant doses of isoflurane and
nitrous oxide when administered together, but not alone, result
in increased cell death of both apoptotic and necrotic nature (Zou
et al. 2011). Initial work with propofol in rats has suggested that
at later stages of development (equivalent to infancy), an effect
on synaptogenesis still occurs (Briner et al. 2011). The relevance
of these animal models to human neonates and infants is contentious as our development is more prolonged and neurocognitive
development performance more complicated. It may be that the
dramatic effects observed in the 7-day-old rodent model widely
used represent effects likely to be seen in a 20–22-week-old human
fetus rather than later preterm or term neonates as was originally
thought. Furthermore, in rodents ‘environmental enrichment’ (representing nurturing, stimulation, and learning in humans) has been
shown to reverse the adverse effects on performance demonstrated
after anaesthesia (Shih et al. 2012).

Clinical studies in humans are mixed. Studies where children have
been anaesthetized for major surgery show an association between
anaesthesia for surgery and poor neurodevelopmental outcome but
this can be explained by confounding factors such as prematurity and
congenital malformation. Clinical studies in infants undergoing single exposure for inguinal hernia repair have not yet confirmed the
animal data (Hansen et al. 2011) but there is the suggestion that multiple anaesthetic exposures may result in limited neurocognitive deficits (Flick et al. 2011). Review of the published human studies to date
suggests little or no association with single brief exposures confirmed
in a recent randomized controlled clinical trial (the GAS study)
(Davidson et al. 2016). Some association, however, between repeated
exposure and poor performance on a variety of non-specific tests of
cognition and behaviour is apparent. The hazard ratio in almost all
of these studies is lower than 2, implying that bias or confounding
factors could easily account for the association (Gleich et al. 2013).

Development and behaviour
The stages of developmental behaviour are outlined in Table 69.4.
These stages may overlap and are influenced by many social factors
such as family environment, socioeconomics, and culture (Dixon
and Stein 2006). Children’s concepts and understanding of disease
follow this development and young children are likely to have misconceptions about anaesthetic and surgical procedures (Bibace and
Walsh 1980). This may increase the likelihood of anxiety and stress
in the perioperative period although children are also more amenable to distraction and storytelling at this age.
Temperament appears to be hardwired and comprises four
broad groups in infancy: ‘easy’ (40%)—regular routines, cheerful,
and adaptable; ‘difficult’ (10%)—irregular routines, slow to accept
change, and tendency to respond negatively; ‘slow to warm up’
(15%)—inactive, negative or neutral mood, and slow to adjust; and
‘mixture’ (35%) (Dixon and Stein 2006).

Table 69.4 Perspectives of human behaviour
Development stage skill areas
Age

Piaget

Language

Motor

Possible psychopathology

Birth–18 months

Sensorimotor

Body actions; crying; naming;
pointing; shared social
communication

Reflex; sitting; reaching; grasping;
walking; mouthing

Autism; colic; disorders
of attachment; feeding and
sleeping problems

18 months–3 years

Symbolic, preoperational

Sentences: unique utterances;
sharing of events

Climbing; running; jumping;
use of tools; using toilets; early
self-care

Separation issues; negativism;
fearfulness; shyness; withdrawal;
aggressiveness

3–6 years

Intuition, preoperational

Connective words; can be readily
understood; tells and follows stories;
questions

Increased coordination: tricycle;
jumping; writing

Enuresis; encopresis; anxiety,
aggressive acting, and
phobias

6–12 years

Concrete operational

Subordinate sentences: reading and
writing; language; reasoning

Increased skills: sports;
cooperative games

School phobias: obsessive
reactions; conversion reactions;
depressive equivalents; anxiety;
ADHD

12–17 years

Formal operational

Reason abstract: using language;
abstract mental manipulation

Refinement of skills

Delinquency: promiscuity;
schizophrenia; anorexia;
suicide
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Responses to separation have been identified as secure, avoidant, resistant, or disorganized. ‘Securely attached’ infants tend to
deal well with separation; ‘avoidant’ infants do not resist separation
but will avoid the parent afterwards; ‘resistantly attached infants’
cling to the parent and become distressed and angry at separation. ‘Disorganized attachment’ describes the apathetic, flat child
on separation and reunification, which suggests poor attachment
and may have long-term implications (Dixon and Stein 2006).
Consequentially, children aged 1–5 years are at greatest risk of
separation anxiety and distress in the perioperative period (Kain
et al. 1996). Emergence delirium occurs in up to 20% of children
after anaesthesia. Younger age (particularly preschoolers), anaesthesia with short-acting inhalational agents, and previous surgery
are risk factors (Voepel-Lewis et al. 2003). Negative behaviour and
temporary psychosocial regression is not uncommon after surgery,
occurring in up to 50% of children and may persist for as long as
6 months. Younger age, temperament, and parental anxiety are risk
factors (Kain et al. 1996).

The spinal cord
During the early stages of development the spinal cord extends the
entire length of the embryo, but with increasing age the vertebral column and dura lengthen more rapidly than the neural tube. At birth,
the cord (conus medullaris) ends at L3 and the dura mater ends at the
level of S3–4. It is only at the end of the first year of life that adult levels
are attained; namely L2 for the conus medullaris and S2 for the dural
and subarachnoid space (Sadler 2012) (Fig. 69.7). Delayed myelination
Spinal cord

of the spinal cord is a feature of infancy. Although myelination begins
during the fourth month of fetal life it continues throughout infancy
(Tanaka et al. 1995).

Development of nociceptive pathways
and pain expression
Neurophysiological, behavioural, and molecular nociceptive processes undergo significant changes during early development
that affect the response to noxious stimuli, injury, and analgesia.
Although peripheral nociceptive responses mature early, there is
a tendency to increased excitatory and reduced inhibitory modulation in the spinal cord during early development. Nociceptors,
which develop from the neural crest cells, have their cell body in
the dorsal root ganglion and synapse centrally in the spinal cord.
Nociceptors (both myelinated A-δ fibre axons and unmyelinated
C fibre axons) as well as A-β low pressure mechanoreceptors both
synapse in the superficial laminae of dorsal horn during the early
neonatal period providing a mechanism for central sensitization (Walke 2008). The balance between excitatory and inhibitory
neurotransmission at the dorsal horn is tipped towards enhanced
excitability during early infant development probably related to the
absence of specific afferent and descending inputs to the inhibitory
neurones (Fig. 69.8) (Fitzgerald 2005). There is clinical evidence
of lower thresholds for withdrawal reflexes, larger receptive field
size, and lack of specificity of withdrawal responses in the neonate (Walker 2008). As a result of the plasticity of the developing
nervous system, there are concerns that early, untreated, or poorly
Spinal cord
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Figure 69.7 Diagram showing the position of the caudal end of the spinal cord (conus medullaris) and dural sac relative to the spinal column at various stages of
development. (a) 24 weeks, (b) newborn, and (c) adult.
This figure was published in The Developing Human: Clinically-Oriented Embryology, Moore K et al., Copyright © Elsevier 2015.
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Fig 69.8 Schematic diagram of synaptic changes in the superficial laminae of the dorsal horn during the neonatal period, comparing the changing balance of excitation
and inhibition in the neonate and adult.
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience, Fitzgerald, M. The development of nociceptive circuits. Volume 6, Issue 7, pp. 507–520, Copyright © 2005
Nature Publishing Group.

treated pain and injury may be associated with long-term changes
in sensory function and future responses to painful stimuli and
injury. Limited clinical evidence supports this perspective (Taddio
et al. 1997a; Peters et al. 2005b).

rodents over an age range from immediate newborn to PNA
40 days have shown developmental pharmacodynamic changes
2

Central nervous system pharmacology implications
Pharmacodynamics in neonates and infants are altered. The minimal alveolar concentration (MAC) is commonly used to express
anaesthetic vapour potency. The MAC for almost all these vapours
is lower in neonates than in infancy (Lerman 1992; Warner et al.
1987; Molin and Bendhack 2004). MAC of isoflurane in preterm
neonates less than 32 weeks’ gestation was 1.28 (sd 0.17%), and
MAC in neonates 32–37 weeks’ gestation was 1.41 (sd 0.18%) (Fig. 69.9)
(LeDez and Lerman 1987). Similarly, the MAC of halothane in neonates [0.87 (sem 0.03%)] was lower than that in infants [1.20 (sem
0.06%)], while the decrease in blood pressure and the incidence of
hypotension in neonates were similar to those in infants at approximately 1 MAC of halothane (Lerman et al. 1983). MAC peaks at
1–6 months age before decreasing to adult values in adolescence
(Lerman 1992). The reason for these age differences is uncertain.
Changes in regional blood flow may influence the amount of drug
going to the brain. GABAA receptor numbers or developmental
shifts in the regulation of chloride transporters in the brain may
change with age, altering response (e.g. midazolam). Data from
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Figure 69.9 Changes in the minimum alveolar concentration (MAC) of
isoflurane with age.
Data from Stevens W et al. Anesthesiology 1975; 42: 197–200 and LeDez K et al. Anesthesiology
1987; 67: 301–7 and Cameron C et al. Anesth Analg 1984; 65: 418–20.
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for sedation that mimic those seen in human childhood (Koch
et al. 2008).
Infants have a propensity to develop bradycardia during induction with halothane. Decreased solubility (i.e. smaller volume of
distribution) and size factors (i.e. faster physiological processes)
increase speed of onset. The increased MAC (i.e. a pharmacodynamic difference) and a rate-dependent cardiac output set the scene
for a relative overdose. A lack of awareness of what constitutes
bradycardia in neonates and infants completes the recipe (Keenan
et al. 1994).

Blood–brain barrier
The blood–brain barrier (BBB) is a network of tight junctions that
restricts paracellular diffusion of compounds between blood and
brain. Confusion over the importance of this barrier in the neonate exists, partly because of early studies on respiratory depression caused by morphine and pethidine (Way et al. 1965). Early
investigations found that the respiratory depression after morphine
was greater than that after pethidine. This difference was attributed
to greater brain concentrations of morphine because of the poorly
developed BBB in the neonate (Way et al. 1965). It was postulated
that BBB permeability to water-soluble drugs such as morphine
changed with maturation (Way et al. 1965). However, the neonatal
respiratory depression observed after morphine could have been
explained by pharmacokinetic age-related changes. For example, the volume of distribution of morphine in term neonates of
1–4 days (1.3 litres kg−1) is reduced compared with that in infants
8–60 days of age (1.8 litres kg−1) and in adults (2.8 litres kg−1)
(Pokela et al. 1993). Consequently, we might expect greater initial
concentrations of morphine in neonates than in adults, resulting in
more pronounced respiratory depression in the former. Respiratory
depression, measured by carbon dioxide response curves or by
arterial oxygen tension, are similar from 2 to 570 days of age at the
same morphine blood concentration (Lynn et al. 1993). The BBB
theory in this particular circumstance lacks strong evidence. It is
more likely that the increased neonatal respiratory depression after
morphine is as a result of pharmacokinetic age-related changes.
The BBB may have effects, however, in other ways. Small molecules are thought to access fetal and neonatal brains more readily
than in adults (Engelhardt 2003). BBB function improves gradually, possibly reaching maturity by full-term age (Engelhardt 2003).
Kernicterus, for example, is more common in preterm neonates
than in full-term neonates. In contrast to drugs bound to plasma
proteins, unbound lipophilic drugs passively diffuse across the BBB,
equilibrating very quickly. This may contribute to bupivacaine’s
propensity for seizures in neonates. Decreased protein binding, as
in the neonate, results in a greater proportion of unbound drug that
is available for passive diffusion.
In addition to passive diffusion, there are specific transport
systems that mediate active transport. Pathological CNS conditions can cause BBB breakdown and alter these transport systems.
Fentanyl is actively transported across the BBB by a saturable
ATP-dependent process, while ATP-binding cassette proteins such
as P-glycoprotein actively pump out opioids such as fentanyl and
morphine (Henthorn et al. 1999). P-glycoprotein modulation significantly influences opioid brain distribution and onset time, magnitude, and duration of analgesic response (Hamabe et al. 2007).
Modulation may occur during disease processes, fever, or in the
presence of other drugs (e.g. verapamil or magnesium) (Henthorn

et al. 1999). Genetic polymorphisms that affect P-glycoprotein-
related genes may explain differences in CNS-active drug sensitivity (Choudhuri and Klaassen 2006).

Central blockade
The distance from the skin to the subarachnoid space is very small
in neonates (approximately 10 mm) and increases progressively
with age [(age in years × 2) + 10 mm]. The ligamentum flavum is
much thinner and less dense in infants and children than in adults;
this makes dural puncture more likely because the characteristic
resistance as the epidural needle enters the ligaments is softer.
Preterm and full-term infants have a much greater cerebrospinal
fluid volume relative to weight (10–14 ml kg−1) than a child (4 ml kg−1
in children <15 kg) or adult (2 mg kg−1); this may account in part for
the increased dose (mg kg−1) of local anaesthetic required in infants
to produce a successful subarachnoid block. Duration of blockade is
shorter in neonates and this may be as a result of a higher cerebrospinal fluid turnover rate than adults.
The nature of the epidural space in infants is different from adults
with increased vascularity and a smaller absorptive surface for local
anaesthetics. Anatomical studies have shown that the epidural fat is
spongy and gelatinous in appearance with distinct spaces between
individual fat globules (Bosenberg et al. 1988). With increasing age,
fat becomes more tightly packed and fibrous. The absorption half
time of epidural levobupivacaine decreased from 0.36 h at 1 month
of PNA to 0.14 at 6 months of PNA (Fig. 69.10). This, combined
with reduced clearance (the cytochrome P450, CYP3A4), caused
time to maximum plasma concentration (Tmax) to decrease from
2.2 h at 1 month of PNA to 0.75 h by 6 months of PNA (Chalkiadis
and Anderson 2006).
The spinal cord ends at the intervertebral level of L3–4 at birth and
‘recedes’ to the adult level of L1 by the age of 1 year—attributable to
a differential growth between the bony spinal column and the cord
(Fig. 69.7). Lumbar puncture for subarachnoid block in neonates
and infants should be performed at the L4–L5 or L5–S1 interspace
to avoid spinal cord injury. The vertebral laminae are poorly calcified at this age, so a midline approach is preferable to a paramedian
one where the needle is ‘walked off ’ the soft laminae. The sacrum
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Figure 69.10 Individual predicted levobupivacaine absorption half-time (Tabs),
standardized to a 70 kg person, are plotted against postnatal age (PNA). The solid
line represents the non-linear relation between Tabs and PNA. The absorption
half-time is mature at 6 months’ PNA.
Reproduced with permission from Chalkiadis, G. and Anderson, B. Age and size are the major
covariates for prediction of levobupivacaine clearance in children. Pediatric Anesthesia,
Volume 16, pp. 275–282, Copyright © 2006 John Wiley and Sons Ltd.
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is narrower and flatter in neonates than in adults, allowing a more
direct approach to the caudal canal in neonates than in adults. Dural
puncture is possible if the needle is advanced deeply in neonates.
The presence of a deep sacral dimple may be associated with spina
bifida occulta, greatly increasing the probability of dural puncture.

Peripheral nervous system
Neonates demonstrate an increased sensitivity to the effects of neuromuscular blocking drugs (NMBDs) (Fisher et al. 1982). The reason
for this sensitivity is unknown but the finding is consistent with the
observation that there is a three-fold reduction in the release of acetylcholine from the infant rat phrenic nerve compared with the adult
nerve (Meakin et al. 1992; Wareham et al. 1994). Reduced clearance
and increased sensitivity prolong the duration of neuromuscular effect.
The duration of regional block with amide local anaesthetic
agents in infants is reduced compared with older children. Onset
time and duration of blockade are reduced because the myelin
sheath does not have to be penetrated and less anaesthetic is
retained within it.

Developmental issues
Normal neonates show various primitive reflexes, which include the
Moro response and grasp reflex. Milestones of development are useful indicators of mental development and possible deviations from
normal. Children with developmental issues are delayed in many
aspects of both cognitive and motor development. Smiling, vocalization, sitting, walking, speech, and sphincter control are delayed.
When there is a delay with visual fixing and following or response
to sound, blindness and deafness may erroneously be diagnosed.
Drooling, common in young infants, is frequently prolonged for years
in neurologically delayed children. Initially, an infant with learning
disabilities appears to be inactive and may be seen as a ‘good child’.
The child later demonstrates constant and sometimes uncontrollable
over-activity. Infants born prematurely will be delayed and should be
assessed in terms of their PMA. Infants with cerebral palsy or sensory
deficits (auditory and visual) may have normal mental development,
but the disability may interfere with assessment of mental status.
Analgesic medications and delivery systems commonly used in
adults may not be possible or practicable in children or in those
with developmental delay. Preschool children are unable to use
patient-controlled analgesia devices; continuous infusion pumps
or nurse-controlled analgesic devices are used instead (McDowall,
1993). Buccal and sublingual administration in children requires
prolonged exposure to the mucosal surface. Younger children find
it difficult to comply with instructions to hold drug in their mouth
for the requisite retention time (particularly if taste is unfavourable)
and this results in more swallowed drug or drug spat out than in
adults (Karl et al. 1993). Bioavailability of an oral transmucosal fentanyl formulation was lower than adults, suggesting that many children swallowed a large fraction of the dose (Wheeler et al. 2002). If
the drug has a high first-pass effect then the lower relative bioavailability results in lower plasma concentrations (Johnson et al. 2005a;
Michel et al. 2011).

Cardiovascular system
Embryology, normal development,
and fetal circulation
The heart originates as a flat sheet of mesodermal cells that form a
linear heart tube, which starts beating at 14 days. The next phase,

looping, starts on day 21 and over the next 7 days differential
growth leads to differentiation of the left and right ventricles plus a
common atrium. During the next weeks the atria septate so that by
day 50 the septum primum has fused with the endocardial cushions
and the septum secundum partly overlaps the septum primum.
The orifice between the two septums (foramen ovale) remains patent until birth allowing oxygenated blood from the maternal circulation (placenta via inferior vena cava to right atrium) to flow
through the heart. Functional closure of the foramen ovale occurs
at birth. Over a similar time period (days 34–56) outflow tract separation occurs as the truncus arteriosus, which starts as a single
tube connected to both ventricles, rotates and divides to form the
aortic and pulmonary outflow tracts which arise from the left and
right ventricles respectively. Ventricular separation (days 38–46)
occurs simultaneously as upward growth of a thick ridge of cells
towards the endocardial cushion form the ventricular septum. This
is incomplete until later in development when the membranous
septum forms, joining the endocardial cushions to the muscular
septum (Fig. 69.11).
The fetus has a very different circulation from that seen postnatally, as the placenta rather than the lungs is the source of
oxygenated blood and both ventricles, rather than just the left ventricle, contribute to systemic blood flow: a parallel circuit arrangement. This requires two additional channels that usually close at
birth: the ductus venosus and the ductus arteriosus in addition
to the foramen ovale already mentioned. In the fetus, oxygenated
blood from the placenta flows via the umbilical vein, into the inferior vena cava and then via the ductus venosus, bypassing the liver,
to the right atrium, where the Eustachian valve directs it through
the foramen ovale to the left atrium. This is then ejected into the
aorta by the left ventricle to supply the developing fetus (predominantly head and upper body). Deoxygenated blood returns to the
right atrium, where flow from the upper body streams preferentially into the right ventricle, but as a result of the high pulmonary
vascular resistance (as the lungs are not yet expanded), it then
flows through the second channel, the ductus arteriosus, and into
the descending aorta, mixing with blood from the head and upper
body (Fig. 69.12) (Rudolph 2001).

Transitional circulation, persistent fetal circulation,
and persistent pulmonary hypertension of
the newborn
Several changes are initiated subsequent to lung expansion and
spontaneous respiration plus the sudden decrease in placental flow
at birth. This results in the fetal parallel circulation transitioning
to the adult series circulation with separate systemic and pulmonary circulations (Fig. 69.12). Lung expansion and oxygenation
decreases the pulmonary vascular resistance, allowing blood flow
to the lungs and increased filling of the left atrium. In response to
the increasing oxygen tension, the ductus arteriosus vasoconstricts
with closure occurring in the first 24 h after birth. Simultaneous
decrease in placental flow results in an increase in systemic vascular
resistance (from ligation of the umbilical arteries) and decreased
filling pressures in the portal vein and right atrium (from ligation
of the umbilical vein). The change in atrial pressures closes the foramen ovale and the decrease in portal vein flow leads to closure of
the ductus venosus. These changes comprise the transitional circulation. These changes may not be completed if adequate oxygenation is not achieved early after birth.
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Days
19

3
20

Cranial lateral plate mesoderm inititates vasculogenesis to form
lateral endocardial tubes; myocardiogenesis begins

Lateral body folding brings the endocardial tubes and surrounding
cardiogenic mesoderm together in the thoracic region

Endocardial tubes surrounded by myocardium fuse to
form the primitive heart tube, which is divided into incipient
chambers by sulci

21

Atrioventricular sulcus
Myocardium invests the endocardial heart tube and forms
cardiac jelly

22
Heart begins to beat
4
23 Heart begins to loop

Septum primum begins to form
Epicardium
forms

28 Heart looping is complete

Muscular ventricular
septum begins to form
5

Cushion tissues form

33

Conotruncal swellings
begin to form

35
6
Atrioventricular
endocardial cushions fuse
to form the atrioventricular
septum

42
7

46

Foramen secundum and foramen ovale
form as the septum primum meets
the atrioventricular septum

Muscular ventricular
septum ceases to grow

8
56

Coronary sinus is formed

9
63
10

Definitive atria and auricles are present

Semilunar and atrioventricular
valves are complete

Aortic and pulmonary outflow
tracts are fully seperated by the
fusion of the conotruncal
swellings; ventricular septation is
completed by the joining of the
conotruncal, atrioventricular and
muscular interventricular septa

Figure 69.11 Timeline of the formation of the heart.
Reproduced from Andropoulos, D. B. et al., Anaesthesia for Congenital Heart Disease, Third Edition, Copyright © John Wiley and Sons Ltd 2015. This image was originally published in Larsen's
Human Embryology, Schoenwolf, G. et al., Copyright © Elsevier 2014.

The neonate is very susceptible to conditions that trigger
an increase in pulmonary vascular resistance. Right ventricular diastolic dysfunction may promote a right-to-left shunt
through the foramen ovale and if pulmonary vascular resistance exceeds systemic vascular resistance, a right-to-l eft shunt

develops via the ductus arteriosus as well. This is called persistent fetal circulation or persistent pulmonary hypertension
of the newborn (Konduri and Kim 2009). Causes of persistent
fetal circulation are shown in Box 69.1. The ductus arteriosus
may be kept open in neonates with cyanotic heart defects by
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Figure 69.12 Transition from fetal to mature circulation showing (a) fetal circulation, (b) transitional circulation, and (c) mature circulation. Circled numbers represent %
oxygen saturation; uncircled numbers are pressure (mm Hg). DA, ductus arteriosus; PV, pulmonary vein.
Reproduced from Andropoulos DB, Stayer SA, Russel I, and Mossad EB eds, Anesthesia for Congenital Heart Disease, Second Edition, Copyright © 2009 John Wiley and Sons Ltd. Adapted from
Rudolph, A.M., Congenital Diseases of the Heart. Copyright © 2009 Abraham Rudolph.

Box 69.1 Conditions leading to persistent fetal circulation
◆
◆

◆

◆

Prematurity
Physiological and metabolic disturbances: hypoxaemia, hypercarbia, acidosis, hypothermia, sepsis, high altitude
Congenital heart disease especially cyanotic congenital heart
disease: tetralogy of Fallot, pulmonary atresia, tricuspid atresia, transposition of the great arteries
Respiratory disorders: meconium aspiration, bronchopulmonary dysplasia, diaphragmatic hernia, persistent pulmonary
hypertension of the newborn.

using prostaglandin infusions to augment pulmonary blood
flow and oxygenation.

Neonatal circulation and cardiovascular performance
Further postnatal changes occur as the pulmonary vascular bed
remodels so that pulmonary artery pressures decrease to those of
adults by about 4 weeks with resistance continuing to decrease over
the first 3 months. Congenital defects, if not diagnosed prenatally,
may become apparent during this period, particularly those that
result in a left-to-right shunt (ventricular septal defect, atrioventricular septal defect, patent ductus arteriosus, atrial septal defect).
Non-steroidal anti-inflammatory drugs (NSAIDs) may be used
during this time to close a patent ductus arteriosus.
The neonatal myocardium differs from the adult myocardium
histologically, in that it contains fewer muscle cells (poorly organized rather than in parallel) and more connective tissue; plus functionally it is more dependent on free cytosolic ionized calcium for
contractility (Nayler and Fassold 1977; Baum and Palmisano 1997).
These differences result in limited improvement of cardiac output (stroke volume) with increasing preload, greater sensitivity to
increased afterload, and decreased ionized calcium concentrations
compared with adult myocardium. Immature autonomic regulation

is also a feature of the neonate with parasympathetic tone predominating (Papp 1988). This results in a limited inotropic response to
catecholamine administration and a more marked vagal response
to stimulation such as intubation.

Further development from infancy to adulthood
Further development reflects the changing requirements of
the systemic and pulmonary circuits. As the individual grows,
both ventricles increase in size to provide the increased cardiac
output required. The left ventricle increases mass mainly by
hyperplasia of the myocytes, as it is required to work against
a higher systemic vascular resistance to sustain normal blood
pressures. The right ventricle, which has a similar myocardial
wall thickness to the left ventricle at birth, does not demonstrate
the changes seen with the left ventricle as its function adapts to
provide pulmonary blood flow at pressure approximately one-
third of systemic values.
Neonatal heart rate (110–160 beats min−1) is much higher than
adults (60–100 beats min−1) reflecting the limited compliance of
the neonatal heart and the increased cardiac output relative to per
kilogram body weight (Southall et al. 1980). Changes in heart rate
with age are shown in Table 69.5. Cardiac output decreases from

Table 69.5 Heart rate and systolic blood pressure by age
Age (years)

Heart rate (bpm)

Systolic BP (mm Hg)
50th centile

<1

110–160

80–90

1–2

100–150

85–90

2–5

95–140

90–95

5–12

80–120

100–105

>12

60–100

110–120
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300 ml min−1 kg−1 in neonates to 100 ml min−1 kg−1 in adolescence, decreasing further to 70–80 ml min−1 kg−1 by adulthood
(Samuels 2011). The relatively large cardiac output (expressed as
ml min−1 kg−1) in neonates reflects their greater metabolic rate and
oxygen consumption compared with adults. Basal metabolic rate
has been shown to increase as size decreases in all species (West
and Brown 2005).
Mean systolic blood pressure in neonates and infants increases
from 65 mm Hg in the first 12 h of life to 75 mm Hg at 4 days and
95 mm Hg at 6 weeks. Pooled data showing normal mean and systolic blood pressures for premature infants and neonates 2 weeks
after birth are shown in Figure 69.13 (Dionne et al. 2012) There is
little change in mean systolic pressure between 6 weeks and 1 year

of age; between 1 year and 6 years, there is only a slight change,
followed by a gradual increase (Horan 1987). Representative
blood pressures with age are shown in Table 69.5. More detailed
changes of blood pressure with age can be found in the Report of
the Second Task Force on Blood Pressure Control in Children –1987
(Horan 1987).
ECG changes from infancy to adolescence are as follows. The
P wave changes little with age but the PR interval increases from
0.10 s in infancy, to 0.14 s by adolescence. The duration of the QRS
complex increases with age, but prolongation greater than 0.10 s is
abnormal at any age. At birth, the QRS axis is right sided, reflecting predominant right ventricular intrauterine development. It
moves leftward during the first month as left ventricular muscle
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Figure 69.13 Changes in systolic and mean blood pressures (MBP) by gestational age measured on the first day of life.
Adapted from Pejovic, B., et al. Blood pressure in non-critically ill preterm and full-term neonates. Pediatric Nephrology, Volume 22, Issue 2, pp. 249–57, Copyright © 2006 International Pediatric
Nephrology Association. With kind permission from Springer Science and Business Media.
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hypertrophies. Thereafter, the QRS follows a gradual change away
from its right-sided axis. T waves are upright in all chest leads at
birth but within hours, they become isoelectric or inverted over
the left chest. By the seventh day, the T waves are inverted in V4R,
V1, and across to V4; from then on, the T waves remain inverted
over the right chest until adolescence, when they become upright
over the right side of the chest again. Failure of T waves to become
inverted in V4R and V1 to V4 by 7 days may be the earliest ECG
evidence of right ventricular hypertrophy (Southall et al. 1976;
Dickinson 2005).

Pharmacological aspects
Transition from the intrauterine to the extrauterine environment is
associated with major changes in blood flow. There may also be an
environmental trigger for the expression of some metabolic enzyme
activities resulting in a slight increase in maturation rate above that
predicted by PMA at birth (Allegaert et al. 2007b; Anderson and
Holford 2011). The opening or closing of a patent ductus may have
profound effects on drug delivery to metabolizing organs in preterm infants (Gal and Gilman 1993). The open ductus may cause
reduced perfusion of to the liver and kidney, influencing elimination dependent on blood flow. Reduced gut perfusion may affect
absorption. Fluid overload may increase the volume of distribution
of drugs confined to the ECF (e.g. aminoglycosides and NMBDs).
Cardiac depression by volatile agents, although less obvious with
modern agents than halothane, is greater in the neonate than adult
(Friesen et al. 2000).
The initial phase of distribution reflects the magnitude of regional
blood flow. Consequently, the brain, heart, and liver, which receive
the largest fraction of cardiac output, are first exposed. Drugs are
then redistributed to other relatively well-perfused tissues, such as
skeletal muscle. There is a much slower tertiary distribution to relatively under-perfused tissues of the body that is noted with long-
term drug infusions. In addition to perinatal circulatory changes
(e.g. ductus venosus and ductus arteriosus), there are maturational
differences in relative organ mass and regional blood flow while a
symptomatic patent ductus arteriosus may also result in differences
in distribution. Blood flow as a fraction of the cardiac output to
the kidney and brain increases with age, whereas that to the liver
decreases through the neonatal period (Bjorkman 2005). Cerebral
and hepatic mass as proportions of body weight in the infant are
much greater than in the adult (Johnson et al. 2005b) (Fig. 69.2).
While onset times are generally faster for neonates than adults
(a size effect), reduced cardiac output and cerebral perfusion in
neonates means that the expected onset time after an intravenous
induction is slower in neonates, although reduced protein binding
may counter this observation for some drugs. Offset time is also
delayed because redistribution to well-perfused and deep under-
perfused tissues is more limited.
Cardiac calcium stores in the endoplasmic reticulum are reduced
in the neonatal heart because of immaturity. Exogenous calcium
has a greater impact on contractility in this age group than in older
children or adults. Catecholamine release and response to vasoactive drugs vary with age. These pharmacodynamic differences are
based in part upon developmental changes in myocardial structure, cardiac innervation, and adrenergic receptor function. For
example, the immature myocardium has fewer contractile elements
and therefore a decreased ability to increase contractility; it also
responds poorly to standard techniques of manipulating preload

(Steinberg and Notterman 1994). Dopaminergic receptors are present in the pulmonary vasculature and are believed to be responsible for pulmonary vasoconstriction in preterm neonates. However,
systemic vasoconstriction is greater than that observed in the pulmonary circulation and this differential response contributes to the
use of dopamine in neonates with known pulmonary hypertension
after cardiac surgery. Neonates have underdeveloped sympathetic
innervation and reduced stores of noradrenaline. Signs of cardiovascular α-receptor stimulation may occur at lower doses than
β-receptor stimulation because β-receptor maturation lags behind
α-receptor maturation during the development of the adrenergic
system (Seri et al. 1984). The preterm neonate has immature metabolic and elimination pathways leading to increased dopamine
concentrations after prolonged infusions (Seri et al. 1984, 1985,
1990; Cuevas et al. 1991). These maturational changes in pharmacokinetics and pharmacodynamics may contribute to dopamine’s
continued popularity in the neonatal nursery while its popularity
wanes in the adult population.

Respiratory system
Face and upper airway
The development of the skull can be divided into two major parts,
the neurocranium, which is the part that forms the protective case
for the brain, and the viscerocranium, which forms the skeletal
part of the face (Pohunek 2004). Most of the structures of the face
and neck originate from the pharyngeal (branchial) arches. These
develop as paired structures lateral to the developing foregut and
laryngotracheal groove. Each pharyngeal arch consists of a variety
of cell types that includes the neural crest cells, which contribute
to the skeletal components, mesodermal cells which contribute to
the muscular components, as well as a nerve and arterial components. Each arch is separated by a pouch medially (endoderm) and
a groove laterally (ectoderm).
The first three pharyngeal arches give rise to the maxilla, mandible, and hyoid bone with their accompanying nerves and muscles, whereas arches four to six give rise to the laryngeal cartilages
with their associated muscles and are supplied by branches of the
vagus nerve. The tonsils arise from the second pharyngeal pouch.
Disruption of the neural crest cell development results in craniofacial abnormalities. Interruption of mandibular development leads
to micrognathia and retrodisplacement of the tongue (Mankarious
and Goudy 2011). This may manifest as Treacher Collins syndrome
(mandibulofacial dysostosis) or Pierre Robin sequence (micrognathia, cleft palate, and glossoptosis).
The tongue is derived from the first four pharyngeal arches,
which explains its complicated innovation via the trigeminal nerve,
glossopharyngeal nerve, and vagus nerves. The anterior two-thirds
of the tongue are derived mostly from the first arch and the posterior one-third from the third and fourth arches. At birth, the entire
tongue lies within the mouth and the posterior third descends into
the oropharynx over the first 4 years of life. The palate is formed
from lateral palatine processes which project medially on each side
of the tongue and fuse with the nasal septum. Cleft lips and palates
result from failure of this process.
Active, synchronized muscle tone during the respiratory cycle is
required for patency of the upper airway; the pharynx is the most
compliant area and therefore prone to collapse. During inhalation
induction, loss of tone in the upper airway muscles occurs at lower
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MAC values than depression of the intercostal and diaphragm muscles and is further exaggerated in the young (Ochiai et al. 1992).
Infants are obligatory nasal breathers (except when crying).
Occlusion of one nare by a nasogastric tube increases resistance
by up to 50% and may precipitate ventilatory failure (Stocks 1980).
Lymphatic tissue known as Waldeyer’s ring, mainly comprising the
adenoids in the nasopharynx and the faucial tonsils, undergo periods of hyperplasia/hypertrophy as a defensive mechanism against
infection. Both increase progressively in size during the first decade.
Maximal adenoid hypertrophy compromising the nasopharyngeal
airway occurs in the early childhood years and tonsillar enlargement from this age until the first decade is the most common cause
of obstructive sleep apnoea in children (Vogler et al. 2000; Arens
et al. 2002).

The epiglottis, larynx, and cricoid region
The fourth to sixth pharyngeal pouches give rise to the larynx,
trachea, bronchi, and lungs by initially forming a laryngotracheal
groove that evaginates to form the pouch-like respiratory diverticulum. Abnormalities in partitioning of the oesophagus and trachea by the tracheoesophageal septum result in oesophageal atresia

(A)

and tracheoesophageal fistulae. The epiglottis develops from the
hypopharyngeal eminence (third and fourth pharyngeal arches)
which also forms the posterior third of the tongue. The epiglottis
is intimately related to the base of the tongue superiorly, suspended
from the hyoid bone and attaches inferiorly to the larynx, explaining the high position of the larynx in the newborn. Differences
between the infant and adult larynx are shown in Figure 69.14. At
birth, the relative position of the larynx is at C3–4, higher than in
older children and adults (C4–5), which facilitates simultaneous
breathing and early liquid feeding. During infancy, the epiglottis is attached to the arytenoid cartilages by relatively prominent
aryepiglottic folds, an arrangement which protects the larynx from
aspiration of fluids. Active, synchronized muscle tone during the
respiratory cycle is required for patency of the upper airway and
larynx. Lack of maturation of this system leads to the most common upper airway problems in early infancy: laryngomalacia and
vocal cord paresis.
Subsequent laryngeal growth and descent occurs as the posterior third of the tongue develops, predominantly during the first
3 years of life, allowing for the formation of sounds of adult speech.
The epiglottis changes shape from its infantile omega shape with

CARTILAGES
Epiglottis
Hyoid

Thyroid

Cricoid

Mature

Infant
Lateral projection

(B)

Epiglottis

Hyoid cartilage

Hyo-epiglottic
ligament
Thyroid cartilage

Hyoid cartilage
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Vocal
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Cricothyroid
membrane
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Figure 69.14 Comparison between the infant and adult larynx showing caudad attachment of the hyo-epiglottic ligament, compact nature of the hyo-thyrocricoid
complex with poorly developed cricothyroid ligament, relatively large size of arytenoid cartilages, and caudad position of the anterior attachment of the vocal cords.
(a) Anteroposterior projection. (b) Lateral projection.
This figure was published in Atlas of the Difficult Airway, Martin L Noughton and Allan CD Brown (eds), Copyright Elsevier 1991.
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well-defined attachments to the arytenoid cartilages (via the ary-
epiglottic folds) to its adult U-shape during this time. The hyoid–
laryngeal complex descends during postnatal life relative to the jaw,
face, and cranial base from C4 to C5. From the end of the second
year of life, its position relative to the vertebral column remains
relatively stable (Westhorpe 1987) (Fig. 69.15).
Development of the cricoid ring is important in determining
tracheal tube selection and complications that arise from prolonged intubation (subglottic stenosis). The classical teaching is
that the cricoid is the narrowest part of the upper airway in infants
and children. This is based on data from moulages and anatomical
sections and may not be applicable to the living (Eckenhoff 1951).
More recent data from detailed magnetic resonance imaging and
bronchoscopy studies suggests this is not so and that the glottis is
the narrowest part of the upper airway throughout life (Litman
et al. 2003; Dalal et al. 2009). With the smaller cross-sectional area
of the paediatric airway, comparatively minor degrees of inflammation, oedema, and secretions may result in significant airway
obstruction.
Uncuffed tracheal tubes are commonly calculated according to
a formula:
Tracheal tube size (internal diameter, mm ) = 4 + ( PNA/4 ) (69.5)

C3

Mandible
Hyoid

C4
C5
C6
C7

Plane of
glottis
Trachea
Neonate

6 Years

Adult

Figure 69.15 (a) Changes in the level of laryngeal structures at different ages relative
to the cervical spine. (b) The relative positions of the upper airways with growth.
Reproduced with permission from Westhorpe RN. The position of the larynx in children and
its relationship to the ease of intubation. Anaesthesia Intensive Care, Volume 15, pp. 384–8,
Copyright © 1987 Australian Society of Anaesthetists. Reproduced with permission from the
Australian Society of Anaesthetists.

Fetal stage

Embryonic
0–7 weeks

Pseudoglandular
7–17 weeks

Saccular/Alveolar
28 weeks–term

pleura

Tracheobronchial tree and lungs
Growth and development of the airways proceed through four
well-defined periods; the pseudo-glandular, canalicular, saccular,
and the alveolar periods (Fig. 69.16) (Kotecha 2000). Elements
involved with the gas exchange are not formed until the canalicular

Lung structure
Trachea
Extrapulmonary
Main Bronchus

24 days
28 days

Bronchi
8–13 generations

4–12 weeks

Bronchioli
3–10 generations

12–16 weeks

Terminal Bronchiolus
1 generation

16–17 weeks

Respiratory bronchioli 18–20 weeks
1 generation
20 wk–1yr
Alveolar ducts
2–3 generations
Alveoli
1 generation
to 1000/acinus

30 wk 2–3yr

}

Acinus

Canalicular
17–27 weeks

}
}
}
}

after 1 year of age. A 3.5 mm tracheal tube is commonly used
in infants less than 3.5 kg, a 3.0 mm tracheal tube for neonates
1–3.5 kg, and a 2.5 mm tracheal tube in those less than 1 kg. If a
cuffed tracheal tube (>3 mm internal diameter) is used, the size
is 0.5 mm smaller.

Figure 69.16 Development of the bronchial tree.
Reproduced with permission from Kotecha, S. Lung growth for beginners. Paediatric Respiratory Reviews, Volume 1, Issue 4, pp. 308–13, Copyright © 2000 Elsevier. Adapted from that used by
Dr Alison Hislop, personal communication.
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period. During this period the acina structures comprising the
respiratory bronchioles, alveolar ducts, and primitive aveoli are
formed. The peripheral airways enlarge and the gas-exchanging
surface area increases as the airway walls thin during the saccular phase. Type 1 alveolar cells associated with blood and lymph
capillaries and type 2 alveolar cells that produce surfactant develop
during this period. During the alveolar phase, definitive formation
of the alveoli occurs. At birth, less than one-tenth of the terminal
air sacs are developed and 95% of the alveoli develop postnatally, a
process of growth that continues through infancy, when there are
approximately 300–600 million alveoli in the lung, approximately
1000 per acinus (Thurlbeck 1982). Impaired alveolar growth occurs
in infants who develop chronic lung disease of prematurity, hyaline
membrane disease, or who require positive pressure ventilation in
the neonatal period (Hislop et al. 1987).

after 44 weeks post-conception age, but may still persist throughout
the first year of life. It is of little significance. Central apnoea, however
(apnoea >15 s alone or <15 s associated with hypoxia or bradycardia), occurs in many premature infants but is rare in term neonates.
Postoperative apnoea in premature and ex-premature infants can be
a significant problem with the risk decreasing exponentially to less
than 1% by 56 weeks post-conception age. Degree of prematurity and
anaemia are additional risk factors (Cote et al. 1995).

Lung volumes, mechanics, and work of breathing
The chest wall is very compliant in the young infant (three to six
times higher than the lung compliance), whereas the inward recoil
of the lungs is only slightly less than adult values. As a result, the
functional residual capacity (FRC) of young infants is only 10–15%
of total lung capacity and is well below closing capacity leading to
ventilation/perfusion mismatch and atelectasis with oxygen desaturation (Motoyama 2011). Under anaesthesia, greater decreases in
FRC are seen in infants compared with older children and adults,
which can be restored by positive end-expiratory pressure (von
Ungern-Sternberg et al. 2006). Despite the compliant chest wall
and the tendency for static FRC to decrease, the dynamic FRC
in awake infants is maintained near the values of older children
and adults by a number of active mechanisms including laryngeal
braking, maintenance of respiratory muscle tone during expiration, early activation of inspiratory muscles during expiration, and
a short expiratory time (high respiratory rate). Transition from
this dynamic maintenance of FRC to the more static methods in
adults occurs as the chest wall stiffens during the first year of life
(Motoyama 2011). Changes in the more common lung function
values with age are shown in Table 69.6.
Tidal volumes of approximately 7 ml kg−1, similar to adults, are
achieved soon after birth in preterm and term infants. In the neonatal period, resting respiratory rates of 30–40 breaths min−1 are
seen (Al-Hathlol et al. 2000). Dead-space ventilation is proportionally similar to that in adults but oxygen consumption is two to three

Perinatal adaption, control of breathing,
and postoperative apnoea
At birth, during the first few breaths, the neonate has to develop a
large negative intrapleural pressure to overcome the high surface
tension within the collapsed, fluid-filled alveoli. With lung expansion, the arterial oxygen Pa O2 increases rapidly causing a decrease in
pulmonary resistance and facilitating the cardiovascular changes.
Neonates are unlikely to self-resuscitate in response to hypoxia
and hypercarbia. The neonatal response to hypoxia is a transient
increase in ventilation followed by sustained respiratory depression unlike the sustained increase seen in older children and adults
(Rigatto et al. 1975a, 1975b). The slope of the CO2 response curve
is less in preterm and term neonates than older infants and adults.
Under hypoxic conditions, this response curve is right shifted and
further decreased, unlike adults, who show an increase in slope
with a left shift (Rigatto et al. 1975b).
Premature and term neonates breathe irregularly. Periodic breathing (apnoea <10 s without cyanosis or bradycardia) occurs in most premature neonates and many term neonates, and decreases significantly

Table 69.6 Normal values for lung function of children and young adults
Age

1 week
Weight (kg)

3 years

5 years

8 years

12 years

Male

Female

15 years

21 years

21 years

10

15

18

26

39

57

73

57

VC (ml)

100

475

910

1100

1855

2830

4300

4620

3380

FRC (ml)

75

263

532

660

1174

1855

2800

3030

2350

FRC/weight (ml kg−1)

25

26

37

36

46

48

49

42

41

VD (ml)
VT (ml)
VD/VT
f (frequency)
VE

(litres min−1)

Cl (ml cm H2O−1)
R (cm H2O litre−1 s−1)

3.3

1 year

Male

7.5
17
0.44
30
0.55

21

37

49

75

105

141

150

126

78

112

130

180

260

360

500

420

0.27
24
1.8

0.33
22
2.5

0.38
20
2.6

0.42
18
3.2

0.40
16
4.2

0.39

0.30

0.30

14

12

12

5

6

5

5

16

32

44

71

91

130

163

130

29

13

10

8

6

5

3

2

2
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times higher explaining the higher respiratory rates seen in infants.
In preterm infants particularly, the work of breathing is significantly increased to about three times that in adults. Infants do not
tolerate increased resistance to breathing as the respiratory muscles
are prone to fatigue. This is because of the relatively low percentage
of type I (slow-twitch, high-oxidative) muscle fibres compared with
type II (fast-twitch, low-oxidative) during infancy compared with
adults (Keens et al. 1978).
The increase in alveolar ventilation in neonates and infants
results in a faster uptake of inhalation anaesthetics resulting in
more rapid induction of anaesthesia. This may be partially offset by
the increase in MAC values associated with this age group (Lerman
et al. 1994). The increased metabolic demands and reduced FRC
contribute to an increased speed of desaturation with decreasing
age during anaesthetic induction (Xue et al. 1996).

Pharmacology implications
Inhalation anaesthetic delivery is determined largely by alveolar
ventilation and FRC. Neonates have increased alveolar ventilation
and a smaller FRC compared with adults because of increased chest
wall compliance. Consequently, pulmonary absorption is generally
more rapid in neonates (Salanitre and Rackow 1969). The higher
cardiac output and greater fraction of the cardiac output distributed to vessel-rich tissues (i.e. a clearance factor) and the lower tissue/blood solubility (i.e. a volume factor) further contribute to the
more rapid wash-in of inhalation anaesthetics in early life (Malviya
and Lerman 1990; Lerman 1992).
Disease characteristics further contribute to the variability in
inhalation absorption. Induction of anaesthesia may be slowed
by right-to-left shunting of blood in neonates suffering cyanotic
congenital cardiac disease or intrapulmonary conditions. This
slowing is greatest with the least soluble anaesthetics (e.g.
nitrous oxide and sevoflurane). Left-to-right shunts usually have
minimal impact on uptake because cardiac output is increased
so that systemic tissue perfusion is maintained at normal levels. The flow of mixed venous blood returning to the right heart
ready for anaesthetic uptake is normal. If cardiac output is not
increased, and peripheral perfusion is reduced, then there will be
less anaesthetic uptake in the lung. Although alveolar anaesthetic
partial pressure may be observed to increase rapidly, there is a
slower increase in tissue partial pressure and anaesthetic effect
is delayed.
The factors that determine anaesthetic absorption through the
lung (alveolar ventilation, FRC, cardiac output, solubility) also
contribute to elimination kinetics. We might anticipate more rapid
wash-out in neonates for any given duration of anaesthesia because
of the greater alveolar ventilation to FRC ratio, greater fraction of
cardiac output perfusing vessel-rich tissues, reduced solubility in
blood and tissues, and a reduced distribution to fat and muscle
content. Furthermore, younger age (as in the neonate) will speed
the elimination of more soluble anaesthetics such as halothane to
a greater extent than the less soluble anaesthetics, desflurane and
sevoflurane primarily. Halothane, and to a far lesser extent isoflurane (1.5%) and sevoflurane (5%), undergo hepatic metabolism.
Halothane is reported to undergo as much as 20–25% metabolism but at typical anesthetizing concentrations, hepatic halothane
removal is extremely small (Sawyer et al. 1971).

Bronchodilators are ineffective in neonates because of the paucity of bronchial smooth muscle that can cause bronchospasm.

The renal system
Anatomy
Nephrogenesis starts in the embryo at approximately week 5 of gestation and nephrons become functional by week 8. Nephrogenesis
is complete at gestational week 36 when there are about 1 000 000
nephrons in each kidney, after which no new nephrons are produced (Potter 1965). Renal tubular growth, rather than an increase
in the number of glomeruli, accounts for the large increase in renal
mass after 36 weeks’ gestation (Potter 1965; Robillard et al. 1975).
At birth, renal blood flow is only 5–6% of cardiac output and
reaches adult values (15–25%) by 1 year of age when adjusted for
BSA (Hook and Bailie 1979). This increase in blood flow is as a
result of both an increase in cardiac output and a decrease in renal
vascular resistance.

Physiology
The kidneys are responsible for water and electrolyte status. They
are active before birth and urine production begins at 10–12
weeks of gestation. Urine contributes to amniotic fluid volume.
Maturation of the glomerular filtration rate (GFR) correlates
closely with PMA (Fig. 69.17a) (Rhodin et al. 2009). GFR at
36 weeks is only 20% the mature rate (Rhodin et al. 2009) and
renal blood flow is similarly reduced. Parturition results in a slight
(approximately 10%) increase in maturation, attributed to an
increase in cardiac output and a decrease in renal vascular resistance (Fig. 69.17b) (Anderson and Holford 2011). GFR is approximately 30% of the mature value at birth in a term neonate and
increases rapidly around 40 weeks’ PMA (Leake et al. 1976; Fawer
et al. 1979; Aperia et al. 1981). Adult renal function is reached
within 2 years of age; 90% of which is achieved in the first year
(Rhodin et al. 2009). Tubular function begins to develop after
34 weeks of gestation and increases during the first 2 years of life
(Arant 1978, 1987). The processes that determine GFR, tubular
secretion, and tubular reabsorption all undergo independent maturation and the mature kidney emerges within the first few years
of life (Hook and Hewitt 1977; Haycock 1998).
Difficulties arise in determining renal function in children
although a number of formulae have been published that allow
estimation of GFR from clinical characteristics (Paap and Nahata
1995). These formulae use simple markers such as height, creatinine concentration in plasma, and BSA. Estimation of GFR
is acceptable in adults, but prediction is poor in children with a
GFR value less than 40 ml min−1 (Cole et al. 2004). Serum creatinine, especially in the first days of life, reflects the maternal
serum creatinine and therefore cannot be used to predict neonatal renal function until at least 2 days after birth (Guignard and
Drukker 1999). Creatinine production in neonates is reduced
when compared with adults because of immature muscle development, resulting in low serum creatinine concentrations in the
presence of immature renal function. Tubular reabsorption of
creatinine may also occur in the immature kidney (Guignard and
Drukker 1999). The increase of creatinine production in childhood is assumed to be a consequence of increasing muscle bulk
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Figure 69.17 (a) GFR maturation in relation to postnatal age, expressed as absolute and as per kilogram. (b) GFR maturation over the first few years of life in relation to
postnatal age, expressed as a percentage of adult values using the allometric ¾-power size model, demonstrating maturity by 2 years. This figure uses the same data as
that shown in part (a). GFR is 35% mature at birth in a term neonate, but parturition (grey line) does have a small effect on maturation rate.
(a) Reproduced with permission from Rhodin M. Human renal function maturation: a quantitative description using weight and postmenstrual age. Pediatric Nephrology, Volume 24,
pp. 67–76, Copyright © 2008 International Pediatric Nephrology Association. With kind permission from Springer Science and Business Media. (b) Reproduced with permission from Anderson, B.
Developmental pharmacology; filling one knowledge gap in pediatric anesthesiology. Pediatric Anesthesia, Volume 21, pp. 222–237, Copyright © 2011 John Wiley and Sons Ltd.

as opposed to the decrease in muscle bulk that occurs with older
age in adults. Attempts to use the Cockcroft and Gault models
(Cockcroft and Gault 1976) to predict creatinine production rate
fail. Estimation methods such as those of Schwartz incorporate a
size factor (body length or height, Ht) and a scaling factor (k) that
is age dependent (e.g. k = 0.33, premature neonates; k = 0.45, term
infants 0–1 years; k = 0.45, 1–12 years; k = 0.7 13–21 years adolescent
males) (Schwartz et al. 1976, 1984; Brion et al. 1986) to account
for reduced creatinine production:
Creatinine clearance =  k × ( Ht/Cr ) ml min −11.73 m −2  (69.6)
Creatinine clearance estimation over-predicts GFR in children,
possibly because of tubular secretion. Other formulae may be useful in children out of infancy (Leger et al. 2002; Cole et al. 2004).

The kidney is responsible for the regulation of total body sodium
balance and for maintenance of a normal extracellular and circulating volume. There are a number of hormones that play a role
in this autoregulation, for example, vasodilators (prostaglandins E
and I2, dopamine, and nitric oxide) and vasoconstrictors (angiotensin II, thromboxane, adrenergic, antidiuretic hormone). Renal
biochemical processes (e.g. Na+/K+-ATPase transporters) are
immature at birth and this immaturity contributes to an inability to concentrate urine and a loss of bicarbonate. Physiological
acidaemia (pH 7.37) and the lower serum bicarbonate concentration (22 mEq litre−1) observed in neonates is partially attributable
to renal bicarbonate wasting as a result of a diminished tubular
threshold and partially because of the deposition of calcium in
bone, a process that produces 0.5–1 mEq (litre of acid)−1 day−1
(Edelmann et al. 1967). Infants are also obligate salt losers and
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Table 69.7 Normal values for blood chemistry

Table 69.9 Hourly weight-based maintenance
fluid requirements for children

Neonate

>2 years

Preterm

Term

Chloride

100–117

90–115

98–106

Potassium

4.6–6.7ǂ

4.3–7.6ǂ

3.5–5.6

Sodium

133–146

136–148

135–145

Glucose (mmol litre−1)

2.2–3.5*

2.2–4.5*

3.6–5.4

Total protein (g dl−1)

3.9–4.7

4.6–7.7

5.5–7.8

PaCO2 (mm Hg)

30–35

33–35

35–40

* Although 2.2 mmol litre−1 may be the lower limit of ‘normal’, most practitioners would
treat a serum glucose <2.6 mmol litre−1.
ǂ K+ >6 should be regarded with caution.

Table 69.8 Daily maintenance requirements for fluid, electrolytes,
and carbohydrates
Weight

H2O
(ml kg−1)

Na+
(mEq kg−1)

K+
(mEq kg−1)

Carbohydrate
(g kg−1)

1000 g

200

3

2–2.5

10

1000–1499 g

180

2.5

2–2.5

9

1500–2499 g

160

2

1.5–2

8

2500 g

150

1.5–2

2

5

4–10 kg

100–120

2–2.5

2–2.5

5–6

10–20 kg

80–100

1.6–2

1.6–2

4–5

20–40 kg

60–80

1.2–1.6

1.2–1.6

3–4

Adult 70 kg

40–50

0.8–1.4

0.8–1.4

1.5–2.5

can only concentrate urine to 700–800 mOsm litre−1 (half that of
adults), but can dilute urine down to 50 mOsm litre−1 (Robillard
et al. 1977). Immaturity of distal tubular function and relative
hypoaldosteronism explain slight hyperkalaemia (4–6 mEq litre−1)
in preterm infants. See Table 69.7.
The relative inability of neonates to conserve or excrete water
when compared with older children makes perioperative fluid
management more complex. Neonates can maintain acid–base
homeostasis but are limited in their ability to respond to an acid
load. The ‘threshold’ or the plasma concentration at which HCO3–
is no longer completely reabsorbed by the kidney is reduced. Table 69.8
shows daily fluid and electrolyte requirements based on weight.
Fluid requirements parallel the changes in metabolic rate that
relate to weight in a non-linear manner (allometric theory) rather
than directly. This is reflected in the commonly used maintenance
fluid requirements known as the 4–2–1 rule (Table 69.9) (Holliday
and Segar 1957).

Pharmacology implications
Renal elimination of drugs and their metabolites is determined by
three processes: glomerular filtration, tubular secretion, and tubular reabsorption. Aminoglycosides are almost exclusively cleared
by GFR and maintenance dose is predicted by PMA because it

Weight

Hourly rate

<10 kg

4 ml kg−1

10–20 kg

40 ml + 2 ml kg−1
for every kg >10 kg

>20 kg

60 ml + 1 ml kg−1
for every kg >20 kg

predicts the time course of renal maturation (Langhendries et al.
1998). Similarly the clearance of the NMBD, d-tubocurarine, can
be directly correlated with GFR (Fisher et al. 1982). GFR and active
tubular secretion processes contribute to digoxin clearance, which
is higher than might be expected from GFR alone (Halkin et al.
1978; Ng et al. 1981).
Intrauterine growth retardation can be associated with reduced
renal function at birth, influencing aminoglycoside elimination
(Allegaert et al. 2007a). Some drugs such as the NSAIDs may compromise renal clearance in early life: ibuprofen reduces GFR by
20% in preterm neonates, independent of gestational age (Allegaert
et al. 2004, 2005). The kidney is also capable of metabolizing drugs;
CYP2E1, which metabolizes ether anaesthetics, is active in the
kidney. The very presence of CYP2E1 in the kidney has been held
responsible for the degradation of ether anaesthetics and the release
of nephrotoxic fluoride (Kharasch et al. 1995).
Immaturity of the clearance pathways can be used to our advantage when managing apnoea after anaesthesia in the preterm
neonate. N7-methylation of theophylline to produce caffeine is
well-developed in the neonate whereas oxidative demethylation (CYP1A2) responsible for caffeine metabolism is deficient.
Theophylline is effective for the management of postoperative
apnoea in the preterm neonate, in part because it is a prodrug of
caffeine, which is effective in controlling apnoea in this age group
and can only be cleared slowly by the immature kidney (McNamara
et al. 2004).

The hepatic system
Anatomy
The liver and biliary systems are derived from the endoderm of the
dorsal foregut during the late third to the early fourth week of gestation. The liver weighs between 120 and 160 g in the term neonate,
but remains structurally and physiologically immature. Peripheral
branches of the intrahepatic biliary system require an additional
4–8 weeks before portal bile ducts can be identified histologically.
Fetal vitelline veins give rise to the portal and hepatic veins. The
liver is composed of eight structurally independent segments, each
containing a feeding hepatic artery, portal vein, draining hepatic
vein, and bile duct. Segment 1 is the caudate lobe. Segments 2 and 3
form the left lateral segment; and with segment 4, the left lobe of
the liver is defined. Segments 5, 6, 7, and 8 constitute the right lobe
of the liver.
The liver receives blood from two sources: the portal vein, which
drains the spleen and intestine, and the hepatic artery, which provides systemic oxygenated blood directly to biliary epithelium and
to the hepatic sinusoids. The portal vein accounts for approximately
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70% of the blood flow to the liver. In the sinusoids, the hepatic arterial and portal venous blood mix, and intercalate among the hepatocytes, fenestrated sinusoidal cells and a host of resident immune
cells (e.g. Kupffer cells). Sinusoids drain into terminal hepatic venules, which eventually coalesce to form the left and right hepatic
veins, which in turn merge into the inferior vena cava just below
the level of the right atrium. The liver is a large reservoir of blood
and contains approximately 13% of the circulating blood volume.
The fetal and neonatal liver account for a greater percentage of
body weight than the adult counterpart (3.6% of body weight vs
2.4% in adults) (Haddad et al. 2001). Hepatic organ blood flow
in the neonate is 0.58 litres min −1 kg−1 tissue, and is reduced
to 0.4 litres min−1 kg−1 tissue by 12 months’ PNA. Adult rates of
0.25 litres min−1 kg−1 tissue are reached in teenage years (Bjorkman
2005). The neonatal liver contains approximately 20% fewer hepatocytes than adult livers, and the cells are nearly half the size of adult
hepatocytes.

Physiology
Most critical biological functions such as glycolysis, bile acid synthesis, and removal of metabolic wastes for the fetus are managed by
the maternal liver through the feto-placental circulation until birth.
Gluconeogenesis and protein synthesis are active at 12 weeks’ gestation. Although glycogen may be found in liver cells by 14 weeks’
gestation, large amounts do not appear until the late third trimester.
Consequently, those neonates born prematurely or who are small
for gestational age have meagre glycogen stores and may develop
hypoglycaemia. The liver function is still immature at birth, even
in neonates born at term, and many of the hepatic enzyme systems
responsible for drug and xenobiotic clearance develop within the
first few years of postnatal life. This is exemplified by immature
uridine diphosphoglucuronosyl transferase (UGT)-1A1 responsible for the conjugation of bilirubin that contributes to physiological jaundice of the newborn. This jaundice peaks on the fifth to
seventh postnatal day. After this period, the concentration gradually decreases as UGT1A1 maturation occurs (Miyagi and Collier
2011), reaching adult values of less than 2 mg dl−1 by 1–2 months in
both term and preterm infants. Sick preterm infants are especially
at risk for kernicterus and are more aggressively treated to lower
bilirubin concentrations than full-term infants.
For many drugs, the reduced metabolism in neonates relates
to reduced total quantities of CYP enzymes in the hepatic microsomes. CYP activity measured in hepatic microsomes obtained
from term neonates approached half of the activity found in adults
(Fig. 69.18) (Aranda et al. 1974).
The liver plays a major role in metabolism, carbohydrate production, and regulation, and lipid and protein delivery to the tissues.
α-Fetoprotein, the principal protein in the fetus, appears at 6 weeks’
gestation and albumin synthesis starts at the end of the first trimester. Haematopoiesis starts in the liver at 6 weeks’ gestation, moving
exclusively to bone marrow after 6 weeks’ PNA. Proteins involved
in coagulation are reduced in the neonate. Albumin and α1-acid
glycoprotein (AAG) concentrations are also reduced in neonates,
albeit with a broad range of scatter (e.g. AAG 0.32–0.92 g litre−1),
but are similar to those in adults by 6 months (Luz et al. 1996,
1998). Binding capacity approaches adult values by 1 year of age. In
addition, free fatty acids and unconjugated bilirubin compete with
acidic drugs for albumin binding (e.g. ibuprofen and ceftriaxone).
Neonates also have a tendency to manifest a metabolic acidosis
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Figure 69.18 The activity of cytochrome P450 changes with age. Maturation of
these enzyme systems is compared to glucuronide conjugation (UGT2B7).
From New England Journal of Medicine, Kearns G, Developmental Pharmacology—Drug
Disposition, Action, and Therapy in Infants and Children, 349, 12, pp. 1157–67, Copyright
© Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.

that alters ionization and binding properties of plasma proteins.
Bile acid secretion in neonates is reduced, and malabsorption of
fat occurs.
The liver plays an important role in coagulation. Although the
haemostatic system is functionally adequate at birth, the system is
immature. At birth, the vitamin K-dependent factors (II, VII, IX,
and X), the contact factors (XII, XI, high-molecular-weight kininogen, and prekallikrein) and the four inhibitors (antithrombin III,
heparin cofactor II, protein C, and protein S) are approximately half
that of adult values (Andrew et al. 2000). The pattern of maturation in the postnatal period differs for different proteins, but most
approach adult values within the first year of life (Andrew et al.
2000). The neonate’s ability to generate thrombin is reduced, and
remains 26% less than adult throughout childhood (Schmidt et al.
1989; Andrew et al. 1994). The lower vitamin K-dependent factors
at birth (Andrew et al. 1987) increases the risk of haemorrhagic
diseases of the newborn, while a lower production of thrombin in
infancy may reduce the risk of thromboembolic complications.

Pharmacology aspects
The liver is one of the most important organs involved in drug
metabolism. Hepatic clearance pathways can be broadly divided
into two types: phase I reactions transform the drug via oxidation,
reduction, or hydrolysis; while phase II reactions transform the
drug via conjugation reactions, such as glucuronide conjugation,
sulphation, conjugation, and acetylation, into more polar forms
that can be eliminated through the kidney. Hepatic drug metabolism activity appears as early as 9–22 weeks’ gestation when fetal
liver enzyme activity may vary from 2% to 36% of adult activity
(Pelkonen and Karki 1973).
Microsomal enzyme activity can be classified into three
groups: (1) mature at birth but decreasing with age (e.g. CYP3A7
responsible for methadone clearance in neonates (Ward et al. 2014);
(2) mature at birth and sustained through to adulthood [e.g. plasma
esterases that clear remifentanil (Welzing et al. 2011)]; (3) immature at birth (Hines 2013). The latter accounts for the majority of
clearance pathways.
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CYPs are haem-containing proteins that provide many of the
phase I drug metabolism for lipophilic compounds. The different
pathways develop at different rates and are dependent on growth
hormone and other mediators. Different enzymes develop within
different hepatic zones and the maturity of some components may
take months. Some appear to be switched on by birth, while in others birth is necessary but not sufficient for the onset of expression.
CYP2E1 activity surges after birth, CYP2D6 becomes detectable
soon after, CYP3A4 and CYP2C family appear during the first
week, whereas CYP1A2 is the last to appear (Kearns et al. 2003).
Neonates are dependent on the immature CYP3A4 for levobupivacaine clearance and CYP1A2 for ropivacaine clearance, dictating reduced epidural infusion rates in this age group (Berde 1992;
Anderson and Hansen 2004).
The other major route of drug metabolism, designated phase
II reactions, involves synthetic or conjugation reactions that
increase the hydrophilicity of molecules to facilitate renal elimination. The phase II enzymes include UGT, sulfotransferase, N-
acetyltransferase, glutathione S-transferase, and methyl transferase.
One of the most familiar synthetic reactions in young infants is
UGT; this enzyme system includes numerous isoforms and is also
responsible for glucuronidation of endogenous compounds, such
as bilirubin (UGT1A1). Chloramphenicol is also cleared by this
route and failure to account for its immaturity caused infants to
suffer fatal circulatory collapse, a condition known as the grey baby
syndrome (Burns and Hodgman 1959; Sutherland 1959).
Morphine, paracetamol, dexmedetomidine and lorazepam also
undergo glucuronidation. The maturation of UGT enzymes varies among isoforms, but, in general, adult activity is reached by
6–18 months of age (Miyagi and Collier 2011). Some of the confusion relating to maturation rates is attributable to the use of the
per kilogram size model. The use of allometry with a maturation
model has assisted understanding. The time courses of maturation
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of drug metabolism [morphine (Anand et al. 2008), paracetamol (Anderson and Holford 2009), and dexmedetomidine (Potts
et al. 2008)] and GFR (Rhodin et al. 2009) are strikingly similar
(Fig. 69.19) with 50% of size-adjusted adult values being reached
between 8 and 12 weeks (maturation half-time, TM50) after full
term delivery. All three drugs are cleared predominantly by UGT
that converts the parent compound into a water-soluble metabolite
that is excreted by the kidneys, and maturation rates are similar
to that described for GFR. Glucuronidation is the major metabolic
pathway of propofol metabolism and this pathway is immature in
neonates, although multiple CYP isoenzymes, including CYP2B6,
CYP2C9 or CYP2A6 also contribute to its metabolism and cause a
faster maturation profile than expected from glucuronide conjugation alone (Allegaert et al. 2007b). A phase I reaction (CYP3A4)
is the major enzyme system for oxidation of levobupivacaine and
clearance through this pathway is faster than those associated with
UGT maturation.
Some enzyme systems are inducible before birth through
maternal exposure to drugs, cigarette smoke, or other inducing
agents. Other pathways may be induced through drug exposure after birth [e.g. phenobarbital induces CYP1A2, CYP2C9,
CYP2C19, CYP3A4, and UGT (Perucca 2006, Strolin Benedetti
et al. 2005, Corcos and Lagadic-Gossmann 2001)] and may be
slowed by hypoxia, organ damage, or illness. Morphine clearance
is reduced in very sick neonates who are candidates for extracorporeal membrane oxygenation, but clearance increases dramatically a few days after extracorporeal membrane oxygenation is
started (Peters et al. 2005a).
Single nucleotide changes or polymorphisms in the DNA
sequence in CYP enzymes may cause decreased or increased metabolic activity for a specific drug substrate. Polymorphism in the
CYP2D6 isoenzyme results in some individuals exhibiting normal
or reduced metabolic activity (poor metabolizers) while others are
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Figure 69.19 Clearance maturation, expressed as a percentage of mature clearance, of drugs where glucuronide conjugation (paracetamol, morphine,
dexmedetomidine) plays a major role. These profiles are closely aligned with glomerular filtration rate (GFR). In contrast, cytochrome P450 isoenzymes also contribute to
propofol and levobupivacaine metabolism and cause a faster maturation profile.
Reproduced with permission from Anderson, B. and Holford, N. Tips and traps analyzing pediatric PK data. Paediatric Anaesthesia, Volume 21, pp. 222–237, Copyright © 2011 John Wiley and
Sons Ltd.
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ultrafast metabolizers. The frequency of poor metabolizers varied
among ethnic groups, occurring in approximately 7% of Caucasians
and 0% to 1% of Chinese and Japanese (Bertilsson 1995).
Codeine is primarily a prodrug that undergoes metabolic activation by CYP2D6 O-demethylation to morphine. Poor metabolizers
get little analgesia from codeine. We might anticipate that neonates
achieve limited analgesia from codeine because CYP2D6 activity is
minimal at birth. Its subsequent maturation after birth, however, is
rapid. The active metabolite of tramadol (M1, O-desmethyl tramadol), which is produced by O-demethylation in the liver (CYP2D6),
has been used to plot this rapid maturation (Fig. 69.20) using an
activity score to differentiate metabolizer phenotypes (Allegaert
et al. 2008).
AAG is an acute-phase reactant that increases after surgical stress. This causes an increase in total plasma concentrations
for low to intermediate extraction drugs such as bupivacaine
(Erichsen et al. 1996). The unbound concentration, however, will
not change because clearance of the unbound drug is affected only
by the intrinsic metabolizing capacity of the liver. Any increase in
unbound concentrations observed during long-term epidurals is
attributable to reduced clearance rather than AAG concentration
(Anderson et al. 1997). Total bupivacaine concentrations increase
in the first 24 h after surgery in neonates given analgesia by continuous epidural infusion, attributable to an increase of AAG. This
increase, combined with reports of seizures in infants given epidural bupivacaine infusion, has led to recommendations to stop
epidural infusion at 24 h. However, it is the unbound bupivacaine
that is responsible for effect and this unbound concentration may
not change, implying that the infusion could be run for longer
(Bosenberg et al. 2005; Calder et al. 2012). Clearance is the key
parameter and this is reduced in neonates. Unfortunately, clearance
is associated with large between-subject variability and this means
that unbound bupivacaine concentrations may continue to increase
in some individuals with very low clearance. The induction dose of
thiopental is lower in neonates than children. It is possible that this
is related to decreased binding of thiopental to plasma albumin;
13% of the drug is unbound in newborns compared with 7% in
adults (Russo and Bressolle 1998).
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Figure 69.20 Tramadol M1 metabolite formation clearance (CYP2D6) increases
with postmenstrual age. Rate of increase varies with genotype expression.
Reproduced with permission from Allegaert et al. Covariates of tramadol disposition in the
first months of life. British Journal of Anaesthesia, 2008, Volume 100, Issue 4, pp. 525–532, by
permission of the Board of Management and Trustees of the British Journal of Anaesthesia.

Coagulation system components mature at different rates and
altered blood coagulation factor ratios may contribute to different
responses to therapy in infants. The reduced vitamin K-dependent
enzyme metabolism in the immature liver may increase resistance
to warfarin therapy (Takahashi et al. 2000). The response to heparin may be less because antithrombin III concentrations in the first
3 months are reduced (Andrew et al. 1988, 1990), although this
effect may be counteracted by an increased inhibition of thrombin
from higher concentrations of α2-macroglobulin, resulting in negligible clinical differences between infants and older children.

Haematopoietic system
The blood volume of a full-term neonate depends on the time of
cord clamping, which modifies the volume of placental transfusion.
The blood volume is 93 ml kg−1 when cord clamping is delayed after
delivery, compared with 82 ml kg−1 with immediate cord clamping (Usher et al. 1963; Usher and Lind 1965). Within the first 4 h
after delivery, however, fluid is lost from the blood and the plasma
volume contracts by as much as 25%. The larger the placental transfusion, the larger this loss of fluid in the first few hours after birth,
with resultant haemoconcentration. The blood volume in preterm
infants is greater (90–105 ml kg−1) than it is in full-term infants
because of increased plasma volume.
The normal haemoglobin range in the neonate is between 14 and
20 g dl−1. The site of sampling must be considered when interpreting these values for the diagnosis of neonatal anaemia or hyperviscosity syndrome. Capillary sampling (e.g. heel stick) generally
overestimates the true haemoglobin concentration because of stasis
in peripheral vessels that results in a loss of plasma and produces
haemoconcentration. The net effect may be an increase in haemoglobin by as much as 6 g dl−1 As a result, venepuncture is preferred
over capillary sampling. In 1% of infants, fetal–maternal transfusion before the umbilical cord is cut may explain much of the ‘lower
normal’ haemoglobin values reported.
Erythropoietic activity from the bone marrow decreases immediately after birth in both full-term and preterm infants. The cord
blood reticulocyte count of 5% persists for a few days and declines
below 1% by 1 week. This is followed by a slight increase to 1–2%
by the 12th week, where it remains throughout childhood. Preterm
infants have greater reticulocyte counts (up to 10%) at birth.
Abnormal reticulocyte values reflect haemorrhage or haemolysis.
In term infants, the haemoglobin concentration decreases during
the 9th to 12th week to reach a nadir of 10–11 g dl−1 (haematocrit
30% to 33%) and then increases. This decrease in haemoglobin concentration is as a result of a decrease in erythropoiesis and to some
extent as a result of a shortened lifespan of the red blood cells. In
preterm infants, the decrease in the haemoglobin concentration is
greater and is directly related to the degree of prematurity; also, the
nadir is reached earlier (4–8 weeks) (O’Brien and Pearson 1971).
In infants weighing 800–1000 g, the decrement may reach a very
low concentration, 8 g dl−1. This ‘anaemia’ (physiological anaemia
of the newborn) is a normal physiological adjustment to extrauterine life. Despite the reduction in haemoglobin, the oxygen delivery
to the tissues may not be compromised because of a shift of the
oxygen–haemoglobin dissociation curve (to the right), secondary
to an increase of 2,3-diphosphoglycerate. In addition, fetal haemoglobin is replaced by adult-type haemoglobin, which also results
in a shift in the same direction. In neonates, especially preterm
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infants, reduced haemoglobin concentrations may be associated
with apnoea and tachycardia (Ross et al. 1989). Infants with anaemia of prematurity have been found to have an inadequate production of erythropoietin and recombinant human erythropoietin in
these infants stimulates erythropoiesis and decreases the need for
transfusions (Shannon et al. 1995).
After the third month, the haemoglobin concentration stabilizes
at 11.5–12.0 g dl−1, until about 2 years of age. The haemoglobin
values of full-term and preterm infants are comparable after the
first year. Thereafter, there is a gradual increase in the haemoglobin
concentration to mean values at puberty of 14.0 g dl−1 for females
and 15.5 g dl−1 for males.

Immunological system
The white blood cell count may normally reach 21 000 mm−3 in the
first 24 h of life and 12 000 mm−3 at the end of the first week, with
the number of neutrophils equalling the number of lymphocytes. It
then decreases gradually, reaching adult values at puberty. At birth,
neutrophil granulocytes predominate but rapidly decrease in number so that during the first week of life and through 4 years of age
the lymphocyte is the predominant cell. After the fourth year, the
values approximate an adult’s. Neonates have an increased susceptibility to bacterial infection, which is related in part to immaturity of leucocyte function. Sepsis may be associated with a minimal
leucocyte response or even with leucopenia. Spurious increases in
the white blood cell content may be because of drugs (e.g. adrenaline). The incidence of neonatal sepsis correlates inversely with gestational age and may be as great as 58% in very low-birth-weight
infants (Stoll et al. 2010).

Neuromuscular system
Physiology
A number of changes occur in the first few years of life. The neuromuscular junction is immature and structurally different in neonates. Fetal neonatal postjunctional acetylcholine receptors differ
from adult receptors (Mishina et al. 1986; Jaramillo and Schuetze
1988). Adult receptors possess five subunits—two α, one β, one δ,
and one ε subunits. Preterm neonates (<31 weeks’ PMA) have a
γ-subunit instead of an ε-subunit in their neuromuscular receptor
(Hesselmans et al. 1993). Fetal receptors have a greater opening time
than adult receptors, allowing more sodium to enter the cell with a
consequently larger depolarizing potential. The resulting increased
sensitivity to acetylcholine is at odds with the observed increased
sensitivity to NMBDs, but may compensate for reduced acetylcholine stores in the terminal nerve endings (Jaramillo et al. 1988).
Skeletal muscle properties change in infancy. Muscle fibres can
be grouped into two broad types: type I fibres are rich in oxidative enzymes and type II fibres that are rich in glycolytic enzymes.
Preterm infants tolerate respiratory loads poorly. The diaphragm
in the preterm neonate contains only10% of the slowly contracting
type I fibres. This proportion increases to 25% at term and to 55% by
2 years of age (Keens et al. 1978). A similar maturation pattern has
been observed for the intercostal muscles (Keens et al. 1978). Type
I fibres tend to be more sensitive to NMBDs than type II fibres and
consequently the diaphragmatic function in neonates may be better
preserved and recover earlier than peripheral muscles (Donati et al.
1986; Laycock et al. 1988a, 1988b; Meretoja 1990).

The proportion of muscle in relation to body weight is reduced,
but there is a dramatic increase in muscle bulk from 5 to 10 years
(Fig. 69.2). The ECF that NMBDs distribute to is increased (Fig. 69.3).
In addition, the metabolic clearance pathways for NMBDs are often
immature and the relationship between parasympathetic and sympathetic tone is unbalanced in early life.

Pharmacology
The dose of NMBDs at different ages depends on a complex interweaving of pharmacodynamic and pharmacokinetic factors. The
volume of distribution mirrors ECF changes and can be predicted using either an allometric ¾-power model or the surface
area model, both of which approximate ECF changes with weight
(Anderson and Meakin 2002). This occurs because ECF is a major
contributor to the volume of distribution at steady-state (Vss). These
volume changes are true for both depolarizing (suxamethonium)
(Cook and Fisher 1975; Meakin et al. 1989) and non-depolarizing
NMBDs (Cook 1981).
The age-related dose required to achieve a predetermined level of
neuromuscular block varies. The ED95 of vecuronium, for example,
is 47 (sd 11) mcg kg−1 in neonates and infants, 81 (sd 12) mcg kg−1
in children between 3 and 10 years of age and 55 (sd 12) mcg kg−1
in patients aged 13 years or older (Meretoja et al. 1988). Similar
profiles have been reported for other NMBDs (Basta et al. 1982;
Laycock et al. 1988a; Meakin et al. 1988; Goudsouzian et al. 1993;
Woelfel et al. 1993). The increased dose in children may be attributable to increased muscle bulk. Dose is greater than anticipated
in neonates who have immaturity of the neuromuscular junction
because the extracellular volume is increased but the duration of
neuromuscular block is greater in neonates because of immature
clearance pathways. The plasma concentration required in neonates
to achieve the same level of neuromuscular block as in children or
adults is 20–50% less (Fisher et al. 1982, 1985; Kalli and Meretoja
1988; Fisher et al. 1990; Wierda et al. 1997).
The onset time for NMBDs in neonates is faster than it is in
older children than adults. Onset time (time to maximal effect)
after vecuronium 70 mcg kg−1 is most rapid for infants [1.5 (sd
0.6] min compared with that for children [2.4 (sd 1.4) min] and
adults [2.9 (sd 0.2) min] (Fisher and Miller 1983). Similar observations are reported for other intermediate-and long-acting NMBDs
(Meretoja 1990). The more rapid onset of these drugs in neonates
has been attributed to a greater cardiac output seen with the per
kilogram model (Meretoja 1990).
Suxamethonium remains the NMBD with the most rapid onset.
The onset time of a paralysing dose (1.0 mg kg−1) of suxamethonium
1 mg kg−1 is 35–55 s in children and adolescents. The onset time after
3 mg kg−1 in neonates is faster (30–40 s) (Meakin et al. 1990). Onset
time is dependent on both age and dose; the younger the child and
the greater the dose, the shorter the onset time. Suxamethonium may
also be given as an intramuscular injection for intubation in children
(Gronert and Brandom 1994). There are few data available from
neonates, but infant studies suggest that a dose of up to 5 mg kg−1
may be required to achieve satisfactory intubating conditions
(Sutherland et al. 1983). Onset to maximum blockade is slow [4 (sd
0.6) min] and mean full recovery of T1 occurred in 15.6 (sd 0.9)
min after injection (Sutherland et al. 1983).
Total plasma clearance of non-depolarizing NMBDs cleared by
renal (alcuronium and d-tubocurarine) or hepatic pathways (pancuronium, rocuronium, and vecuronium), or both, are all reduced
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in neonates (Matteo et al. 1984; Fisher et al. 1985; Tassonyi et al.
1995; Wierda et al. 1997; Meretoja and Erkola 1997). In contrast,
the clearances of atracurium and cisatracurium are neither renal
nor hepatic dependent bur rather depend on Hofmann elimination,
ester hydrolysis, and other unspecified pathways (Fisher et al. 1986).
Clearance of these drugs is increased in neonates when expressed
as per kilogram (Brandom et al. 1986; Reich et al. 2004; Imbeault
et al. 2006). When clearance is standardized using allometric
¾-power scaling, the clearances for atracurium and cisatracurium
are similar throughout all age groups. The clearance of suxamethonium, expressed per kilogram, also decreases as age increases
(Cook et al. 1976; Goudsouzian and Liu 1984). Suxamethonium is
hydrolysed by butyrylcholinesterase. These observations are consistent with that observed for the clearance of remifentanil (Rigby-
Jones et al. 2007), which is also cleared by plasma esterases. These
clearance pathways are mature at birth.
Regarding reversal of neuromuscular block, the distribution
volumes of neostigmine are similar in infants (2–10 months),
children (1–6 years), and adults (Vss 0.5 litres kg−1) whereas the
elimination half-life is less in the paediatric patients (Fisher et al.
1983). Clearance decreases as age increases (Fisher et al. 1983). The
train-of four (TOF) ratio recovers to 0.7 in less than 10 min when a
90% neuromuscular block from pancuronium is antagonized with
neostigmine 30–40 μg kg−1 in infants, children, or adults (Meakin
et al. 1983; Meistelman et al. 1988; Debaene et al. 1989; Meretoja
et al. 1996). Neonates have the most rapid times to full recovery after
neostigmine antagonism (Meakin et al. 1983; Bevan et al. 1994).
For example, reversal of an atracurium-induced 90% neuromuscular block in infants and children by neostigmine 50 µg kg−1 was
fastest in the youngest age group (Kirkegaard-Nielsen et al. 1995).
The time to a TOF-ratio of 0.7 was 4 min in neonates and infants,
6 min in 2-to 10-year-old children, and 8 min in adolescents.
Sugammadex, a relatively new drug that reverses the neuromuscular blocking effects of rocuronium and, to a lesser extent, vecuronium, at a dose of 2 mg kg−1 reverses a rocuronium-induced
moderate neuromuscular block in infants, children and adolescents
(Plaud et al. 2009). The average time to recover a TOF-ratio of 0.9 at
the time of appearance of the second twitch response was 1.2, 1.1,
and 1.2 min in children, adolescents, and adults, respectively.

The gastrointestinal tract
Anatomy
In the fetus, the digestive tract consists of the developing foregut
and hindgut. These rapidly elongate so that a loop of gut is forced
into the yolk sac. At 5–7 weeks, this loop twists around the axis of
the superior mesenteric artery and returns to the abdominal cavity. Maturation occurs gradually from the proximal to the distal
end. Blood vessels and nerves (Auerbach and Meissner plexuses)
are developed by 13 weeks of gestation, and peristalsis begins. The
pancreas arises from two outgrowths of the foregut; a diverticulum
of the foregut gives rise to the liver.

Physiology
Enzyme concentrations of enterokinase and lipase increase with
gestational age but are reduced at birth compared with older children. Full-term neonates and preterm infants handle protein loads
reasonably well, although preterm infants may have difficulty with
large loads. Fat digestion is limited, particularly in preterm infants,

who absorb only 65% of adult levels. Neonatal duodenal motility
undergoes marked maturational changes between 29 and 32 weeks
of gestation. This is one factor limiting tolerance of enteral feeding
before 29 to 30 weeks of gestation (Morriss et al. 1986).
Swallowing is a complex process that is under central and peripheral control. The reflex is initiated in the medulla, through cranial
nerves to the muscles that control the passage of food through the
pharyngo-oesophageal sphincter. In the process, the tongue, soft
palate, pharynx, and larynx all are smoothly coordinated. Any pathological condition of these structures can interfere with normal swallowing. Neuromuscular incoordination, however, is more likely to be
responsible for any dysfunction. This is particularly evident when the
CNS has sustained damage either before or during delivery.
Meconium is the material contained in the intestinal tract before
birth. It consists of desquamated epithelial cells from the intestinal
tract and bile, pancreatic and intestinal secretions, and water (70%).
Meconium is usually passed in the first few hours after birth; virtually all term neonates pass their first stool by 48 h. However, passage
of the first stool is usually delayed in low-birth-weight neonates,
probably because of immaturity of the motility and lack of gut hormones as a result of delayed enteral feeding. Meconium ileus occurs
in cystic fibrosis or Hirschsprung disease. Lower oesophageal pressures are reduced at birth but increase steadily reaching adult values 3–6 weeks postnatally. Daily vomiting or ‘spitting up’ may be
seen in half of all infants between 0 and 3 months of age and up
to two-thirds of 4-to 6-month-old infants. Most of these infants
suffer no ill-effect (‘happy spitter’) and grow well. This condition
usually begins in the first weeks of life and resolves spontaneously
by 9–24 months of age as solid food is introduced and the child
assumes the upright position. Between 1:300 and 1:1000 infants
have reflux that is significant enough to warrant treatment to avoid
complications.
The gastrointestinal transit time in the infant is less than that of
an adult and increases with increasing age. The normal physiological range of stool frequency varies greatly (from 10 times a day to
1–2 times a week and more often in breast-fed infants. The frequency of bowel movements gradually declines over the first years
of life, reaching adult habits at about 4 years of age.
Necrotizing enterocolitis is an acquired gastrointestinal disease
associated with significant morbidity and mortality in prematurely
born neonates. Necrotizing enterocolitis affects about 10% of preterm neonates weighing less than 1500 g or 1–5% of all neonatal
intensive care unit admissions. Combined with enteral feeds and
bacterial colonization, inflammatory mediators are released, leading to a propagated inflammatory response with both pro-and
anti-inflammatory influences (Lahmiti and Aboussad 2011).

Pharmacology aspects
Anaesthetic drugs are mainly administered intravenously or
through inhalation, but premedication and postoperative pain relief
are commonly administered enterally. Absorption after oral administration is slower in neonates than in children as a result of delayed
gastric emptying. Adult rates may not be reached until 6–8 months
(Grand et al. 1976; Liang et al. 1998). Congenital malformations
(e.g. duodenal atresia), co-administration of drugs (e.g. opioids),
or disease characteristics (e.g. necrotizing enterocolitis) may further contribute to absorption variability. Slow gastric emptying
and reduced clearance may dictate reduced doses and frequency
of administration (Fig. 69.21). For example, a mean steady-state
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Figure 69.21 Simulated mean predicted time–concentration profiles for a
term neonate and a 5-year-old child given paracetamol elixir. The time to peak
concentration is delayed in neonates because of slow gastric emptying and
reduced clearance.
Data from Anderson, BJ et al. Anesthesiology 2002; 96: 1336–45.

target paracetamol concentration above 10 mg litre−1 at trough
can be achieved by an oral dose of 25 mg kg−1 day−1 in premature
neonates at 30 weeks, 45 mg kg−1 day−1 at 34 weeks, and 60 mg
kg−1 day−1 at 40 weeks of PMA (Anderson et al. 2002). Because
gastric emptying is slow in premature neonates, dosing may only be
required twice a day (Anderson et al. 2002). Rectal administration
(e.g. thiopental and methohexital) is speedier for neonates undergoing cardiac catheter study or radiological sedation. However, the
between-individual absorption and relative bioavailability variability may be more extensive compared with oral administration,
making rectal administration less suitable for repeated administration (van Hoogdalem et al. 1991).
There is an age-dependent expression of intestinal motilin
receptors and the modulation of antral contractions in neonates.
Prokinetic agents may not be useful in very preterm neonates, useful only in part, in older preterm infants, but very useful in full-
term infants.
Intragastric pH is elevated (>4) in neonates (Rodbro et al. 1967;
Agunod et al. 1969) increasing the bioavailability of acid-labile
compounds (penicillin G) and decreasing the bioavailability of
weak acids (phenobarbital) when given orally (Huang and High
1953). The infant gut is more permeable to large molecules (e.g.
proteins and high-molecular-weight drugs) than that of older children. Many of the effects of the immature gastrointestinal system
are either not characterized or the effect of immaturity uncertain.
Immature conjugation and transport of bile salts into the intestinal
lumen may effect lipophilic drug blood concentrations (Poley et al.
1964; Suchy et al. 1981), while splanchnic blood flow changes in
the first few weeks of life may alter concentration gradients across
the intestinal mucosa and consequent absorption. The role of
altered intestinal microflora in neonates and its effect on drugs [e.g.
digoxin inactivation (Linday et al. 1987)] is uncertain.

The skin and thermoregulation
Neonates and particularly preterm neonates are susceptible
to hypothermia. Heat loss in children occurs by four possible
routes: convection (34%), conduction (3%), radiation (39%), and
evaporation (24%). Evaporative heat loss and insensible fluid loss
are increased in the preterm neonate because the epidermis is ‘thinner’ and has less keratin and subcutaneous fat (Hammarlund et al.

1986). Loss through conduction and convection are also increased
because of the large surface area to mass ratio. Thermoregulation
is poorly developed. Adults and children can generate heat by
shivering. Premature neonates are compromised because brown
fat stores, used for non-shivering thermogenesis are low; they are
accumulated around the kidneys, adrenal glands, scapulae, and
in the mediastinum during the last trimester of pregnancy. This
brown adipose tissue comprised 2–6% of the term neonate’s weight.
In addition, regulation of skin blood flow is less efficient in the preterm neonate (Jahnukainen et al. 1993). Anaesthesia further disrupts the normal thermoregulation (Fig. 69.22).

Pharmacology implications
General anaesthetics depress the thermoregulatory response in
children, widening the ‘set’ point and decreasing the gain of the
vasoconstrictor response (Bissonnette and Sessler 1990; Bissonnette
and Sessler 1992; Nebbia et al. 1996). Heat is also lost from the core
to peripheral tissues. Hypothermia can contribute to a metabolic
acidosis, impaired peripheral perfusion, increased risk of infection,
and coagulation abnormalities. The reduced basal metabolic rate
associated with hypothermia reduces the clearance of almost all
drugs. The use of forced air warmers has greatly improved temperature regulation during anaesthesia. The use of thermoneutral
incubators for transport and warming of the operating room up to
26°C before exposing the neonate also helps. A warming pad on the
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Figure 69.22 Schematic illustration of thermoregulatory thresholds and
gains in awake and anaesthetized states, demonstrating a broadening of the
response thresholds for compensatory mechanisms under anaesthesia but earlier
vasoconstriction in infants during hypothermia.
Reproduced with permission from Pediatric Anesthesia, editor Bisonnette B, 2011. Chapter 14
temperature Regulation: Physiology and Pharmacology, fig 14.2, p229 PMPH-USA, Shelton.,
Connecticut. Adapted from Bissonnette B, Thermoregulation and Paediatric Anaesthesia,
Current Opinion in Anaesthesiology, 6, pp. 537–542, Copyright © Wolters Kluwer Health Ltd.
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operating table reduces conductive heat loss; use of overhead heat
lamps reduces radiant heat loss; and keeping the skin dry reduces
evaporative heat loss. Warming and humidifying inspired gases
should be considered when high fresh gas flows are used.
The larger relative skin surface area, increased cutaneous perfusion,
and thinner stratum corneum in neonates increase systemic exposure of topical drugs (e.g. corticosteroids, local anaesthetic creams,
and antiseptics). Neonates have a tendency to form methaemoglobin
because they have reduced methaemoglobin reductase activity and
fetal haemoglobin is more readily oxidized compared with adult haemoglobin. This, combined with increased percutaneous absorption
resulted in a reluctance to use repeat lidocaine-prilocaine cream in
this age group (Taddio et al. 1997b). Similarly, cutaneous application
of iodine antiseptics can result in transient hypothyroidism.
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Neonatal anaesthesia
Andrew Davidson, Adrian Bosenberg,
and Stephen Stayer
Introduction
Neonatal anaesthesia is one of the most challenging areas of anaesthesia. Neonates have a significantly different physiology and pharmacology from adults and older children; their small size can make
procedures such as intravenous or arterial access more difficult,
and they have a reduced physiological reserve. One of the greatest
challenges is the lack of knowledge. We have very little data on the
basic pharmacology of even our most commonly used anaesthesia
drugs in neonates (Anderson 2012b). Similarly, there are few data
on anaesthesia techniques and outcomes. We also have a relatively
poor understanding of neonatal physiology; for example, what
blood pressure is acceptable in a neonate? Given the challenges, it is
not surprising that several studies have shown that neonates have a
relatively high risk of anaesthesia-related morbidity and mortality
(van der Griend et al. 2011).
This chapter outlines relevant aspects of neonatal physiology and
pharmacology and describes some of the anaesthetic challenges for
several of the more common neonatal surgical procedures.

General principles
Safe neonatal anaesthesia requires a good understanding of normal
neonatal anatomy, physiology, and pharmacology. The anaesthetist
should also have a good understanding of the pathology needing
surgery. Neonatal surgical conditions are frequently associated with
syndromes or other pathologies that will have an impact on perioperative care. Safe care of a neonate also requires excellent teamwork
and good communication with a neonatologist, nursing staff, surgeons, and specialist referral teams. The preoperative assessment
should be thorough. There should be a plan for the perioperative
respiratory, fluid and glucose management, and for postoperative
pain control. There should be discussion about when the surgery
should take place: in an emergency, is there time for more thorough
preoperative assessment (e.g. echocardiography to assess heart disease), or for less urgent cases, can the surgery wait until the child
is more mature? There should also be discussion about where the
surgery should be performed: regional or tertiary centre, in the
neonatal intensive care unit (NICU), or in the operating theatres?
Lastly, the anaesthetist should discuss the plan with the parents,
understanding that parents are likely to be highly anxious when
their newborn child requires surgery.
Safe neonatal anaesthesia also requires a sufficient level of experience and assistance. In some situations, only dedicated paediatric
anaesthetists, or general anaesthetists with a dedicated interest in

paediatric anaesthesia, should attempt to anaesthetize neonates.
There should be a low threshold for having two senior anaesthesia
staff present, particularly if the neonate has significant co-morbidity
or if the anaesthetists do not anaesthetize neonates regularly.
Being well prepared is important for neonatal anaesthesia. The
child has limited reserve and access to the child is very difficult
once surgery has commenced. Events happen quickly and need a
rapid response. If the surgery is major, then make sure red cells and
clotting factors are readily available. In some cases, it is useful to
draw them up, have them connected, and ready to go. Similarly, if
the child is septic then consider getting inotropic infusions established and connected beforehand. If the child already has a tracheal
tube then it should be checked for patency and tip position, and be
well secured. Make sure you can get to the tube under the drape
to correct any disconnection or kink. Ventilator requirements may
change substantially during major neonatal surgery so have a plan
for how to provide greater levels of support. Once surgery starts, it
will be very difficult to establish further intravenous access, thus
ensure access is reliable. Intravenous lines can also easily disconnect. Check all connections before the drapes are placed and have
a high index of suspicion for intravenous line disconnection if the
child appears to be failing to respond to intravenous medication or
fluid bolus.

Neonatal anatomy and physiology
Growth
The most obvious aspect of neonatal anatomy is size. A normal term
neonate is usually a little more than 3 kg in weight and 50 cm long.
The head is relatively large with a long trunk and short arms and
legs. A term baby loses 5–10% of their body weight in the first few
days as a result of loss of extracellular body water. A neonate gains
weight at approximately 30 g day−1, regaining their birth weight by
about 10 days of age.

The neonatal airway
At birth, the mandible is relatively small and, in the absence of
teeth, the tongue is relatively large, increasing the risk of airway
obstruction during anaesthesia. Jaw thrust is a particularly useful
technique to relieve obstruction. The larynx is more cephalad (C4),
and on laryngoscopy appears more anterior, and the axis is directed
more posterosuperior to inferoanterior. The large U-shaped epiglottis may obscure the view of the larynx. Placing the laryngoscope blade in the vallecula lifts the epiglottis out of the line of sight
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and aids laryngoscopy. To do this, a straight blade may be more
suitable than a curved blade.
During quiet awake respiration, most neonates prefer to breathe
through their nose; nasal breathing is essential for breastfeeding.
The nasal passages are narrow and thus nasogastric tubes or even
moderate amounts of secretion may cause significant obstruction
and exacerbate any existing respiratory distress. The neonatal trachea is also narrow with the narrowest point at the cricoid ring.
Minor mucosal trauma and subsequent oedema can produce a significant reduction in the cross-sectional area and restrict airflow.
In addition, because the diameter is small, airflow is more likely
to become turbulent, further impeding ventilation. Care must be
taken to minimize tracheal mucosal injury during tracheal intubation. Cuffed tracheal tubes may allow the use of smaller tubes,
eliminate the need for a leak and reduce mucosal injury; however,
to avoid injury, the cuff pressure must not be excessive and the pressure must be carefully monitored.

Respiratory drive
At birth, onset of respiration is triggered by cold, touch, acidosis,
and the relative hyperoxia compared with the intrauterine environment. Unlike adults, neonates may respond to hypoxaemia with
suppression of respiration. The response to hypercapnia is also
moderately reduced in the neonate.
Periodic breathing, defined as a brief pause in breathing usually
less than 15 s without desaturation or bradycardia, occurs commonly in newborns. Apnoea is defined as a more prolonged pause
and may be associated with desaturation and bradycardia. Apnoea
may be obstructive (airway obstruction with continued respiratory effort) or central (loss of respiratory drive with no effort).
Obstructive apnoea may progress to central apnoea. Neonates may
also become apnoeic after stimulation of the carina or areas supplied by the superior laryngeal nerve. Central apnoea may be a sign
of underlying disease and may occur with sedative medication or
after anaesthesia. Central apnoea may be treated with caffeine or
theophylline.
Postoperative apnoea is a major issue in neonatal anaesthesia.
It is more common in children born prematurely and the risk is
inversely related to postmenstrual age. Anaemia and a history of
lung disease or previous apnoea are also risk factors (Cote et al.
1995). The true incidence of postoperative apnoea is difficult
to determine as definitions of apnoea vary between studies and
some methods of detection are more sensitive than others. Awake
regional anaesthesia reduces the risk compared with general anaesthesia; however, if any sedatives are given to supplement the block,
the risk of apnoea is increased (Davidson et al. 2009). This may be
as a result of the sedative or because of the fact that neonates who
need sedation are more likely to have apnoea for some other reasons. Most apnoea studies were performed before modern shorter-
acting anaesthetic agents were introduced, thus the incidence after
use of sevoflurane and remifentanil is largely unknown.
The risk of postoperative apnoea is very pertinent to the timing
of surgery and where it is performed. Data are too few to form firm
guidelines on monitoring and discharge time. Guidelines are also
difficult to prepare as many babies have a very small background
risk of apnoea and the clinical significance of a brief self-correcting
apnoea is unclear. In general, the risk appears to be small in term
babies and in preterm babies the risk probably becomes no greater
than normal background risk at about 56 weeks post-menstrual

age. Thus most institutions would monitor an ex-premature baby
that had surgery before they were 46–50 weeks post-menstrual age
in hospital for at least a 12 h apnoea period, though some monitor
for longer.
Caffeine (5–10 mg kg−1) can be used to prevent postoperative
apnoea in preterm infants; however, these trials only included
small numbers of infants and caffeine is not considered routine
(Henderson-Smart and Steer 2010).

Respiratory mechanics
The spontaneous tidal volume of a neonate is 6–8 ml kg−1 and the
dead space is about a third of this. On a ml kg−1 basis, tidal volume
and dead space are relatively the same as adults while the oxygen
consumption is relatively higher in neonates (6–8 ml kg−1 min−1 in
neonates compared with 4–6 ml kg−1 min−1 in adults). Consequently,
the minute ventilation and respiratory rate is also higher. A healthy
term neonate has a respiratory rate of between 20 and 60 breaths
min−1. The functional residual capacity (FRC) of neonates and
adults is also similar on a ml kg−1 basis but the higher oxygen consumption results in a more rapid fall in Pa O2 with apnoea.
The neonate is highly dependent on the diaphragm for breathing, making abdominal excursion more obvious even during quiet
breathing. The ribs are more horizontally orientated and the diaphragm less domed. This results in a relatively lower total lung capacity. The chest wall is compliant and thus the outward recoil of the
thorax is considerably less than in adults. In contrast, the lung elasticity is only slightly less. Accessory muscles are needed to maintain
FRC and prevent the chest wall collapsing during inspiration. FRC is
also maintained by the use of laryngeal adductors breaking the expiratory airflow (grunting). Anaesthesia relaxes these muscles resulting
in a significant fall in FRC. Closing volume is higher in neonates and
therefore hypoxia occurs more readily if the FRC decreases.
Surfactant, produced after 36 weeks’ gestation, promotes alveolar
stability by reducing surface tension. Lack of surfactant in premature neonates favours atelectasis that, if untreated, can lead to respiratory distress syndrome.
Neonatal ventilation requires meticulous attention to detail.
Continuous positive end-expiratory pressure or continuous positive
airway pressure is required to maintain FRC during anaesthesia.
Gentle recruitment manoeuvres may be required to open atelectatic
alveoli. Neonatal lungs are at particular risk of barotrauma or volutrauma that could lead to interstitial lung damage or pneumothorax.
Excessive inflation pressures and tidal volumes should therefore be
avoided—in high-risk babies this can occur with only a few breaths.
High FIO2 can also lead to lung damage so the inspired oxygen fraction should be kept as low as possible. Over-ventilation can also lead
to hypocapnia that may impede cerebral and coronary perfusion. In
contrast, hypercapnia, particularly chronic hypercapnia, is well tolerated by neonates, Neonates should ideally only be ventilated with
machines that are designed to accommodate neonatal ventilation.
Moving an unstable neonate from the NICU to the operating theatre
may significantly impact ventilation. Thus for neonates with critical
or very unstable ventilatory requirements it is wise to consider surgery in the NICU using the NICU ventilator.

Transition to extrauterine life
During delivery, compression of the chest expels fluid from the
lungs through the mouth. Lung fluid continues to be reabsorbed
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into lymphatics after birth. Retained fetal lung fluid may complicate the transition from fetal to adult circulatory physiology and
thereby contribute to the development of persistent pulmonary
hypertension.
In utero, the organ of gas exchange is the placenta, which has low-
resistance/high-capacitance flow, whereas the pulmonary vasculature has high resistance. This circulation favours flow of oxygenated
blood returning from the placenta (via the umbilical vein and ductus venosus) across the right atrium through the foramen ovale to
the left atrium and into the systemic circulation. The ductus arteriosus connects the pulmonary artery and the aorta allowing the
majority of blood ejected by the right ventricle to bypass the lungs
and empty into the aortic arch to supply the systemic circulation.
The well-oxygenated blood returning from the placenta is ejected
into the arch vessels preferentially supplying the developing brain
with a higher oxygen content, while desaturated blood returning
from the infant’s circulation is ejected by the right ventricle and
mixes with the better oxygenated blood at the level of the ductus
arteriosus to supply the rest of the body.
At birth, the first breath and subsequent crying fills the lungs
with air; oxygen tension across the alveolar capillary bed increases
and surfactant maintains alveolar patency producing a decrease
in pulmonary vascular resistance. At the same time, clamping the
umbilical cord removes the placenta from the systemic circulation
and the systemic vascular resistance increases. These changes in
resistance cause left atrial pressure to exceed right atrial pressure,
resulting in functional closure of the foramen ovale. The increase
in oxygen tension also reduces flow through constriction of the
ductus arteriosus by approximately 24% soon after birth, but is not
sufficient to eliminate ductal flow for 48 h after birth. Complete
cessation of ductal blood flow, as this structure fibroses to become
the ligamentum arteriosum, occurs over the first 2–3 weeks of life.
Even though pulmonary vascular resistance decreases significantly in the first hours of life, it does not achieve adult levels for
months, and the pulmonary vasculature in the neonate is prone
to vasoconstriction in response to hypoxia, hypercarbia, acidosis,
cold, pain, and other stressors. If pulmonary vascular resistance
is increased, right-to-left shunting can occur resulting in further
hypoxia that in turn can result in further pulmonary vasoconstriction. This vicious cycle partly explains why neonates are characteristically slow to recover from an acute episode of hypoxia.
Persistent pulmonary hypertension of the newborn, also known
as persistent fetal circulation, may develop in association with septicaemia or meconium aspiration, but can be idiopathic in nature
(Steinhorn 2009). It is characterized by supra-systemic right ventricular pressures, right-to-left flow of deoxygenated blood through
the ductus arteriosus or foramen ovale (or both), and severe
hypoxaemia. Treatment requires optimizing oxygenation and ventilation while providing pulmonary vasodilation with nitric oxide.
Extracorporeal membrane oxygenation (ECMO) may be needed
for refractory cases.

Cardiovascular physiology
In utero, both ventricles are of similar size. After birth, there is
a greater workload on the left ventricle that responds by rapidly
increasing in size. The myocytes increase in size and number.
Cardiac output is relatively greater in neonates in response to the
greater metabolic demands that increase oxygen consumption.
The resting cardiac output is 350 ml kg−1 min−1 with only limited
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capacity for further increase. Resting heart rate is between 95 and
145 beats min−1. Normal mean blood pressure is between 40 and
60 mm Hg in a full-term neonate. In premature babies, the mean
blood pressure is roughly equivalent to the postmenstrual age in
weeks, that is, a 30-week premature neonate has a mean blood pressure of 30. The total blood volume is relatively high in neonates at
80–90 ml kg−1 while adult values are closer to 70 ml kg−1. The left
ventricle also has a greater basal level of contractility. This may be
as a result of loss of increased cardiac sympathetic activity. During
infancy there is a gradual decrease in adrenergic and an increase in
cholinergic tone.
Neonates have a reduced capacity to accommodate changes in
either preload or afterload. This is in part as a result of loss of the
immature intracellular and extracellular structure of the heart. The
myocardium is relatively less compliant than adult myocardium,
reducing its capacity to increase stroke volume in response to an
increasing preload. Thus, neonates are vulnerable to fluid overload.
Acute overload can lead to acute distension of the liver. This can
make abdominal surgery more difficult. A distended liver is more
easily injured by retractors that can cause substantial haemorrhage.
Traditionally heart rate was considered the predominant determinant of cardiac output in neonates, however in spite of the myocardial immaturity and poorer diastolic function there is indeed still
some capacity to increase stroke volume in spite of their relatively
decreased diastolic function (Gullberg et al. 1999).

Renal function and fluid management
As a general principle, neonates have immature organ function
and thus tend to have a more limited range of function. For example, neonates are less able to concentrate urine or excrete a water
load. Similarly, neonates have a lesser capacity for renal clearance
of drugs. This limitation in renal function is due both to the relatively lesser renal blood flow and glomerular filtration rate, and the
immature nephron structure and tubular function.
Neonates have a total body water content of 70–75% with a
relatively higher proportion of extracellular fluid compared with
intracellular fluid. The newborn initially has a lower replacement
requirement and for the first 3 days requires only 40–60 ml kg−1
day−1. This requirement gradually increases up to 150 ml kg−1 day−1.
Healthy term neonates have sufficient liver glycogen to allow up
to 12 h of fasting without risk of hypoglycaemia. However, preterm,
small for gestation, or sick neonates have limited glycogen reserve
and require 5–6 mg kg−1 min−1 of glucose (equivalent to approximately 4 ml kg−1 h−1 of 10% dextrose) to prevent hypoglycaemia.
Neonates having major surgery or those that come to the operating
room already on a glucose infusion should have glucose continued
intraoperatively and have blood glucose concentrations monitored.
Hypoglycaemia can be difficult to detect clinically and can cause
substantial neurological injury. In contrast to adults, there is some
evidence that hyperglycaemia is relatively neuroprotective in neonates (Loepke and Spaeth 2004). Hyperglycaemia can, however,
cause an osmotic diuresis.

Haematology
Haemoglobin concentration may range between 14 and 20 g dl−1
with a higher percentage of fetal haemoglobin. The haemoglobin concentration may vary depending on circumstances; for
example, placental insufficiency is associated with high haemoglobin concentrations while premature babies may be anaemic
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if born before iron stores are laid down. The haemoglobin concentration decreases to a nadir by about 2–3 months and then
increases.

Neurological development
The brain is relatively large at birth weighing about 300 g and
receives a similar proportion of cardiac output compared with
adults. Neonates thus have a relatively low brain blood flow despite
the relatively greater mass. Neonates also have a narrower range of
blood pressures where autoregulation is effective. Thus, blood pressure control is vital in neonates.
At birth, there is an overabundance of neurones and glia and with
maturation, excess cells undergo programmed cell death (apoptosis). While the number of neurones decreases, their dendritic arborization increases and synaptic connections become more complex.
Myelination also increases during development.
Neonates have no explicit memory, but they do form some
rudimentary implicit memory. In particular, there is evidence for
persisting altered behaviour after painful procedures. There is considerable discussion with regard to the nature of consciousness in
neonates; though this debate is driven mostly by the problems in
defining consciousness, there is some evidence that neonates do
have rudimentary forms of cognition.

Pharmacology
There are few data on which to base dosing recommendations for
neonates—even less for premature neonates. For many drugs, the
optimal plasma concentration to achieve a desired effect and the
dose required to achieve that level is unknown. Both the pharmacokinetics and pharmacodynamics are different in neonates
compared with adults and older children. These differences are a
consequence of different body fluid composition, plasma protein
composition, relative organ size and perfusion, and the maturity of
organ function and enzyme systems. In general, the relatively larger
blood volume and total body water results in larger central compartments, particularly for water-soluble drugs. Thus, initial doses
may be relatively larger. Drugs are frequently given on a mg kg−1
basis but the difference in the relative size of organs in neonates will
result in a difference in doses when computed by mg kg−1. Other
methods have been proposed which may give a more consistent
basis for dosing (Anderson 2012a).
The proportion of cardiac output supplying skeletal muscle is
only half that of adults, and therefore relatively more blood goes
to other organ systems influencing the onset of action and the
redistribution of drugs. Although the relative size of organs such
as kidney, brain, and liver is great, the blood flow to these organs is
not simply related to size. The liver and kidneys are larger in neonates but have lower relative blood flows. The maturity of organ
systems influences how the organs handle the drugs independent
to blood flow. Thus, clearance is often lower because of immature
renal tubular or hepatic enzyme function. Dosing intervals need be
greater to cater for this difference.
In terms of pharmacodynamics, neonates differ in the number
of drug receptors or in the subtypes of receptors. Consequently,
they may be more resistant or sensitive to a particular drug
effect. Lastly, neonates have less reserve to compensate for
unwanted drug effects, resulting in an apparent greater sensitivity to some effects.

Inhaled anaesthetic agents
Inhalation induction is faster in the neonate. This is the result of
several factors: the ratio of alveolar minute ventilation to FRC is
greater and an increased proportion of the cardiac output is delivered to the vessel-rich group and hence there is less uptake into
muscle and fat. The increase in alveolar concentration may be
slower if there is a substantial right-to-left shunt, particularly for
agents with low blood solubility.
The minimum alveolar concentration (MAC) of isoflurane, desflurane and halothane is greatest in children at about 1 year of age;
the MAC in neonates is slightly less, but still greater than seen in
older children or adults. The MAC for sevoflurane, however, is
highest in both neonates and infants. Although neonates have a relatively high MAC they are more sensitive to cardiovascular depression at these values. The MAC awake for neonates is unknown.

Intravenous anaesthetics and analgesic agents
The dose of propofol for induction is poorly described in neonates
but is approximately 3 mg kg−1. The lower muscle and fat content
results in a slower redistribution of propofol and hepatic clearance is reduced. The result is a slower offset of action and delayed
awakening.
Fentanyl and morphine have decreased clearance as a result of
reduced hepatic clearance. Fentanyl may cause increased chest wall
rigidity, increased vagal tone, and decreased baroreceptor reflex.
In contrast, remifentanil clearance, by tissue and plasma esterases,
is similar or even increased in neonates. Respiratory depression to
opiates is increased probably as a result of increased penetration
of the blood–brain barrier and central nervous system sensitivity.
Dexmedetomidine is highly protein bound and has been used as
an adjuvant or as a sole agent in neonates. The half-life is dependent on both hepatic metabolism and renal excretion. It may have
neuroprotective properties but may cause significant bradycardia
particularly if given rapidly.
Ketorolac and intravenous paracetamol have been used effectively for surgical and procedural pain. There is some concern
regarding prostaglandin inhibition in newborns.

Neuromuscular blocking agents
Both depolarizing and non-depolarizing agents are water-soluble.
The increased volume of distribution, decreased clearance, as well
as decreased muscle mass and smaller myoneural junctions all
affect the dose response. The potency and duration is therefore
unpredictable and longer-acting agents (rocuronium, pancuronium) should be carefully titrated.

Anaesthetic neurotoxicity to
the developing brain
Over the past decade, considerable concern over the potential
neurotoxic effects of general anaesthetics on the developing brain
has been expressed. These concerns arose from two parallel perspectives: laboratory data and human cohort data. Ikonomidou
et al. (1999) demonstrated that blockade of N-methyl-D-aspartate
(NMDA) receptors resulted in widespread apoptosis in the brain
of 7-day-old rats. Since then, many studies have found accelerated
neuronal apoptosis in newborn animal models after exposure to
commonly used general anaesthetics such as ketamine, propofol,
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nitrous oxide, sevoflurane, isoflurane, and benzodiazepines (Loepke
and Soriano 2008). Some researchers have also demonstrated long-
term cognitive and learning defects in the exposed animals. Most
of the experiments have been in rodents; however, data are also
emerging in the non-human primate model. Increased apoptosis
is seen in monkeys exposed to 24 h of ketamine at late gestation or
at 5 days of age but not at 35 days of age and not with only 3 h of
ketamine (Slikker et al. 2007).
In another study, apoptosis was seen after 5 h of ketamine in
6-day-old monkeys and apoptosis was also seen in 6-day-old
monkeys exposed to 5 h of isoflurane (Brambrink et al. 2010). The
monkeys exposed to 24 h of ketamine at 5 days of age were found to
have persistent learning deficits (Paule et al. 2011). The mechanism
for anaesthesia-induced apoptosis is still not entirely clear.
We are born with an excess of neurones and apoptosis is a normal process to cull unnecessary neurones. Inactivity results in
fewer trophic factors that accelerate apoptosis. It is possible that
anaesthesia induces inactivity via γ-aminobutyric acid (GABA)
receptors and thus enhances this process. However, against this
argument, GABA receptors are excitatory at this phase of development and giving a GABA agonist with an anaesthetic does not
reduce the effect. Another possibility is that NMDA blockade leads
to upregulation and subsequent excitatory neurotoxicity. However,
against this argument is that racemic and S-ketamine have similar
degrees of toxicity. Interestingly, apoptosis is not seen with xenon
or dexmedetomidine.
Apoptosis is not the only effect that is seen. Exposure to propofol
and inhalation anaesthetics can lead to changes in dendritic spine
morphology, changes in the neuronal cytoskeleton. and abnormal
re-entry into cell cycle. While apoptosis is only seen when animals
are exposed at very specific developmental periods, these effects and
other effects may be seen in animals at later stages of development.
Translating animal data to humans is very difficult. The age of
exposure is difficult to interpret. A 7-day-old rat may correspond
to a late-trimester fetus or a neonate but such comparisons are
far from straightforward. It is also difficult to interpret duration
of exposure. Development in a rodent is rapid. Compared with
humans, several hours in a rat represent a substantially greater fraction of time when the brain is undergoing development. Given our
longer period of development, a human may have more time for
plasticity or recovery. However, human development is far more
complex so an injury at a critical period may have a more profound
effect on later development. Translating neurobehavioural effects
is also difficult. Only crude measures are available in the rodent.
Doses are also different. While the dose of inhalation anaesthetic
required to produce unconsciousness is fairly constant across species, the dose of intravenous anaesthetics varies enormously. Lastly,
the experimental conditions may not be the same as in humans as
small animals are difficult to anaesthetize with increased risk of respiratory acidosis and death.
The other area of investigation is human cohort studies. For some
time neonatologists have known that neonates who have surgery
have an increased risk of poorer neurobehavioural outcome—
especially premature babies and babies having major surgery. Once
the animal data linking anaesthesia and apoptosis emerged, many
more studies have been done examining the neurobehavioural outcome in children who have had surgery. Using an existing birth
cohort, two studies found evidence that children exposed to more
than one anaesthetic before the age of 2 or 3 years had a greater risk
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of learning disability. A study examining the RAINE birth cohort
in Western Australia also found an association between exposure
to anaesthesia before the age of 3 years and poor performance in
language at 10 years of age (Ing et al. 2012). A retrospective cohort
study from New York, United States (Di Maggio et al. 2009) found
that children who had hernia repair before the age of 3 years also
had an increased risk of a diagnosis of a developmental or behavioural disorder and a population-based study from Iowa, United
States (Block et al. 2012) found evidence for an association between
minor surgery and poor performance at school; however, in contrast, a large population-based study in Denmark (Hansen et al.
2011) found no evidence that children who had hernia repair had
any increased risk of poor performance at school. Lastly, a twin
study found no evidence for any difference in school performance
between twin pairs where one twin had surgery in infancy and the
other did not (Bartels et al. 2009).
There are many limitations to the human cohort data. The biggest
limitation is the presence of strong confounding factors. Infants
and children who have anaesthesia usually have significant pathology such a sepsis or are also more likely to have other conditions
associated with poor outcome such as prematurity or chromosomal
abnormalities. The inflammatory and neurohumoral effect of surgery itself may also increase the risk of poor outcome. Thus, it is
unclear if any association is as a result of loss of anaesthesia exposure, pathology, or surgery. It is also unknown which neuropsychological domain would be affected. Crude composite tests such as
school performance may miss subtle changes in specific domains.
It is also unclear which age group is most at risk or the duration of
exposure most likely to cause a significant injury. Thus, the human
cohort studies cannot confirm or rule out any significant injury as
a result of anaesthesia.
Given the difficulty in translating animal and human studies, regulatory authorities have avoided any formal recommendations and
instead have emphasized the danger in delaying essential surgery.
Similarly, it should be remembered that neonates and infants are at
high risk of respiratory and circulatory complications. Anaesthesia-
related morbidity is highest in this age group. Thus, it would be
very unwise to adopt new anaesthetic techniques that increase risk
from respiratory or circulatory complications. Finally, even if it is
demonstrated that anaesthesia does not cause any significant neurotoxic injury, there is still strong evidence that surgery in infancy
is associated with poor outcome. This reinforces the need to further
investigate and improve all aspects of perioperative management in
this vulnerable age group.
Two recently published multi-centre large prospective studies have added evidence that a short exposure to general anaesthetics do not produce measureable declines in neurocognition.
A sibling-matched cohort study compared the neurocognitive and
behavioural outcomes of children with a single exposure to surgery/anaesthesia before 36 months of age with their siblings who
were not exposed (Sun et al. 2016). There were no significant differences in IQ scores in later childhood. The GAS trial randomized
infants to receive general anaesthesia or awake-regional anaesthesia. The primary outcome for this study is the Wechsler Preschool
and Primary Scale of Intelligence that is administered at age
5 years. This study presented the results of the secondary outcome,
the composite cognitive score of the Bayley Scales of Infant and
Toddler Development, which was assessed at 2 years; finding the
groups to be equivalent (Davidson et al. 2106).
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Do neonates need an anaesthetic?
Up until relatively recently, neonates were often given just nitrous
oxide and neuromuscular blocking agents for anaesthesia. There
was a perception that neonates did not feel pain or were not robust
enough to tolerate a general anaesthetic. However, in the 1980s, several studies demonstrated that the type of anaesthetic given could
influence outcome. Anand et al. (1987) compared nitrous oxide to
nitrous oxide and fentanyl in neonates having a ductal ligation. The
fentanyl group had better outcome (fewer cerebral haemorrhages,
shorter ventilation postoperatively, and less cardiovascular instability). Anand et al. (1988) also compared nitrous oxide to nitrous
oxide and halothane and found neonates in the halothane group
required less respiratory support and had less cardiovascular instability. In another study, high-dose sufentanil produced less mortality than low-dose morphine and halothane in neonates having
cardiac surgery (Anand and Hickey 1992).
There is strong evidence that neonates do indeed feel pain; painful stimuli increase cortical activation, and several clinical studies
have demonstrated that neonates given analgesia for painful non-
surgical procedures have better outcomes. From these studies, it is
clear that neonates need adequate analgesia for surgery and other
painful procedures. However, if there is adequate analgesia, do neonates still need a general anaesthetic? This question is very pertinent if general anaesthetics are neurotoxic or if neonates are at risk
of significant cardiovascular depression.
The classic components of anaesthesia are lack of movement, loss
of consciousness, amnesia, and analgesia. Neonates have no explicit
memory so the need for amnesia is moot. They do form some rudimentary implicit memory, but the significance of this is unclear.
They need to be immobile and, as mentioned previously, they need
analgesia, but do they need to be unconscious? Does it matter if
some sensory information is perceived provided the neonate has
no pain? The problem is more acute as it is very difficult to monitor
or measure consciousness in a neonate and little is known of what
dose of general anaesthetic produces unconsciousness. This need
for unconsciousness is perhaps best considered given the fundamental humane aim to reduce distress, and with the knowledge that
distressed neonates have poorer outcomes in the NICU. The aim of
anaesthesia should thus be to ensure the neonate is comfortable and
not distressed. Neonates have a poorer outcome with cardiovascular instability, or inflammatory or neurohumoral stress. The aim of
anaesthesia in neonates is thus also to reduce this stress. Giving a
hypnotic agent such as an inhalation anaesthetic or regional anaesthesia may be the best way to ensure this. However, the question
remains of how much is needed.

General principles of neonatal anaesthesia
Temperature management
Temperature management in neonates is critical. Heat loss and gain
is more rapid because of the large surface area-to-weight ratio. In
the normal newborn, the surface area-to-volume ratio is approximately 1.0, whereas the adult ratio is closer to 0.4. Lack of insulating
fat allows more heat loss from the core to the surface particularly in
preterm neonates. All efforts to maintain body temperature should
be instituted and temperature should be routinely monitored.
Core temperature monitoring (nasopharyngeal, oesophageal, or
rectal) should be used for major thoracic or abdominal surgery.

Hypothermia, even exposure to a cold environment, increases the
metabolic rate and oxygen consumption of infants (by mobilizing
glycogen from brown fat) and this may cause hypoxaemia, acidosis, apnoea, or respiratory distress (Hazan et al. 1991). Warming
the operating theatre remains the most effective method of maintaining normothermia by reducing the two most important factors in heat loss—radiation and convection. Radiant heat loss is a
consequence of the transfer of heat from the patient to surrounding objects. In a neutral thermal environment, radiant heat loss
accounts for about 39% of total heat loss, whereas at 22°C, radiant
losses increase to nearly 80% of the total (Hardy 1934). Convective
heat loss occurs from the transfer of heat to the surrounding air
and depends on the velocity of air movement and the difference
between the temperature of the patient and surrounding air. This
accounts for approximately 34% of heat loss in a neutral thermal
environment. Other mechanisms of heat loss, evaporation, and
conduction can be reduced by use of forced air warming, heating
and humidifying gases, warming intravenous fluids, and warming surgical solutions. A neonate exposed to cold vasoconstricts
to conserve heat and increases metabolic rate by oxidizing brown
fat (non-shivering thermogenesis). Both these mechanisms to generate heat are impaired by general anaesthetics. Preterm neonates
have low brown fat stores.

Airway equipment
Airway equipment appropriate for neonates must be available whenever neonatal anaesthesia is provided. This includes facemasks, oral
airways, laryngeal mask airways (size 1), suction catheters, stylets,
tracheal tubes, and laryngoscope blades. Difficult intubation equipment for neonatal patients is limited. Many video laryngoscopes
that have neonatal blades are effective for term infants, but are often
too large for preterm or low-birth-weight babies. The smallest flexible fibreoptic scopes do not have suction channels, and do not fit
through tracheal tubes smaller than 3.0 mm. Double-lumen tubes
or bronchial blockers appropriate for lung isolation in neonates are
not universally available and lung isolation is generally achieved by
endobronchial intubation.

Monitoring
Routine monitoring equipment for the neonate should comply
with basic standards and should include ECG, pulse oximetry, non-
invasive blood pressure, capnography, temperature, and, where
possible, anaesthetic agent monitoring. Simultaneous monitoring
of pre-and post-ductal saturations is useful in certain situations.
Specific non-invasive blood pressure cuff sizes for neonates and
preterm infants should be used; an appropriately sized cuff covers roughly two-thirds the length of the upper arm. Most monitors
use different (less compliant) tubing for neonatal cuffs to produce
more accurate blood pressure measurements from the reduced
pulse pressure in neonates. If the cuff is improperly matched with
the tubing, the built-in algorithm displays inaccurate information.
It is common practice to place the cuff on the calf; however, the
correlation between arm and calf blood pressures is poor and the
arm should be utilized whenever possible (Crapanzano et al. 1996).
Mean calf pressure is significantly lower than mean arm pressure
(Short 2000).
Pulse oximetry should be used to monitor oxygenation continuously during anaesthesia as well as transport. Recent evidence has suggested that there is a lower incidence of retinopathy
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of prematurity when oximeter alarms for premature infants are
set lower. It is considered better practice to keep the Sa O2 during
anaesthesia at the same levels as used in the intensive care nursery,
usually between 87% and 94% (Carlo et al. 2010). To achieve this,
neonates should not be routinely transported with 100% oxygen,
but rather with an oxygen blender to reduce oxygen exposure during transport.

Monitoring of ventilation
Accurate monitoring of ventilation presents unique challenges in
neonates. Capnography and end-tidal CO2 is the most common
non-invasive method of estimating Pa CO2 and hence adequacy of
ventilation. In neonates, end-tidal CO2 will be falsely low when
there is a leak around the tracheal tube. In addition, the end-tidal
CO2 is lower in neonates because it is usually measured at the
Y-piece of the ventilator circuit where the flow of fresh gas can wash
out the small volume of CO2 sampled (Badgwell et al. 1987). Exhaled
tidal volumes can also be used as an indication of alveolar ventilation. Exhaled tidal volume is typically measured by a spirometer
located at the end of the expiratory limb. Unless the ventilator has
the ability to measure the compliance of the breathing circuit, this
measurement will commonly overestimate tidal volume because it
reflects the patient’s exhaled tidal volume as well as the compression
volume in the breathing circuit. However, if there is a leak around
the tracheal tube, the spirometer will underestimate the exhaled
gas volume. Transcutaneous CO2 is also frequently monitored in
NICUs as an estimate of Pa CO2; however, these are difficult to use
in an operative setting. Without reliable estimates of Pa CO2 or tidal
volume, the anaesthetist may have to rely on chest expansion and
inspiratory pressure measurements. When monitoring, ventilation
is critical, blood gases should be measured frequently in order to
ensure adequate ventilation and to recognize changes in acid–base
status. Newer monitoring systems allow for measurement of flow
and pressure at the tracheal tube, assisting the anaesthetist in determining optimal ventilation in patients with poorly compliant lungs.
Newer anaesthesia machines that compensate for breathing circuit
compliance provide accurate measures of delivered tidal volume
(Bachiller et al. 2008).

Fluids
Glucose-containing maintenance fluids or parenteral nutrition
should be continued at the same rate for neonates and preterm
infants transferred from the NICU. Discontinuation or suddenly
reducing a hyperglycaemic infusion may precipitate hypoglycaemia
in view of their limited glycogen stores. When sequential blood glucose concentrations can be measured during surgery, the glucose
infusion should be adjusted to maintain normoglycaemia. A second infusion containing a balance salt solution (lactated Ringer’s,
Plasma-Lyte®) should be used to replace volume losses from surgical trauma. This may be large for major abdominal or thoracic
procedures, and significantly less for peripheral procedures. Fluid
administration system should be controlled (buretrol or infusion device) to prevent unintended volume overload. Replacing
losses with 0.2 or 0.3 normal saline is dangerous because it leads
to hyponatraemia, water overload, and potentially death (Moritz
and Ayus 2010). Alternatively, colloid (albumin or blood) may be
used to treat hypovolaemia. Accurately monitoring volume status is
difficult. Central venous pressure can be used, as can mean arterial
pressure, urine output and just looking at the adequacy of perfusion
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clinically. In smaller preterm infants, monitoring urine output can
be challenging because relatively large volumes of urine (>5 ml) are
required before the urine is seen in standard tubing.

Peripheral venous access
Venous access is necessary for all neonatal surgical procedures
because of the frequent need for medication to assist intubation,
to administer glucose, treat bradycardia, or for resuscitation. The
most recent evaluation of the Pediatric Perioperative Cardiac Arrest
Registry (POCA) found a higher incidence of arrest related to cardiovascular causes, emphasizing the need for adequate peripheral
venous or central venous access when caring for paediatric patients
(Ramamoorthy et al. 2010). Peripheral veins may be seen through
the skin of preterm or even term neonates who are lightly pigmented. When peripheral veins cannot be seen, anatomical landmarks may assist cannulation of anatomically constant veins, for
example, saphenous (just lateral to the medial malleolus) or distal
cephalic vein (medial aspect of the wrist, typically just lateral to
a line from the thumb). Ultrasound guidance can be used when
peripheral veins cannot be easily seen (Bodenham et al. 2016).
Percutaneous central venous access is more challenging in newborns. The umbilical vein is the most accessible central vein, and
a catheter can be passed ‘blindly’ through the ductus venosus into
the inferior vena cava. The position of the catheter tip should be
confirmed radiographically. If the ductus venosus is not patent, the
catheter passes into branches of the hepatic veins, and is visible in
the liver. When this occurs, the catheter should be repositioned and
only used for emergencies as central venous pressure monitoring
will be inaccurate, and portal vein thrombosis or hepatic injury
can occur when hyperosmolar or vasoactive drugs (sodium bicarbonate, dopamine) are infused. Surgically placed central catheters
or PICC lines (percutaneous intravenous central catheters) are
most commonly used for long-term venous access, and rarely for
monitoring.
Invasive arterial monitoring is commonly used in the NICU and
for large abdominal or thoracic surgical procedures. In the first
week of life, the umbilical artery is the most accessible artery. If the
umbilical artery is not available, or ligated during abdominal surgery, the radial artery is generally used, typically cannulated with a
24 g cannula with or without assistance of a 0.015 inch (0.381 mm)
guidewire. The ulnar, dorsalis pedis or posterior tibial arteries can
also be used when indicated.

Considerations for the premature
and extreme premature infant
Preterm infants are commonly divided into three groups: borderline
premature (36–37 weeks’ gestation), moderately premature (31–35
weeks’ gestation), and severely premature (‘micropremies’, 24–30
weeks’ gestation). Sixteen per cent of infants are born borderline
premature and generally only have mild symptoms of prematurity
such as difficulty with temperature maintenance and poor feeding.
Six to seven per cent of infants are moderately premature and are
at increased risk to develop intracranial haemorrhage, sepsis, and
respiratory distress syndrome. Even though only 1% of all infants
are micropremies, they account for more than 70% of neonatal
mortality and represent a large portion of neurologically damaged
infants later in life. The causes of death include birth asphyxia,
acidosis, necrotizing enterocolitis, intracranial haemorrhage, and
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respiratory failure (congestive heart failure, patent ductus arteriosus, respiratory distress syndrome, infections, especially group B
Streptococcus and listeria).
Several complications of prematurity require surgical intervention and include ligation of patent ductus arteriosus, repair of retinopathy of prematurity, abdominal exploration and bowel resection
for necrotizing enterocolitis, ventriculo-peritoneal shunt or reservoir placement for intraventricular haemorrhage with hydrocephalus, and inguinal hernia repair. Those infants who require
significant respiratory or cardiovascular support often have their
surgical procedures performed in the NICU. Infection rates do not
differ from surgery performed in the operating theatre. Performing
surgery in the NICU reduces risks associated with transport and
altering ventilation; however, it reduces the anaesthetist’s ability to
access the patient or use inhalation anaesthesia.
The premature infant is typically fragile, requiring precise titration of anaesthetics, fluids, and cardiovascular and ventilatory support. It is critical for the anaesthesia team to thoroughly review
the patient’s current management and discuss the patient’s status
with the neonatologists before assuming care of the patient. The
operating theatre must be warmed, infusions prepared (preferably
with the use of an infusion pump), and precise doses of resuscitation medications prepared before transport. Even though the
MAC requirements for the premature infant are reduced, insufficient anaesthesia will cause hypertension, tachycardia, and release
of stress hormones. Premature infants typically show a more profound reduction in blood pressure from inhaled anaesthetics and
therefore a narcotic-based technique is often utilized. Premature
infants have poor respiratory control and are at significant risk
of postoperative apnoea; therefore, most of these infants remain
intubated after major surgical procedures, and if extubated should
be monitored in an intensive care environment where apnoea can
be readily detected and the infant rescued. The incidence of respiratory distress syndrome is directly related to maturity at birth,
and many of these infants require mechanical ventilatory support.
The anaesthesia team should try to match the ventilator settings
used in the NICU because higher pressures and volumes can further injure the premature lung. Commonly these infants are ventilated with some degree of respiratory acidaemia to avoid excess
pressures from mechanical ventilation, and this strategy should be
continued during surgery. It is often difficult to manage ventilation precisely when intrathoracic and intra-abdominal contents are
compressed from surgery. In this situation, manual ventilation with
careful observation of the surgical field is commonly used. In addition, the oxygen concentration should be titrated to maintain the
SpO2 between 87% and 94%, and a blender used to maintain these
saturations for transport. Blood loss is often difficult to determine,
but transfusion is commonly necessary for major abdominal and
thoracic procedures because 10 ml of blood loss is equivalent to
10% of the circulating blood volume for a 1000 g infant. Red cells
and potentially plasma and platelets should be available and irradiated before use for large operations. Typically, glucose-containing
solutions from the NICU are continued intraoperatively to avoid
hypoglycaemia as the glycogen stores of the premature infant are
often depleted. The evaporative losses should be replaced with a
balanced salt solution such as lactated Ringer’s, Plasma-Lyte® or
normal saline. Temperature maintenance is critical and the most
effective method is to cover the infant for transport and use chemical warming pads; in the operating theatre, the most effective

method to avoid heat loss is to warm the theatre. Warming fluids,
use of convection warmers, and warming respiratory gases are also
helpful in preventing heat loss.

Fetal anaesthesia
Fetal interventions require a large specialized team of fetal surgeons, maternal fetal medicine specialists, sonographers, paediatric cardiologists, anaesthetists, and operating room nurses. Fetal
surgical interventions can be categorized into three types of procedures: open fetal surgery, minimally invasive ‘fetoscopic’ procedures, and ex utero intrapartum treatment (EXIT) procedures.
Open fetal procedures are performed under general anaesthesia
with the same maternal and fetal considerations for non-obstetric
surgery performed during pregnancy. High concentrations of volatile anaesthetics are used to provide profound uterine relaxation.
Therefore, the mother requires invasive pressure monitoring and
treatment with vasopressors to maintain adequate blood pressure.
The fetus is partially delivered and monitored by pulse oximetry
and intermittent echocardiography. Additional anaesthetics or
resuscitative medications are generally delivered to the fetus via
the intramuscular route. When necessary, venous access can be
obtained in the fetus by use of a peripheral vein or the umbilical
vein in order to deliver additional medications, fluids, and blood.
A multicentre study of meningomyelocele repair demonstrated a
reduction in the need for venticuloperitoneal shunt and improved
motor function; however, the fetal intervention group had a higher
incidence of preterm birth and uterine dehiscence (Adzick et al.
2011). Other open procedures performed include resection of congenital cystic adenomatoid malformations of the lung and large
sacrococcygeal teratomas. Attempts at fetal repair of congenital
diaphragmatic hernia have not shown an improvement in outcome
over that of conventional therapy.
Minimally invasive procedures can be performed through endoscopy and the introduction of fibreoptic scopes and instruments.
Common procedures include photocoagulation of abnormal vascular connections in twin–twin transfusion syndrome, insertion of
vesico-amniotic shunts for obstructive uropathy, and intraperitoneal transfusion for haemolytic anaemia. Most of these procedures
can be performed with the use of local anaesthesia for port placements, with sedation of the mother. Remifentanil readily crosses
the placenta and has been shown to reduce fetal movement during
procedures (Van de Velde et al. 2005).
Similar to open fetal surgery, the EXIT procedure requires the
mother to be deeply anaesthetized in order to provide extreme uterine relaxation. Invasive arterial monitoring of maternal blood pressure and treatment with vasoactive agents is commonly required.
A hysterotomy is performed and the term or near-term infant is
partially delivered while placental gas exchange is maintained.
During this time, a difficult airway can be secured, or a thoracotomy performed to control a cystic malformation of the lung before
positive pressure ventilation. Immediately after the umbilical cord
is clamped and the fetus delivered, the volatile agent is reduced or
discontinued and oxytocin administered to restore uterine tone.

Newborn resuscitation
Anaesthetists may be involved in resuscitation of the newborn at
birth and some principles are common to resuscitation that may
be required after birth. The algorithm presented here is based on
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the 2015 guidelines from the Resuscitation Council (UK), which
are the same as the European guidelines (http://www.resus.org.uk).
For uncompromised term infants, cord clamping should be
delayed for at least 1 min after delivery. However, if an infant
requires resuscitation, this should not be delayed. Term babies
should be dried and placed in a dry towel or blanket; significantly,
preterm infants should be covered with food-grade plastic wrap
and placed under a radiant warmer without drying of the skin and
the delivery room temperature should be at least 26°C. In the first
30 s after delivery, the infant’s tone, respiratory effort, and heart rate
should be assessed. If the baby is not breathing effectively, first open
the airway by placing the infant on their back, head in neutral position, and possibly a jaw thrust or chin lift if the infant has significant
hypotonia. If the airway is not improved, give five inflation breaths.
High oxygen concentrations and high pulmonary inflating pressures should be avoided during neonatal resuscitation. If the baby’s
respiratory effort is inadequate, usually indicated by a heart rate
less than 100 beats min−1, perform assisted ventilation using air
and positive pressure ventilation using pressures of 30 cm H2O and
inspiratory pause of 2–3 s. These breaths are commonly delivered
with a T-piece resuscitator. For preterm infants, the inspiratory
pressure should initially be 25 cm H2O. Pulse oximetry should be
used to guide supplemental oxygen therapy. An acceptable pre-
ductal SpO2 at 2 min after delivery is 60%, at 2 min is 70%, at 3 min
is 80%, at 4 min is 85% at 5 min, and at 10 min is 90%
Adequate ventilation typically improves the heart rate, and if the
heart rate does not improve, reassess the airway, and consider tracheal intubation. If the baby is breathing spontaneously, it is acceptable to initiate nasal CPAP. If the heart rate does not increase, or
decreases below 60 beats min−1, chest compressions should begin.
This is most effectively administered with the infant’s chest held
in the hands of the resuscitator with thumbs on the lower third of
the sternum and fingers along the spine posteriorly. The sternum
should be compressed by about one-third of the antero-posterior
diameter of the chest with a 3:1 compression to inflation ratio. If the
heart rate remains below 60, obtain venous access (either peripheral intravenous or umbilical vein cannulation) and administer
adrenaline (epinephrine) 10 μg kg−1 (0.1 ml kg−1 of 1:10 000 solution) and possibly NaHCO3 and 10% glucose. If the initial dose is
ineffective, the dose can be increased to 30 µg kg−1. The dose of
NaHCO3 is 1–2 mmol of bicarbonate kg−1, and it is preferable to
use 4.2% NaHCO3 (2–4 ml); the dose of glucose is 250 mg kg−1
(2.5 ml kg−1 of 10% glucose). If these manoeuvres do not improve
the circulation, consider volume expansion with 10 ml kg−1 of
normal saline, which may need to be repeated.

Specific neonatal surgical conditions
and anaesthetic considerations
Congenital diaphragmatic hernia
Congenital diaphragmatic hernia has an incidence of 1:2000–
3000 live births. The majority are left-sided (80%); a small percentage may be bilateral. Ten per cent present later in life. More
than half are associated with other anomalies, some life-threatening. Prematurity, chromosomal abnormalities, significant cardiac defects, and central nervous system and spinal anomalies are
associated with poor prognoses. Approximately half are diagnosed
prenatally. The most significant issue in these children is pulmonary hypoplasia and pulmonary hypertension. Prognosis is most
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closely linked to the degree of lung hypoplasia and may be calculated with Bohn’s Ventilation Index (Bohn et al. 1987) or the simple
formula Pa O2 [max] − PCO2 [max], in the initial 24 h of life (Schultz
et al. 2007).
Preoperatively, the neonate may require high-frequency oscillatory ventilation, inhaled nitric oxide, or ECMO. Sildenafil, prostacyclins, and non-specific endothelin inhibitors may also be used to
control pulmonary hypertension. Surgical repair of the hernia is
not urgent and should be performed when the child’s respiratory
status is stable. Indeed, respiratory function may acutely deteriorate
after surgery (Sakai et al. 1987). Surgery is usually performed via the
abdominal approach. Large defects have been closed using prosthetic patches, tissue-engineered grafts, and primary abdominal
flaps. Minimally invasive surgery using a thoracoscopic approach
may offer some advantages. Most infants will be intubated before
surgery; however, if bag and mask ventilation is needed for induction it should be brief and inspiratory pressures minimized to avoid
gastric insufflation. However, it should also be remembered that
hypoxia may worsen pulmonary hypertension.
No particular anaesthetic regimen has been proved to be superior; most are opiate-based that provide haemodynamic stability.
Epidural analgesia can be used provided the neonate is not anticoagulated or on ECMO. High-frequency oscillatory ventilation
may be continued intraoperatively—requiring a total intravenous
anaesthesia technique. A sudden decrease in oxygen saturation and
haemodynamic instability may indicate pulmonary hypertension
or a pneumothorax in the contralateral lung. Nitric oxide should be
available. The vast majority remain intubated for ongoing ventilatory support after surgery.

Oesophageal atresia and tracheo-oesophageal fistula
Oesophageal atresia and tracheo-oesophageal fistula is the result of
failure of the mesenchyme of the upper foregut to separate between
the fourth and sixth weeks of gestation. Interruption of the elongation and partitioning of the foregut causes incomplete development of the oesophagus and persistent fistulae or clefts between
the oesophageal and tracheal tubes. Up to 90 variations have been
described but the rare tracheo-oesophageal clefts are the most challenging to treat. The most common anomaly (Fig. 70.1) is a blind-
ending upper pouch with a distal tracheo-oesophageal fistula. The
distal fistula is classically situated 1 cm above the carina but often
lies at the carina.
Oesophageal atresia may be suspected antenatally if there is
maternal polyhydramnios or a small gastric bubble on ultrasound.
Clinical features strongly suggestive of oesophageal atresia include
excessive frothy saliva and respiratory distress at birth; coughing
and cyanosis during first and subsequent feeds; or the inability to
pass a nasogastric tube. A chest radiograph confirms the diagnosis.
Late presentation may be complicated by aspiration pneumonia or
gastric distension (or both); distressed babies in particular ‘air swallow’ through the fistula. Type II or ‘H’ fistulae usually present late,
often when the baby is investigated for recurrent chest infections or
even bronchiectasis. Other anomalies are common particularly the
VACTERL association (Box 70.1).
Cardiac and renal abnormalities are the most important and
should be identified before surgery by echocardiography and
abdominal ultrasound. A right-sided aortic arch requires a different surgical approach. Aspiration pneumonia and gastric reflux can
be reduced by nursing the baby prone or in a head-up position,
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(A)

Oesophageal atresia
with distal tracheoesophageal
fistula: 87%

(B)

Isolated oesophageal
atresia: 8%

(C)

(D)

Isolated tracheoesophageal
fistula: 4%

Oesophageal atresia with
proximal tracheoesophageal
fistula: 1%

(E)

Oesophageal atresia with
double tracheoesophageal
fistula: 1%

Figure 70.1 Classification and relative frequency of oesophageal atresia.
© Geoff Bosenberg, 2014.

Box 70.1 The VACTERL association
◆

◆

◆

◆
◆

◆

Vertebral (absent, fused vertebra, hemivertebra, absent,
extra ribs)
Anal or Alimentary tract (Anorectal malformation, sacral
anomalies, duodenal atresia, Meckel’s diverticulum, malrotation, pyloric stenosis)
Cardiac: congenital heart defects (incidence 20–25%) include
ASD, VSD, PDA or tetralogy of Fallot
Tracheo-oEsophageal fistula
Renal (renal agenesis, lobulation, hydronephrosis, hypospadias). Impact: renal function affects prognosis, renal agenesis may be associated with ipsilateral pulmonary agenesis or
hypoplasia
Limb (radial dysplasia, thenar defects, abnormal defective limbs). Impact: difficult vascular access and invasive
monitoring

ASD, atrial septal defect; PDA, patent ductus arteriosus; VSD, ventricular
septal defect.
Reproduced from La Placa, S. et al. Esophageal atresia in newborns: a
wide spectrum from the isolated forms to a full VACTERL phenotype?
Italian Journal of Paediatrics, Volume 39, Issue 45, Copyright © 2013 La
Placa et al. http://ijponline.biomedcentral.com/articles/10.1186/1824-
7288-39-45. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.
org/licenses/by/2.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is
properly cited.

and by draining the upper pouch using suction (continuously using
low-grade suction through a double-lumen Replogle tube, or intermittently through a large nasogastric tube).
Positive pressure ventilation may result in gas passing preferentially
through the fistula causing gastric distension and diaphragmatic
splinting. The risk is greater with large fistulae and non-compliant

lungs. High-frequency oscillatory ventilation may reduce the risk of
gastric distension. Inability to ventilate effectively as a result of loss
of gastric distension may require urgent gastrostomy.
Primary anastomosis is the goal whenever possible. The surgery
is performed through a right thoracotomy using an extrapleural
approach. Thoracoscopic closure has not been universally adopted.
Positive pressure ventilation should ideally be avoided until the fistula is ligated. This may involve an inhalation induction without use
of paralysis. Preoperative bronchoscopy has significant advantages.
Ideally, it should be undertaken with the neonate breathing spontaneously so that the airway dynamics can be assessed. A Fogarty
catheter—or a simple feeding tube—can be used to occlude the
fistula when necessary. To avoid positive pressure ventilation it is
again ideal to intubate the child without paralysis and then maintain spontaneous ventilation until the fistula is ligated, though
this is not always possible and frequently assisted ventilation is
required. It is preferable to place the tip of the tracheal tube distal
to the fistula. This may not be feasible for distal fistulae. If there is a
large fistula, the tracheal tube may be inadvertently placed into the
fistula. A large fistula may also result in an inability to ventilate the
lungs and gastric distension as a result of preferential ventilation of
the stomach. If this occurs, withdrawing slightly or rotating the tracheal tube may help (Knottenbelt et al. 2012). In some cases, urgent
gastric decompression is needed and if ventilation is still compromised, the intra-abdominal oesophagus can be urgently clamped
through an abdominal incision.
Other causes of intraoperative desaturation include pulmonary
compression, mediastinal retraction causing tracheal deviation or
compression, or loss of cardiac output. Hand ventilation with a
T-piece can be used while the chest is open to coordinate ventilation with the surgery. The anaesthetist can assist the surgeon identify the proximal pouch by moving the Replogle tube in the upper
pouch. Once the anastomosis is almost complete, a smaller trans-
anastomotic tube may be passed through the nose into the stomach
under direct vision. This acts as a stent and facilitates subsequent
feeding. Primary anastomosis of the oesophagus may be impossible
if there is a long gap between the proximal and distal oesophagus. If
so, the surgeon will ligate the fistula and fashion a feeding gastrostomy, delaying definitive repair.
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Some surgeons prefer to ventilate all babies postoperatively,
while others ventilate only those with anastomosis under tension or those with other significant anomalies. Epidural or extrapleural catheters can provide effective postoperative analgesia and
increase the chance of successful extubation at the completion of
surgery.

Gastroschisis and omphalocele
Gastroschisis and omphalocele are embryological defects that have
antenatal herniation or evisceration of abdominal contents through
the abdominal wall. Their differences are described in Table 70.1.
Gastroschisis is a lateral defect, 2–5 cm long, usually to the right of,
and separated by a skin bridge from, a normally situated umbilicus.
There is no sac and the herniated bowel becomes thickened, matted, oedematous, and covered with a film that envelops the bowel.
The risk of infection is proportional to the length of exposure to
infected amniotic fluid or contaminated environment. The size of
the defect influences the degree of evaporative fluid loss and cooling. Gastroschisis is seldom associated with other congenital anomalies except those in the gastrointestinal tract.

Table 70.1 Differences between exomphalos and gastroschisis

Incidence

Exomphalos

Gastroschisis

1–5:10 000

1:30 000 may be on
increase
Associated maternal
cocaine abuse

Site of defect

Herniation through
umbilicus

Lateral defect to right of
umbilicus

Defect 2–10 cm

Defect 2–5 cm

Sac (amnion,
peritoneum)

No sac
Risk of sepsis

Fetus

Associated anomalies

Premature 30%

Premature 60%

Intrauterine growth
retarded 35%

Intrauterine growth
retarded 60%

Common

Rare

Cardiac; cleft lip palate
Beckwith–Wiedemann
syndrome
Problems with bowel

Omphalocele (exomphalos), a central defect that herniates
through the base of the umbilical cord, is covered by a sac comprising amnion and peritoneum and usually with the cord at the apex.
It may be 2–12 cm in size. Omphalocele is associated with other
serious congenital abnormalities or chromosomal defects in up to
70% of cases. Beckwith–Wiedemann syndrome is characterized by
macroglossia, organomegaly, and hypoglycaemia.
Gastroschisis and ruptured omphalocele require urgent closure,
whereas closure of an exomphalos can be delayed to investigate
associated cardiac or chromosomal defects. The goals of preoperative management include protection of the herniated viscera;
antibiotics; minimize heat and fluid loss; prevent and decompress
gastric or bowel distension with a nasogastric tube; and correct
fluid, metabolic, and electrolyte disturbances. The protein and
fluid loss from the exposed bowel in gastroschisis may be substantial. Cardiac abnormalities should be ruled out before surgery—
particularly with exomphalos.
With large defects, the eviscerated bowel can be placed in a
Bentec bag to allow gradual reduction before attempting primary
closure. If primary closure is impossible, then a silastic pouch (silo)
is fashioned to cover and protect the bowel. This pouch can be
gradually reduced over subsequent days until a delayed closure is
possible. The timing of the closure is balanced between the size of
the defect and the infant’s cardiorespiratory reserve.
Measurement of central venous, ventilatory (<30 cm H2O),
intragastric (<20 cm H2O), or intravesical pressure has been used
to gauge the risk of abdominal compartment syndrome and predict
successful primary closure. Absent dorsalis pedis pulse, sluggish
capillary refill, and a decrease in urine output suggest a dangerously
elevated intra-abdominal pressure, which can lead to gastrointestinal or renal ischaemia.
Nitrous oxide should be avoided because of its propensity to cause
bowel distension that can prevent abdominal closure. Continuing
fluid resuscitation and maintenance of body temperature is essential. Opioid analgesia with a low concentration of volatile anaesthetic and full muscle paralysis is often required. Continuous
epidural infusions, which provide analgesia and a degree of motor
blockade without respiratory depression, can reduce the need for
postoperative ventilation. Most babies require postoperative ventilatory support; some requiring continuous muscle paralysis for
24–48 h. Fluid requirements may also be increased in the face of
a prolonged ileus. These babies are dependent on total parenteral
nutrition until normal bowel function returns. Subsequent surgery
may be required for undetected intestinal atresias, malrotation, or
adhesive obstruction.

Trisomy 13, 18

Necrotizing enterocolitis

Usually normal structure, Becomes thickened,
function
damaged

Necrotizing enterocolitis is an incompletely understood intestinal
complication with a high morbidity and mortality almost exclusively seen in premature infants.
The aetiology is probably multifactorial but is probably as a result
of ischaemia of the bowel making it susceptible to bacterial and
hyperosmolar damage. Bowel gas or gas-forming bacteria may
enter the submucosa and the portal circulation giving rise to the
classic, but transient, radiological signs of ‘pneumatosis intestinalis’
or gas in the portal system. Management is primarily conservative
(stop feeds, fluid resuscitation, nasogastric drainage, and antibiotic
therapy) unless complications that warrant surgical intervention
occur (e.g. peritonitis, bowel perforation, progressive acidosis, and

Malrotation

Delayed return of
function (2–5 weeks)
Risk of atresia, ischaemia
stenosis, adhesions,
perforation

Outcome

neonatal anaesthesia

Good dependent
on size

Depends on state of
bowel, time of closure,
sepsis-associated
anomalies
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uncontrolled sepsis). Surgical intervention may be required in
25–50% of cases.
Vigorous fluid therapy may be indicated (crystalloids, blood,
platelets, and fresh frozen plasma). The baby may be coagulopathic
and septic. Inotropes are often needed. An intraperitoneal drain
placed under local anaesthesia may form part of the resuscitation
in very unstable low-birth-weight babies (<1.5 kg). Most neonates
with necrotizing enterocolitis are already intubated and ventilated
before surgery. If not, then measures to prevent aspiration should
be instituted. Renal function and diaphragmatic action may be
compromised by raised intra-abdominal pressure. Opioid-based
anaesthesia is often used and inhalation agents should be used
with caution. Nitrous oxide should be avoided. The intraoperative
course can be stormy. Good intravenous access is necessary for the
potential blood loss and frequent need for inotropic support.

Pyloric stenosis
Infantile pyloric stenosis (idiopathic circular muscle hypertrophy
of the pylorus) is the commonest gastrointestinal abnormality in
infancy. The aetiology is unknown; it has a polygenic mode of
inheritance and the incidence is higher in the children of affected
parents. Worldwide, the incidence is 3:1000 live births but with
large regional variations and it is more common in white populations than black African or Asian populations. Males predominate by about 4:1. There are usually no associated congenital
anomalies.
Infants generally present at 3–5 weeks with a typical history of
progressive non-bile-stained vomiting (which becomes projectile
and occasionally blood-stained) and failure to thrive. Infants are
usually ravenously hungry. Visible peristalsis may be seen, particularly after feeding. Varying degrees of dehydration may be present.
An olive-sized mass may be felt below the liver in the right upper
quadrant. Mild jaundice is common and usually disappears
4–
5 days after surgery. Hyponatraemic, hypokalaemic, and
hypochloraemic metabolic alkalosis with a compensatory respiratory acidosis in varying degrees of severity is seen. Pyloromyotomy
is the definitive treatment, but surgery is not urgent and should only
be undertaken after adequate resuscitation. Correction of the alkalosis may take 24–48 h. Target values for resuscitation are serum
Na greater than 135 mmol litre−1, Cl greater than 100 mmol litre−1,
HCO3 less than 28–30 mmol litre−1, and K greater than 3 mmol
litre−1. Failure to correct hypokalaemia can lead to intraoperative
cardiac arrhythmias and postoperative muscle weakness. Failure
to correct metabolic alkalaemia leads to postoperative hypoventilation, particularly after intraoperative hyperventilation or opioid
administration.
It is common practice before induction to insert a nasogastric
tube (8 or 10 FG) to decompress the stomach. Some anaesthetists
advocate rolling the baby from side to side while aspirating. Both
intravenous and inhalation inductions are considered safe after
this manoeuvre. Short-acting neuromuscular blocking agents may
improve the surgical conditions and allow the inspired concentration of the inhalation agent to be reduced. Similar conditions can
be achieved with regional anaesthesia; spinal, caudal, rectus sheath
block, and local infiltration have all been described. The abdominal
incision may be midline, right subcostal or umbilical. Laparoscopic
approach is used with increasing frequency.
The surgeon may request a volume of air to be injected down
the nasogastric tube to test the integrity of the gastric mucosa. An

undetected gastric perforation may cause significant morbidity.
Oral feeds may be started as early as 4–6 h after surgery in some
cases. Paracetamol, 20–30 mg kg−1, combined with regional anaesthesia, usually provides adequate analgesia.

Intestinal obstruction
Neonatal intestinal obstruction occurs in about 1:2000 births and
may be the result of intrinsic developmental defects arising from
disordered embryogenesis such as anorectal malformation or malrotation, abnormalities of peristalsis such as Hirschsprung’s disease,
or a secondary insult in utero after normal intestinal development
such as an atresia, stenosis, or web.
Clinical presentation is determined by the cause and time of
presentation. Most are diagnosed early, either in utero or soon
after birth, and the babies are generally well and easily resuscitated.
Abdominal distension may compromise breathing by splinting the
diaphragm. These neonates are also at risk of aspiration, which
may further compromise respiratory function. Broadly speaking,
more proximal obstructions have greater electrolyte disturbance
(duodenal atresia) while more distal lesions are more distended.
Bowel perforation may cause septicaemia, coagulopathy, or further
distension.
Initial resuscitation should include bowel decompression and
correction of fluid and electrolyte disturbance. Coagulopathy, a
feature of unstable septic neonates, should be corrected. Surgery
can be delayed to optimize the neonate’s condition provided
there is no compromised bowel, perforation, or peritonitis. Other
anomalies, particularly in association with duodenal atresia and
anorectal malformations, are common and must be identified and
optimized before surgery. The nasogastric tube should be aspirated before induction to reduce the risk of pulmonary aspiration. Rapid sequence induction and cricoid pressure may further
reduce the risk. Invasive monitoring is indicated in sick or unstable babies and a central line may be required for intravenous feeding postoperatively. Maintenance of anaesthesia is determined by
the condition of the baby. Relaxant opioid and volatile anaesthesia is commonly used. Nitrous oxide causes further abdominal
distension and should be avoided. Epidural analgesia has been
described (Table 70.2).

Inguinal herniotomy
The incidence of inguinal hernia(e) increases with the degree of
prematurity. The risk of incarceration and strangulation is also
higher in the more premature baby. The timing of surgery should
take into account the risks of incarceration vs the risk of perioperative complications. The risk of postoperative apnoea decreases
with increasing post-menstrual age. Awake spinal or caudal
anaesthesia is reported to have fewer episodes of apnoea, hypoxaemia, and bradycardia than when the repair is performed under
general anaesthesia or performed under spinal anaesthesia when
additional sedatives are required. However, infants receiving spinal rather than general anaesthesia had an increased risk of anaesthetic failure (Jones et al. 2015). Most paediatric anaesthetists use
a combination of general and some form of local anaesthesia
(caudal, ilioinguinal block, or local infiltration). Infants with risk
factors for apnoea should be monitored at least overnight, or until
a 12 h apnoea-free period is achieved, before discharge. An incarcerated or strangulated inguinal hernia should be managed as for
intestinal obstruction.
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Table 70.2 Causes of intestinal obstruction and their associations
Diagnosis

Incidence

Clinical features

Associated anomalies

Specific problems

Pyloric stenosis

1:200–500
Geographic
variability

Male: female 4:1
Usually present at 2–6 weeks
Projectile vomiting
Failure to thrive

Uncommon

Correct metabolic alkalosis
Fluid resuscitation
Aspiration risk

Duodenal atresia

1:6000–20 000

Early copious vomiting may be bile
stained
Hypochloraemia
Metabolic alkalosis
‘Double-bubble’ on radiograph

Maternal diabetes in 50–70%
Congenital HD in 20%
Urogenital anomalies
Gastrointestinal tract anomalies
(anorectal; malrotation oesophageal
atresia)
Genetic disorders (trisomy 21, cystic
fibrosis, trisomy 11)

Prematurity 50% (1 in 5 <2 kg)
Aspiration risk
Hypoglycaemia
Correct electrolyte disturbance

Intestinal atresia

1:1500–3000

Bile-stained vomiting
Meconium absent
Abdominal distension
Bowel perforation

Ileal atresia 25%
Jejunal atresia 15%
Colonic atresia 5%
Multiple 10%
Familial incidence

Prematurity
Aspiration risk
Respiratory compromise
Correct electrolyte disturbance

Malrotation

1:600

50% present as neonates
History of normal feed and stool; then
colic and bilious vomiting
X-ray findings: normal or dilated
stomach, duodenum, small bowel;
small bowel right of midline

Exomphalos
Duodenal atresia
Diaphragmatic hernia
Midgut volvulus

Abdominal distension
Suspicion of volvulus (blood per
rectum)
Urgent surgery

Low or high depending on relation to
levator ani
60% High lesions associated with
other anomalies

VACTERL association
Genitourinary fistula common (high
lesion in males)

Cardiac assessment
Pass nasogastric tube to exclude
oesophageal atresia
Abdominal distension
Anoplasty for low lesion
Colostomy or primary repair for
high lesion
Caudal block may be difficult; sacral
anomaly

Anorectal
malformation

Meconium ileus

1:20 000

No meconium at 48 h
Signs of obstruction or complications
Visible peristalsis
Radiograph: multiple dilated bowel
loops of varying diameter, bowel
‘ground glass’ appearance, microcolon

Uncommon
10–15% of cases cystic fibrosis
Complications: atresia, meconium-
peritonitis, perforation, gangrene,
volvulus

Gastrografin swallow
Fluid resuscitation
Surgery for complications
Correct metabolic disturbances
Treat sepsis
Aspiration risk
Humidify gases
Avoid anticholinergics that thicken
secretions

Hirschsprung’s
disease

1:5000–10 000

Functional obstruction:
parasympathetic ganglion cells absent
in rectal mucosa and variable distance
proximally
Abdominal distension, vomiting,
constipation
Radiograph: multiple fluid levels, no gas
in rectum

Uncommon
Congenital heart disease in 5%
Trisomy 21 in 5%
Recto-sigmoid disease more common
in males
Familial occurrence, long segment
disease in females
Recto-sigmoid 70%
Left colon 20%
Whole colon 5%
Small intestine 1–2%

Enterocolitis carries significant
mortality in neonatal period
Antibiotics
Fluid resuscitation
Rectal washout
Procedures include definitive
resection, colostomy or rectal biopsy
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Congenital lobar emphysema

Laparoscopy and thoracoscopy

Congenital lobar emphysema is characterized by over-inflation
and air trapping in a lobe of the lung—usually the left upper lobe.
This may cause compression atelectasis of the adjacent lobe(s),
and mediastinal displacement with reduced venous return. The
aetiology is unknown. Fifty per cent of affected babies have associated airway abnormalities such as deficiency or stenosis of the
bronchial cartilage, vascular compression, or intra-bronchial
obstruction. Congenital heart defects are present in 10–35%.
Babies with congenital lobar emphysema present with varying degrees of respiratory distress and cyanosis with or without
hypotension, the severity of which determines the urgency of
surgery.
Inhalation induction with spontaneous ventilation is recommended to prevent further expansion of the affected lobe caused
by positive-pressure ventilation. Selective bronchial intubation
may be necessary if positive-pressure ventilation is needed.
Inotropic support may be required. Nitrous oxide should be
avoided. Once the chest is opened, the affected lobe herniates
through the incision and ventilation becomes easier. Before closure of the chest, the lungs should be re-expanded to reduce atelectasis. Early extubation should be the goal in order to reduce
the risks associated with positive-pressure ventilation such as
rupture of the bronchial stump, air leaks, or broncho-pleural
fistula. Regional anaesthesia (epidural infusion or paravertebral
block) provides good analgesia that may facilitate successful
extubation.

Laparoscopic and thoracoscopic techniques are increasingly used
for neonatal surgery. Insufflation of the abdomen or thorax commonly leads to hypoxia and hypotension. These complications
can be reduced by limiting the inflation pressure. Hypothermia is
related to the flow rate and duration of surgery and can be reduced
by warming the gases used for insufflation. Abdominal insufflation shifts the diaphragm cephalad, compresses the lungs, and may
cause endobronchial intubation. Higher ventilator pressures may
be required to maintain tidal volumes. End-tidal CO2 monitoring is
less reliable during thoracic insufflation. Acute reductions in end-
tidal CO2 may be as a result of obstruction of the tracheal tube, surgical compression of the airway, increased leak around the tracheal
tube, or cardiac shunt from increased pulmonary artery pressure
related to hypercarbia and acidosis in patients with a transitional
circulation. Hypotension may require a bolus of fluid or inotropic
support.

Patent ductus arteriosus
In the neonatal period, a patent ductus arteriosus is largely a problem of prematurity. It causes a varying degree of left-to-right shunt
across the ductus resulting in excessive pulmonary circulation, left-
sided strain, or high output cardiac failure. In severe cases, reversal
of blood flow during diastole can contribute to hypoperfusion of
the gut and necrotizing enterocolitis. Pharmacological closure is
often achieved using indometacin, diuretics, and fluid restriction.
Indometacin inhibits prostaglandin synthetase, reducing the prostaglandin E1 and E2 activity that maintains duct patency. Surgical
closure is indicated if medical treatment fails, in longstanding cases,
or if the duct is large.
Cardiac failure with fluid retention may be present. Usually a
baby with a significant patent ductus arteriosus is treated with fluid
restriction or diuretics, or both, which may render them relatively
hypovolaemic. Diuretics can also cause significant potassium deficits. The anaesthetic technique and drugs used for induction and
maintenance of anaesthesia are determined by the degree of cardiac failure. Intraoperative problems include lung compression and
hypotension. Lung compression may produce periods of desaturation but may need to be tolerated to allow surgery to be completed. Hypotension may be as a result of hypovolaemia or surgical
impairment of venous return. Volume expansion with a fluid bolus
(colloid, 10–15 ml kg−1) or inotropic support may be required to
restore blood pressure.
For postoperative analgesia, a paravertebral or intercostal block
can be placed with ultrasound guidance or under direct vision by
the surgeon. Continuous epidural infusion is also occasionally used.
Before closing the chest, the lung should be carefully re-expanded
to reduce atelectasis.

Regional anaesthesia in neonates
Regional anaesthesia, although technically challenging in newborns, has wide-ranging benefits (Bosenberg 2012). Most blocks
are placed under general anaesthesia to ensure an immobile patient.
However, in certain situations spinals, epidurals, caudal catheters,
and peripheral nerve blocks can be placed in awake newborns.
Opinions remain divided over the safely and effectiveness of
regional anaesthesia in newborns (Chalkiadis 2003; Bosenberg
et al. 2011). Some consider the risks too high for routine use by
individuals who do not have the necessary expertise. Based on
recent UK audits, there is little risk associated with epidural analgesia in children (Llewellyn and Moriarty 2007); however, the risks
associated with epidural analgesia or peripheral nerve blocks in
neonates are less clear. Newborns are considered to be at greater
risk of local anaesthetic toxicity as a result of loss of reduced clearance (Chalkiadis et al. 2005); however, the actual plasma concentration that is toxic is unknown in neonates.
Portable high-frequency ultrasound has improved our ability to
place epidurals and peripheral nerve blocks safely. Neonates are
ideal subjects for ultrasound-guided blocks given that most peripheral nerves are superficial and the nerves and surrounding structures can be readily defined. Even the spinal cord can be visualized
as ossification of the vertebrae in newborns is limited.

Spinal blockade
Bainbridge described the first spinal anaesthetic performed on an
infant in 1899 and early in the twentieth century, Lord H. Tyrell
Gray suggested that spinal anaesthesia ‘would occupy an important place in the surgery of children in the future’. Although the
popularity of spinal anaesthesia waned as the safety of general
anaesthesia improved, it remains a popular technique in some
centres—particularly for infants at risk of apnoea. Spinal anaesthesia can also be combined with caudal blockade. Spinal anaesthesia, with or without caudal blockade, has been described in a wide
variety of surgeries including inguinal hernia repair, ligation of
patent ductus arteriosus, pyloromyotomy, gastrostomy, gastroschisis, omphalocele, exploratory laparotomy, colostomy, anoplasty,
rectal biopsy, circumcision, meningomyelocele repair, or orthopaedic surgery (Frawley and Ingelmo 2010). Spinal blockade has
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also been described as an adjunct to cardiac anaesthesia in infants
(Humphreys et al. 2005).
With spinal alone, the duration of action is much shorter than
in adults despite the relatively higher doses (typically 0.2 ml kg−1
of bupivacaine 0.5% with a minimum of 0.5 ml). The duration of
blockade allows approximately 1 h of surgery (Frawley et al. 2004),
although longer surgery may be possible if further local anaesthetic
is delivered via a caudal catheter. Some also place a one-off caudal
block at the end of surgery to provide postoperative analgesia.
Spinal anaesthesia rarely produces significant changes in heart
rate or blood pressure; however, elevating the legs immediately
post spinal may lead to a high block with apnoea and a loss of
cardiac output. Reduced cortical arousal caused by peripheral de-
afferentation results in most babies drifting off to sleep during spinal anaesthesia. If the baby is unsettled, oral glucose may help settle
the child. Brief volatile anaesthesia or sedation may also settle the
child, although it may increase the risk of postoperative apnoea
(Davidson et al. 2009). The incidence of serious complications is
low, but includes infection and intracranial bleed. Failure rates
range from 5% to 20%.

Caudal block
Caudal anaesthesia is frequently used to provide analgesia for surgery below the umbilicus. It can be performed as a sole anaesthetic
in an awake neonates but more frequently is used to supplement
general anaesthesia. Caudal catheters may be used to top-up the
block. Complications apart from failed block are rare but include
inadvertent subarachnoid injection leading to apnoea and loss of
cardiac output, nerve injury, and infection. Adjuvants such as clonidine prolong the block in older children but some data exist in
neonates that show it may cause apnoea.

Lumbar and thoracic epidural block
Lumbar epidural blocks have been described for lower abdominal,
pelvic, and lower limb surgery, and thoracic epidural blockade has
been used for upper abdominal or thoracic surgery. Experience in
neonates is relatively limited. Epidural are usually performed under
general anaesthesia but can also be performed under sedation or
spinal blockade. The T12–L1 and L1–2 interspaces are the largest and most easily palpable. The skin–epidural distance ranges
from 5 to 12 mm depending on the gestational age and weight.
Ultrasound can be used to measure this distance.
Sacral inter-vertebral block is also possible as the sacral vertebrae
have not fused in newborns and is particularly useful in those where
the sacral hiatus cannot be identified (e.g. obese newborns or high
anorectal malformations with associated sacral abnormalities). This
approach has less risk of spinal cord damage or dural puncture.
Caudal catheters can be passed up to lumbar and thoracic levels
to provide effective analgesia for abdominal and thoracic surgery.
This technique may be easier and safer than direct lumbar and
thoracic blocks; however, confirming the correct position of the
catheter tip is essential as misplacement is common (Valairucha
et al. 2002).

Peripheral nerve blocks
Most well-known peripheral nerve blocks can be performed on
newborns. Blocks can be placed using anatomical landmarks, nerve
stimulation, or ultrasound guidance.

neonatal anaesthesia

Axillary blocks can be used to provide vasodilation to facilitate PICC line placement or for limb salvage after misadventures
with arterial catheterization. Femoral nerve blocks can be used
for PICC line placement in the lower limbs, muscle biopsy, skin
graft, and clubfoot repair in infants. Infraorbital nerve block has
been described for neonatal cleft lip repair. Ilioinguinal nerve
block can provide analgesia comparable to caudal blockade after
inguinal herniotomy or orchidopexy. The ilioinguinal and iliohypogastric nerves lie between the transversus abdominis and internal oblique muscles 3–5 mm medial to the anterior superior iliac
spine. Transabdominal plane block has been explored as an alternative for intraoperative and early postoperative analgesia for selected
upper or mid-abdominal procedures involving the abdominal wall.
However, the muscle layers are thin and compliant and the risk of
penetrating the peritoneal cavity is high with both transabdominal
plane and ilioinguinal blocks.
Intercostal blocks can be placed under direct vision at surgery or
using ultrasound guidance to provide analgesia after thoracotomy
or chest tube placement. Paravertebral block under direct vision
immediately before chest closure is a viable alternative for management of post-thoracotomy pain. Extrapleural catheters can also be
effective for postoperative analgesia.
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Anaesthesia for the
infant and older child
Erin A. Gottlieb, Anthony Moores,
Tom Pettigrew, and Alyson Walker
Introduction
Anaesthesia for infants and older children is, in many respects,
similar to the practice of anaesthesia in adults. However, there are
important differences in physiology, pathology, and pharmacology
between children and adults, and there are the additional overlays
of childhood personality and parental involvement. This chapter
considers anaesthesia for children beyond the neonatal stage. It
deals with the important aspects of the pre-, intra-, and postoperative periods, and particularly details those aspects of paediatric
anaesthesia where practice differs from that in adult patients.

Preparation and assessment
The majority of infants and older children presenting for surgery
are fit and healthy. Much of the effort in preparation and assessment will therefore be directed at offering relevant preoperative
information and attempting to allay patient and parental anxiety.
The incidence of preoperative anxiety and subsequent behavioural
change is high, and there are a number of pharmacological and
non-pharmacological strategies to address this problem. Paediatric
anaesthetists continue to face common preoperative dilemmas,
including those related to undiagnosed murmurs or coexistent
upper respiratory tract infection. Most paediatric surgery is conducted on a day-case basis. Individual hospitals need to agree on
selection criteria based on appropriate patient and surgical factors.

Information for children and families
The increase in ambulatory surgery has reduced the time available
to the anaesthetist for interaction with children and families. The
delivery of information to children and their parents will often
begin at the pre-admission clinic. As with any patient for surgery,
they should receive written information relating to the proposed
procedure and clear guidelines on what they can eat and drink
before surgery.
Medical professionals have known for a long time that anaesthesia and surgery can have a significant psychological impact on children (Kain et al. 1996; Wollin et al. 2003; Fortier et al. 2010). The
development of behavioural rating scales has demonstrated postoperative maladaptive changes including postoperative anxiety,
sleep disturbance, eating disorders, separation anxiety, aggression
towards authority, and withdrawal. About two-thirds of children

may exhibit such behaviours initially, but fortunately the changes
are usually not long-lasting. Younger children have consistently
been shown to be more susceptible to these problems. These behavioural changes are often associated with preoperative anxiety leading to a lack of cooperation and traumatic induction. Predicting
preoperative anxiety is notoriously difficult, but factors such as
parental anxiety, shy temperament, and previous hospital experience are indicators.
Written preoperative information may go some way to allaying prehospital anxiety, particularly parental, but may have little
impact on the induction period and postoperative behavioural
changes discussed. However, children and parents desire to receive
such written information (Fortier et al. 2009). The Royal College
of Anaesthetists has three patient information leaflets specifically
designed for young children, older children, and teenagers. There
are further guides for parents and all are freely available from the
college website (www.rcoa.ac.uk/childrensinfo). Although complex
cognitive behavioural preparation programmes have been shown
to be effective in targeting anxiety and behavioural change in older
children, they are unlikely to be deliverable in a resource-limited
service.

Assessment
The majority of children presenting for surgery are fit and healthy.
Anaesthetic assessment is often concentrated on providing age-
appropriate information and reassurance, while making a plan for
induction and postoperative analgesia. Specific to paediatric anaesthesia, a birth and neonatal history may provide useful information regarding previous long-term ventilation or complications of
prematurity. The incidence of difficult direct laryngoscopy or difficult mask ventilation in otherwise fit and healthy children is low,
and airway assessment is primarily concerned with the detection
of loose deciduous teeth. Previous anaesthetic charts provide useful information on cooperation with induction and any technical
difficulties, particularly difficult vascular cannulation. It is routine
for pre-assessment services to record an immunization history,
although recent immunization is not an absolute contraindication to anaesthesia. Surgery may be delayed after immunization to
avoid confusion between the febrile symptoms of inoculation and
surgical complications. Occasionally, children will have extremely
complex congenital or acquired disease with multidisciplinary and
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multisystem involvement. The assessment of this group of children
is beyond the scope of this section, but covered comprehensively in
widely available review articles (von Ungern-Sternberg and Habre
2007a, 2007b).

Fasting
Starvation guidance for infants and children in many ways mirrors
adult practice with recommendations of 2 h for clear fluids and
6 h for solid food (Smith et al. 2011). Breast milk is cleared rapidly from the stomach and most guidelines suggest a 4 h fasting
time is sufficient. Most formula preparations take longer to empty
and are therefore grouped with non-human milk and solid food.
Gastric emptying of formula feeds may be faster in children less
than 6 months of age and guidelines from Scandinavia support 4
h fasting times for this group. Children should be encouraged to
drink clear fluids up to 2 h before surgery to decrease thirst and
avoid preoperative dehydration. The volume of preoperative fluid
does not appear to influence residual gastric volumes.

Preoperative assessment clinics
Consideration should be given to the development of pre-
assessment clinics to facilitate same-day surgery, in particular to
ameliorate the stress of admission and avoid unnecessary same-
day cancellation. Nurse-led pre-assessment through structured
questionnaires is now the norm in the United Kingdom and has
been shown to be safe and effective (Varughese et al. 2006). It is still
imperative that the child meets the surgeon and the anaesthetist on
the day of surgery to confirm the need for the procedure and make
anaesthetic plans for induction, recovery, and analgesia.

The child with an upper respiratory tract infection
A child is likely to have six to eight viral respiratory illnesses per year
(Tait and Malviya 2005). Airways can remain hyper-responsive for
up to 6 weeks after an illness. This creates a dilemma for the assessing anaesthetist who must weigh up the risks and benefits of continuing with anaesthesia and surgery. Postponing elective surgery
in a child with a upper respiratory tract infection (URTI) is inconvenient to the family and wastes healthcare resources. Conversely,
there is little doubt that URTI leads to an increase in perioperative
respiratory adverse events (although generally these events, such as
laryngospasm, bronchospasm, and atelectasis, are easily manageable with no permanent sequelae).
There remains little agreement on which patients can safely
proceed to surgery. It would seem sensible that children with productive coughs, heavy purulent nasal secretions, fever (>38.5°C),
or other signs of systemic illness (e.g. malaise, lethargy, or lack of
appetite) should have their surgery postponed (for a minimum
of 4 weeks). In the context of milder illness, factors such as age
(<1 year), co-morbidities, urgency of surgery, and the planned
procedure will guide decision-making. Young children, in whom
the baseline incidence of respiratory events is higher, and those
children with coexisting respiratory disease (e.g. asthma) make
the most sensible choices for postponement of surgery in the
context of a URTI. Traditionally, it has been demonstrated that
procedures involving endotracheal intubation are associated with
a higher incidence of adverse respiratory events in the context of
coexisting URTI. Although there are widespread recommendations for the avoidance of endotracheal intubation, this would
still seem to represent the safest, secure airway in this group of
patients.

The child with a heart murmur
Heart murmurs are extremely common in the infant population.
Nearly all of these are innocent murmurs occurring in structurally
normal hearts. A number of authors have suggested decision-making
algorithms to identify children at low risk of significant cardiac disease. Most of these algorithms begin with auscultatory features suggesting a benign murmur. It should be cautioned, however, that the
nature of a murmur cannot always be determined by auscultatory
features alone. Clinicians should adopt a high index of suspicion in
children with syndromes that are associated with cardiac disease. In
many paediatric centres, a cardiology opinion is always sought when
the patient is less than a year old as clinical features are likely to be
subtle in this population. Children aged more than 1 year with a
systolic murmur, who are thriving, with no symptoms or signs suggestive of cardiovascular disease (cyanosis, tachypnoea, frequent
respiratory tract infections. palpitations, syncope, reduced exercise
tolerance) can proceed to surgery (Bhatia and Barber 2011). It should
always be remembered that transthoracic echocardiography is non-
invasive and can provide a quick, definitive answer.

The child with asthma
Asthma is one of the most common chronic illnesses affecting up to
10% of children (Doherty et al. 2005). Its great prevalence (which
is currently rising) will ensure that many anaesthetists will encounter patients with the characteristic symptoms of cough and wheeze
related to reversible airways obstruction. All patients with a history
of reactive airways disease are at risk of bronchospasm in the perioperative period. The incidence of laryngospasm or bronchospasm
during the perioperative period in asthmatics is low but the consequences are potentially serious.
Although there is scanty evidence to determine the optimal anaesthetic management of the asthmatic child, there are a number of
important issues to address during assessment (Doherty et al. 2005).
Firstly, asthma is extremely difficult to diagnose, and it is always
important to consider alternative diagnoses. Clinicians should
maintain vigilance for the unremitting wheeze or stridor indicating a fixed airway obstruction, patients with potentially chronic
suppurative lung conditions, or children with tracheomalacia or
bronchomalacia. The assessment of disease severity should include
questions relating to poor control such as frequent hospital admissions or use of oral steroids. The severity of the child’s asthma can
be stratified by the level of treatment required to control symptoms
as found in the 2008 British Thoracic Society guidelines (British
Thoracic Society and Scottish Intercollegiate Guidelines Network
2008). Caution should obviously be taken in anaesthetizing children on step 4 or 5 of the British Thoracic Society guidelines. These
children may have the wrong diagnosis, may not be complying with
treatment, or may rarely have life-threatening exacerbations.
Anaesthetists should bear in mind that those with atopy may be at
greater risk of allergic reactions. Additional i.v. corticosteroids may be
required in those taking systemic corticosteroid therapy and occasionally those taking high-dose inhaled steroids. Despite these many considerations most children with asthma undergo uneventful anaesthesia.

Premedication and non-pharmacological
interventions for anxiety
Ideal premedication
Despite adequate information and preparation, a minority of particularly anxious children, including many with special needs,
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will require sedative premedication to enable cooperation, avoid
restraint, and prevent some of the behavioural complications
that were described earlier. Ideally, a premedicant drug would
provide reliable anxiolysis and sedation, possibly with amnesia,
although this is debated. It would have a predictable but short
duration of action and simple mode of delivery (or pleasant taste).
Unfortunately, there is no single drug that meets all these criteria,
but agents commonly used in the United Kingdom are discussed in
the following sections.

Benzodiazepines
Oral midazolam remains the mainstay of anxiolytic premedication
in children despite occasional unpredictable effects. It has a rapid
onset of action (approximately 30 min) in a dose of 0.5 mg kg−1.
It produces sedation, anxiolysis, and amnesia with little effect on
postoperative recovery. Rectal preparations are available but rarely
used. Temazepam and lorazepam tend to be avoided in children
because of prolonged drowsiness.

α-Agonists
Clonidine is emerging as a potentially useful agent. In addition to
sedation, it has widespread useful properties including analgesia,
reduction in emergence delirium, reduction in volatile requirements, and improved perioperative haemodynamic stability. The
dose for oral clonidine is 4 μg kg−1, and the neutral taste has been
demonstrated to be superior to midazolam. It requires longer to work
(approximately 40–60 min) but appears to have better levels of sedation, recovery profiles, and parental satisfaction when compared with
midazolam (Almenrader et al. 2007). Clonidine appears particularly
suited to the technique of steal-induction where the anaesthetist
attempts a smooth transition between physiological and anaesthetic
sleep by quiet, gentle inhalation induction. Dexmedetomidine may
have a future role, but availability remains restricted.

Ketamine
The N-methyl-D-aspartate (NMDA) antagonist ketamine remains
a useful paediatric premedicant despite its well-known psychotomimetic side-effects. An oral dose of 3–5 mg kg−1 will generally
provide profound sedation in 30–40 min. It has an extremely bitter
taste and may not be tolerated. For extremely anxious and uncooperative children, the i.m. route may have to be used. In about 15
min, doses in the range 4–10 mg kg−1 will provide deep sedation
and analgesia bordering on anaesthesia. The latter technique obviously requires careful planning and discussion with parents.

Other agents
Alimemazine (trimeprazine) is still used as a sedative in critical
care settings and occasionally for procedural sedation at a dose of
2 mg kg−1. Although historically used for premedication, a relatively prolonged duration of action and cardiorespiratory depression make this antihistamine drug unsuitable for modern day-case
anaesthesia. Similarly, the virtually prehistoric chloral hydrate or
triclofos sodium (the more palatable metabolite of chloral hydrate)
needs to be given in large volumes (50–100 mg kg−1), effectively
limiting their role to nasogastric delivered sedation in critical care.

Non-pharmacological interventions
Parental presence at induction undoubtedly alleviates parental
anxiety, but the effect on the child is more variable. It has been
almost universally adopted in the United Kingdom despite disagreement on the benefits to the child (Chundamala et al. 2009). To
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most clinicians, it seems to afford the best balance of addressing the
rights of the parent and child, ameliorating parental anxiety, and
possibly reducing anxiety and improving cooperation in the child.
Interestingly, a study showed that clowns provided lower child
anxiety scores in the anaesthetic room than midazolam premedication (Vagnoli et al. 2010). Low ambient lighting, single operators,
and relaxing classical music in the anaesthetic room appear to also
lower anxiety scores. Video games and other distraction techniques
are also effective. With the increasing availability and familiarity
with portable electronic devices these may prove to be an important tool in the armoury of the paediatric anaesthetist.

Topical anaesthesia for venepuncture
LMX-4® is a topical liposomal formulation of 4% lidocaine. It is
rapidly absorbed and produces anaesthesia within 20–30 min
that lasts for 1 h after removal. It appears to be as efficacious as
EMLA® (Eutectic Mixture of Local Anaesthetics) and has a better
adverse effect profile, including fewer cutaneous responses (Koh
et al. 2004). LMX-4® has become the standard topical anaesthetic in
many paediatric hospitals in the United Kingdom.
EMLA® is a 1:1 mixture of 2.5% lidocaine and 2.5% prilocaine as
an oil-in-water emulsion. Anaesthesia is achieved in approximately
45–60 min and last for about 2 h after removal. There is a theoretical risk of methaemoglobinaemia, and care should be taken in neonates, especially those less than 37 weeks of gestation.
Ametop™ gel contains the local anaesthetic tetracaine (4%). It is
effective in about 30–45 min lasting 4–6 h. It often causes a local
reaction (erythema) and effective alternatives have reduced its use.
Topical anaesthesia appears to have no bearing on the success
of i.v. cannulation in children, and therefore it should be considered mandatory if time permits (Arendts et al. 2008). Sucrose may
be more effective than topical anaesthetics in ameliorating cannulation responses in newborns, although doubts continue as to
whether this constitutes analgesia (Wilkinson et al. 2012).

Selection for day-case surgery
Children make ideal day surgery candidates. In addition to being
generally fit and healthy, many of the common surgical procedures
are of short duration with modest analgesic requirements. For these
reasons, surgery is increasingly being carried out on a day-case
basis. Children are no different from adults in that a number of
patient, surgical, and social factors will need to be considered (Patil
and Brennan 2007). Individual units will need to produce their
own selection criteria to outline the patient and surgical factors
that can lead to safe anaesthesia and surgery with their individual
resource pool.

Neonatal surgery
The lower limit for consideration for day surgery will depend on a
number of factors including the experience of the personnel. Many
units will now consider day-case surgery for otherwise healthy
babies at term. Preterm infants are not normally considered suitable
until between 50 and 60 weeks post-conceptual age because of the
risk of postoperative apnoea. This period may be longer for those
with complex lung disease, anaemia, or neurological impairment.

Day-case surgery for tonsillectomy
In many countries around the world, tonsillectomy (or adenotonsillectomy as is often carried out in children) has now become a
day surgery procedure. Many UK audits have demonstrated the
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introduction of safe and effective care pathways for day case tonsillectomy with strict inclusion criteria and standardized analgesic
and antiemetic regimens (Robb and Ewah 2011). Despite this, tonsillectomy has remained an inpatient procedure in many centres.
There remains concern among clinicians about complications such
as primary haemorrhage and the applicability of studies to differing populations. Further barriers to implementation include large
numbers of children that fail to meet social support criteria and a
lack of enthusiasm for discharge among parents. It should also be
noted that many tonsillectomies performed in the paediatric population are in patients with obstructive sleep apnoea. Many of these
patients have clinical diagnoses of obstructive sleep apnoea without polysomnography. Admission for this subset of patients would
always seem prudent.

Checklists and safety
Since the World Health Organization (WHO) launched the Safe
Surgery Checklist as part of the ‘Safe Surgery Saves Lives’ campaign, many countries have made efforts to incorporate checklists
into numerous aspects of the patient perioperative care journey.
There is evidence that such checklists can reduce perioperative
morbidity and mortality across a diverse range of surgical populations (Haynes et al. 2009). The National Patient Safety Agency in
England and Wales has adapted the WHO checklist, but retained
the ‘sign in, time out, sign out’ format. Many hospitals have tailored the checklist to their specific requirements, but all contain
similar checks to confirm the identity of the patient, nature and site
of surgery, staff and equipment availability, and delivery of appropriate antimicrobial and thromboembolic prophylaxis. Other similar initiatives include the ‘Stop Before you Block’ campaign led by
the Safe Anaesthesia Liaison Group in the United Kingdom and
designed with the intention to avoid wrong site regional anaesthesia. In Scotland, the Scottish Patient Safety Programme works on
similar principles and has similar perioperative interventions, but
has a wider remit to improve consistency of care throughout the
hospital and beyond.

Intraoperative care
Induction
Induction of anaesthesia in paediatric patients can be achieved
via inhalation of volatile anaesthetics, or by i.v. or i.m. administration of sedative hypnotic drugs. Each induction technique has
unique advantages and disadvantages. When selecting a technique
for induction, the anaesthetist should consider patient preference,
health, anxiety level, ability to cooperate, and nil by mouth status.
The anaesthetist must also consider the planned procedure and
their level of comfort with these techniques (Zielinska et al. 2011).

Inhalation
An inhalation induction can be accomplished safely and easily
in the cooperative paediatric patient. This induction technique is
especially attractive in the outpatient setting, where most patients
are healthy and fasted. Oral premedication or parental presence
might be desirable for the anxious child.
For the cooperative patient, a smooth technique is to have the
patient breathe nitrous oxide for 1 min and then introduce sevoflurane which is gradually increased. Alternatively, overpressure can
speed induction by setting the vaporizer to deliver 8% concentration

of sevoflurane in oxygen. Finally, the circuit can be flushed with 8%
sevoflurane and the patient coached to fully exhale, then inhale a
maximum tidal volume of sevoflurane and hold their breath, the
single-breath technique. When delivering high concentrations
of sevoflurane, the second gas effect from nitrous oxide does not
affect the rate of induction (Banchs et al. 2013). Sevoflurane and
halothane (no longer available in the United States) are the potent
agents selected for inhalation induction because of their lack of
noxious odour, acceptability and low incidence of airway irritation, breath holding, and laryngospasm (Lee et al. 2013). After the
patient is anaesthetized, an i.v. catheter can be placed and the airway manipulated.
It is important to recognize that patients undergoing this method
of induction pass through stage 2, the excitement phase, with an
unsecured airway and without i.v. access. Patients in stage 2 are vulnerable to breath-holding, airway obstruction, laryngospasm, and
regurgitation and aspiration of stomach contents. The anaesthetist
should monitor the airway carefully during this time and be ready
to suction any vomitus and treat laryngospasm.

Intravenous
I.V. induction of anaesthesia is achieved by the administration of a
sedative hypnotic agent such as propofol, thiopental, etomidate, or
ketamine through an i.v. catheter. Each of these drugs has unique
advantages and disadvantages. Dosages of these common induction agents are found in Table 71.1.
Cases in which an i.v. technique might be preferable to an inhalation induction include patients at increased risk for aspiration of
gastric contents, those with increased airway reactivity who might
be predisposed to laryngospasm or bronchospasm, patients at
risk for malignant hyperthermia, and some patients with cardiac
disease such as left ventricular outflow tract obstruction, cardiomyopathy, or pulmonary hypertension (Sümpelmann and Osthaus
2007; White 2011).
Advantages of propofol include a quick onset of action, quick
redistribution and cessation of effect, clear wakeup, and antiemetic
properties. It can also be used to treat laryngospasm through a
rapid increase in anaesthetic depth. Disadvantages of propofol
include pain on injection, a decrease in myocardial contractility,
and decreases in preload and afterload. This drug should be used
with caution in patients with decreased myocardial function and in
hypovolaemic patients.
Thiopental has similar properties to propofol in terms of
quick onset of action and redistribution phase. Thiopental can
also be associated with airway reactivity and bronchospasm.
Table 71.1 Common induction drugs
in paediatric anaesthesia
Drug

Dosage (mg kg−1)

Propofol

I.V.: 1.0–2.5

Etomidate

I.V.: 0.2–0.3

Thiopental

I.V.: 3–5

Ketamine

I.V.: 1–2
I.M.: 4–6

Midazolam

I.V.: 0.1–0.3
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Cardiovascular effects include a decrease in myocardial contractility and decreases in preload and afterload.
Etomidate is distinctive in that it does not affect myocardial contractility. It can be a good choice in the setting of decreased myocardial function or hypovolaemia. Unfortunately, even one dose of
etomidate is associated with adrenal suppression in adults and children. Etomidate is associated with pain on injection and myoclonus
(Scherzer et al. 2012).
Ketamine, an NMDA receptor antagonist, has sympathomimetic properties. It is a wise choice for the induction of hypovolaemic patients or for patients with cardiac tamponade, asthma, or
decreased myocardial function. It should be used with caution in
patients with severe cardiac failure, as direct myocardial depressant
effects are unmasked in catecholamine-depleted patients (Scherzer
et al. 2012).

Intramuscular
I.M. administration of ketamine can also be used for induction of
anaesthesia. This technique is useful for patients who are uncooperative or combative and will not accept i.v. cannulation or an inhalation technique. This induction technique is also considered safe for
paediatric patients with cardiac disease including cardiomyopathy,
left ventricular outflow tract obstruction, and cyanotic congenital
heart disease (Sungur Ulke et al. 2008; Jamora and Iravani 2010).

Airway management for infants and older children
Depending on the planned surgical procedure, choices for airway
management in infants and older children include endotracheal
intubation, supraglottic airway device, face mask, and natural airway with or without supplemental oxygen via nasal cannula or simple face mask.
Endotracheal intubation provides the most protected and controlled airway. The patient can be orally or nasally intubated, and
ventilation can be spontaneous or assisted. Uncuffed tracheal tubes
were once preferred over cuffed tubes because of concerns about
tracheal mucosal damage from excess cuff pressure. However,
recent evidence does not support this, and the incidence of post-
extubation airway morbidity is not increased when cuffed tubes
are used (Weiss et al. 2009). Cuffed tubes confer the advantage of
providing a good fit with fewer laryngoscopies, and more accurate
monitoring of lung mechanics, less pollution of the operating theatre with inhalation agents, and decreased risk of microaspiration
(Litman and Maxwell 2013). Cuffed tubes are preferred when it is
critical to effectively control ventilation (e.g. in patients with pulmonary hypertension) or in situations where changes in pulmonary compliance are anticipated (e.g. laparoscopy and insufflation,
transoesophageal echocardiography probe placement, burns, and
cardiopulmonary bypass). Cuffed tracheal tubes should be used
in cases in which the patient is at increased risk for aspiration of
gastric contents. Cuffed tracheal tube size estimations can be made
based on age, weight, or height (Xue et al. 2008). A common age-
based sizing formula for cuffed tracheal tubes in children more
than 1 year of age is (Duracher et al. 2008): tube internal diameter
(mm) = (age/4) + 3.5.
Supraglottic airway devices, which include the laryngeal mask
airway, are commonly used for airway management during general
anaesthesia and as a rescue tool when a difficult airway is encountered. Although the technical skills for proper insertion are much
more easily mastered than endotracheal intubation, practise is
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required to master these skills (Ghai and Wig 2009). The cuff of the
supraglottic airway device can also be hyperinflated. Hyperinflation
and associated higher cuff pressures (>60 cm H2O) are associated
with sore throat and dysphagia postoperatively. In addition, hyperinflation is associated with an increased leak of anaesthetic gases
around the cuff. The use of cuff manometry should reduce leakage around the cuff and reduce pharyngeal morbidity (Licina et al.
2008; Ghai and Wig 2009; Schloss et al. 2012). Although less invasive than endotracheal intubation, airway stability, surgical field
avoidance, the ability to deliver positive pressure ventilation, and
the risk of aspiration should be considered before choosing a supraglottic airway device (White et al. 2009).
Mask ventilation is often used for cases of short duration. The
airway is unprotected, and both aspiration and laryngospasm are
possible. Mask ventilation is an important skill to master, as discussed later. The teaching of proper technique and strategies to produce and maintain a patent mask airway can be life-saving.
A natural, unsupported airway can be used for patients undergoing a total i.v. anaesthetic. A nasal cannula or simple face mask can
be applied, and oxygen or air can be administered to the patient.
Newer cannula and face mask designs contain a port through
which end-tidal carbon dioxide is monitored. The airway must be
continuously monitored for patency throughout the case. This can
be a useful technique for non-painful procedures such as magnetic
resonance imaging or proton therapy in which patient immobility is critical (Schulte-Uentrop and Goepfert 2010; McFadyen
et al. 2011).

Difficult airway in children
Children with a difficult airway can be classified into one of three
groups: those who appear normal and have an unexpected difficult airway; those with a normal airway who have trauma, burn,
radiation, or swelling producing a difficult airway; and those with
anatomical abnormalities producing a difficult paediatric airway.
Difficulty can be encountered with mask ventilation, direct laryngoscopy, or passing the tracheal tube below the glottic opening.
With any of these scenarios, the goal is to maintain oxygenation
and ventilation, to have airway adjuncts available with which there
are local training and expertise, and to refer patients with known
difficult airways to appropriately experienced and staffed hospitals, if time permits (Engelhardt and Weiss 2012; Sims and von
Ungern-Sternberg 2012).
There are a few differences between children and adults. First
of all, the incidence of unanticipated difficult mask ventilation is
probably lower in children. The cause of difficult mask ventilation
in adults is commonly associated with the presence of a beard, and
neck radiation changes (Kheterpal et al. 2006, 2009). An additional
difference when managing the difficult airway of a child vs an adult
is that children are typically unable to cooperate with an awake or
lightly sedated fibreoptic intubation of the trachea that is topicalized with local anaesthetic. Most children must be heavily sedated
or anaesthetized to allow airway instrumentation.
A difficult airway should be anticipated in patients with congenital syndromes affecting craniofacial anatomy such as Treacher
Collins, Goldenhar, and Pierre Robin sequence; those with acquired
facial pathology such as infection and burns; and those with other
congenital airway abnormalities such as vascular or lymphatic malformations. It is critical to identify such patients and consider the
anatomical site of airway difficulty in order to formulate an optimal
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plan (de Beer et al. 2011). These patients should be treated electively in experienced centres, and a difficult airway plan should be
devised preoperatively. Anaesthesia can be induced intravenously
or via inhalation, and ability to mask ventilate should be determined. Controversy exists over the use of neuromuscular block vs
spontaneous respiration if mask ventilation is possible (Engelhardt
and Weiss 2012; Sunder et al. 2012). Airway adjuncts that are available in paediatric patients include supraglottic airway devices,
video laryngoscopes, optical stylets, and flexible and rigid fibrescopes. It is critical that staff be trained and have experience with
the available equipment (Engelhardt and Weiss 2012; Sunder et al.
2012; Krishnan and Thiessen 2013).
In the paediatric patient that cannot be ventilated and cannot be
intubated, few options exist. It should be recognized that needle
cricothyrotomy in infants and children is extremely difficult with
a low success rate. A surgical tracheostomy performed by a skilled
practitioner is a better option. For this reason, such a surgeon
should be available and present when a difficult airway is anticipated (Sunder et al. 2012).
The key to managing the anticipated or unanticipated difficult airway is to have a planned and practised approach with an
armamentarium of airway adjuncts and well trained staff who are
familiar with these tools (Best 2012). Simulation of difficult airway
scenarios can be useful in teaching difficult airway skills to trainees.
It is important to start with more simple techniques and advance
to more complicated ones. A major advantage of simulation is that
the primary teaching occurs without risk of injury to the patient.
Clinical learning on patients is reserved for trainees who have
developed skill with specialized airway equipment in simulation
(Schaefer 2004).
Finally and importantly, mask ventilation needs to be recognized
and taught as the primary life-saving skill and manoeuvre when a
difficulty airway is encountered (Engelhardt and Weiss 2012). Some
authors suggest that the routine use of the laryngeal mask airway
and other supraglottic airways for elective anaesthetics has led to
a decrease in the use of mask ventilation and a reduction in mask
ventilation skills (Sims and von Ungern-Sternberg 2012).

Maintenance of anaesthesia
In paediatric patients, anaesthesia can be maintained with inhaled
or i.v. medications, or a combination. Inhaled anaesthetics that are
available include sevoflurane, isoflurane, and desflurane. Halothane
is not readily available and is primarily of historical interest. Nitrous
oxide can be added to increase the depth of anaesthesia and reduce
the concentration of the potent inhalation agent required. There is
some evidence that nitrous oxide may reduce the development of
chronic post-procedural pain in adults; however, data is lacking in
paediatric patients (Chan et al. 2011).
Short-acting i.v. anaesthetics can be administered as infusions
and include propofol, ketamine, dexmedetomidine, etomidate,
and remifentanil. Each of these anaesthetics has a unique profile in
terms of pain control, amnesia, immobility, and effect on respiration, and typically, a hypnotic agent is combined with an analgesic.
For example, it is often necessary to administer a combination of
infusions to achieve complete anaesthesia (e.g. propofol/remifentanil or propofol/ketamine).
An i.v. infusion can be added to an inhaled anaesthetic with
an opioid as part of a balanced technique. Neuromuscular block
for paediatric surgery is not commonly required because of the

reduced muscle mass (strength) of children and their ability to
tolerate the haemodynamic effects of higher concentrations of
inhaled anaesthetics that produce some degree of neuromuscular
block. Neuromuscular blockers are used to facilitate laryngoscopy
and intubation, to produce a dense block for certain surgeries
(e.g. gastroschisis repair), and to reduce the anaesthetic requirement in sick patients (Meakin 2007).

Analgesia
Analgesics used in paediatric anaesthesia include opioids, non-steroidal anti-inflammatory drugs (NSAIDs), and central α2-agonists
such as dexmedetomidine. Regional techniques such as caudal,
lumbar, and thoracic epidural analgesia, spinal anaesthesia, and
peripheral nerve blocks are also widely used. The location and
type of procedure, inpatient or outpatient status of the patient,
and patient co-morbidities should be considered (Association of
Paediatric Anaesthetists of Great Britain and Ireland 2012).
Opioid analgesics can be administered as a bolus or as an infusion. They include morphine, fentanyl, sufentanil, alfentanil,
remifentanil, hydromorphone, and pethidine. All produce some
degree of sedation and respiratory depression. Some narcotics and
other analgesics can be administered neuraxially and produce analgesia from binding to opioid receptors in the spinal cord or parts of
the brain, or both.
NSAIDs do not produce the same sedation and respiratory depression that are associated with opioid administration.
Paracetamol is available for oral, rectal, and i.v. administration, and
it is widely used in paediatric anaesthesia. Ketorolac is administered intramuscularly or intravenously. Concerns about increasing
bleeding tendencies or the risk of renal injury may steer some practitioners away from this drug.

Fluids
Intraoperative fluid administration should consider the pre-
existing fluid deficit, third-space loss, and blood loss. Glucose-free
balanced salt solutions such as normal saline and lactated Ringer’s
solution are usually used intraoperatively.
Glucose-containing solutions sometimes produce hyperglycaemia and are not needed for healthy day surgery patients. Glucose
should be considered when providing care for infants, patients
receiving total parenteral nutrition, or patients with a history of
hypoglycaemia. Another alternative is to monitor serum glucose
during surgery and adjust fluid administration accordingly.
In general, the patient’s fluid deficit should be calculated by multiplying the calculated maintenance rate by the number of hours
that the patient has been without fluids (maximum of 8 h). Fifty per
cent of the deficit is replaced over the first hour of the anaesthetic
and 25% each in the second and third hours (Furman 1975). (See
Table 71.2.)
Third-space losses should be replaced as well. These losses are
quite variable depending on the invasiveness of the operation and
the presence of fever or increased metabolic demand (Leelanukrom
and Cunliffe 2000; Bailey et al. 2010).
In addition, blood loss should be replaced by crystalloid or colloid. Replacement by crystalloid is 3 ml for every 1 ml of blood loss.
Replacement with colloid is 1:1 for every millilitre of blood loss. If
the haematocrit decreases below a certain transfusion trigger or if
blood loss exceeds the maximum allowable blood loss, transfusion
of packed red blood cells may be required.
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Table 71.2 Formula for maintenance fluid calculations (the
4–2–1 rule)
Body weight (kg)

Fluid requirement

0–10

4 ml kg−1 h−1

10–20

40 ml h−1 + 2 ml kg−1 h−1 above 10 kg

>20

60 ml h−1 + 1 ml kg−1 h−1 above 20 kg

Data from Furman EB, Roman DG, Lemmer LA, et al. (1975) Specific therapy
in water, electrolyte and blood-volume replacement during pediatric surgery.
Anesthesiology, 42: 187–193.

If the patient has a known coagulopathy or thrombocytopenia,
fresh frozen plasma, platelets, or cryoprecipitate is administered as
indicated by the coagulation profile. In infants and small children,
the citrate preservative in blood products can quickly produce
transient hypocalcaemia. Replacement with calcium chloride or
calcium gluconate may be necessary.

Postoperative care
The post-anaesthesia care unit (PACU) provides monitoring, analgesia, treatment of complications, and assessment of readiness for discharge to a ward or critical care environment. It should be warm, child
friendly, contain paediatric equipment, and be staffed by nurses with
paediatric training. It should be close to theatres but separate from
the adult PACU, admission area, and preoperative patients (Royal
College of Surgeons 2013; Royal College of Anaesthetists 2016).
Children are transferred from theatre with oxygen therapy in
place, accompanied and closely monitored by the anaesthetist.
Nursing is on a one-to-one basis. Patient care is formally handed
over to a PACU nurse once the anaesthetist is satisfied with the
patient’s stability [The Association of Anaesthetists of Great Britain
and Ireland (AAGBI) 2002]. The anaesthetist should communicate
pertinent information about past medical history, airway, surgery,
and the postoperative plan. Written instructions should include an
analgesic regimen, antiemesis, i.v./oral fluid instructions, and duration of oxygen therapy.
I.V. access should be bandaged to prevent dislodgement, and
flushed intraoperatively to prevent administration of residual drugs
from within the i.v. chamber. This is of particular importance in
infants and neonates (e.g. small volumes of residual neuromuscular
blocking agent may cause paralysis). Warming measures should be
used if a patient’s temperature is below 36°C (e.g. overhead heaters,
forced air warmers). Capnography is required if a tracheal tube or
supraglottic airway is in situ (Royal College of Anaesthetists 2016).
As capnography aids early detection of airway obstruction, it must be
available in recovery and used in high-risk cases (Quinn and Woodall
2011). Tracheal tube removal is the responsibility of the anaesthetist
(AAGBI 2002). Once the child starts to waken, the parents should be
allowed into the PACU if stable (Royal College of Surgeons 2007).

Postoperative pain management
Assessment of pain in children requires a holistic approach (e.g.
the extent of surgery, analgesia administered, and parental attitudes). Several scoring systems are available to aid objective pain
assessment; some rely on the child being able to self-report (e.g.
Wong–Baker Faces scale, visual analogue scale) (Wong and Baker
1988) while others require observation of behaviour parameters
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(e.g. FLACC: Faces, Legs, Activity, Cry, Consolability) (Merkel et al.
1997). The FLACC scale has been adapted for children with cognitive impairment (Malviya et al. 2006). Parental input is invaluable
as they know their child’s normal ‘baseline’ behaviour. Pain must
be reassessed after analgesic administration to ascertain its efficacy.
A local analgesia protocol should be in place to ease consistent
and safe pain management (Royal College of Surgeons 2007). Basic
strategies (e.g. parental comfort, breathing techniques, distraction,
and ensuring the child is not cold) should be used alongside pharmacological treatment if the child is in pain. Ensure loading doses
of paracetamol and NSAIDs (e.g. ibuprofen or diclofenac) have
been administered as these have an opioid-sparing effect. If opioid
use is required, avoid i.m. administration. Concomitant administration of an antiemetic should be considered if using morphine.
After major surgery, patient-controlled analgesia (appropriate
for age 5 and above), nurse-controlled analgesia, or morphine infusions may be used (Table 71.3). Background i.v. fluid should run
alongside patient-controlled morphine analgesia if no continuous
infusion is being used as this prevents cannula occlusion. A one-
way valve must be included in the administration set to prevent
morphine entering the i.v. fluid bag and resulting in inadvertent
administration of a large opioid bolus. Children on morphine or
epidural infusions should be cared for by staff trained in these techniques, and the Acute Pain Service should review these patients on
their daily ward round.

Analgesia at home
Clear instructions must be given for the analgesic plan once home.
Parents are advised to administer regular analgesia rather than
waiting for the child to express discomfort. The analgesic protocol
will depend upon the extent of the surgery and may consist of paracetamol, with or without NSAIDS (e.g. ibuprofen), with or without dihydrocodeine or oral morphine. When regional techniques
are used, parents should be warned when the analgesic effects are
expected to ‘wear off ’ so that transition to oral analgesia can be
commenced in advance. Topical preparations may be useful after
some procedures (e.g. lidocaine gel after circumcision, diclofenac
eye-drops after strabismus surgery).

Postoperative complications
Complications in the PACU are commoner in younger patients
and those with higher ASA scores (Murat et al. 2004). Risk factors
for postoperative respiratory complications include recent URTIs
(within 2 weeks), asthma, passive smoking, nocturnal dry cough,
and history of hay fever/eczema (von Ungern-Sternberg et al.
2010). Resuscitation drugs and equipment, high-flow oxygen, suction, and a defibrillator (with paediatric pads) should be immediately available. This may include emergency boxes and protocols for
treatment of cardiovascular collapse, anaphylaxis, and malignant
hyperthermia (AAGBI 2002). The PACU should have an emergency call system in place (AAGBI 2002).

Laryngospasm
Children have more reactive airways and develop laryngospasm
readily, more commonly after extubation than induction (Asai et al.
1998). Blood or secretions increase the risk of laryngospasm, and so
pharyngeal suctioning is performed before extubation, particularly
after ENT/dental procedures. Laryngospasm must be recognized
and managed quickly and effectively to avoid rapid desaturation
and bradycardia. Patients may first breath hold, cough, and display
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Table 71.3 Suggested postoperative analgesia regimen
STEP 1—simple analgesia: paracetamol with or without diclofenac or ibuprofen
Paracetamol
Paracetamol
Diclofenac
Ibuprofen

20 mg kg−1

P.O.

Loading dose

15 mg kg−1

P.O.

4–6-hourly maintenance dose

7.5 mg kg−1

I.V.

6-hourly if <10kg

15 mg kg−1 (max. 1 g)

I.V.

6-hourly if >10kg

1 mg kg−1

PO

8-hourly

0.5–1 mg kg−1

P.R.

8–12-hourly

5 mg kg−1

6–8-hourly (3–6 months old)

10 mg kg−1 (max. 400 mg)

P.O.

Dihydrocodeine

0.5 mg kg−1

P.O.

Fentanyl

1–2 μg kg−1

I.V.

Morphine (p.o.)

0.1–0.2 mg kg−1

P.O.

4–6 hourly

Morphine (i.v.)

50 μg kg−1

I.V.

Repeated up to 4 times

6–8-hourly (>6 months old)

STEP 2—opioid bolus

STEP 3—morphine PCA/NCA/infusion
Morphine

I.V./S.C. infusion

10–40 μg kg−1/h
20 μg kg−1 bolus with 5 min lockout

PCA

With or without background infusion 4 μg kg−1 h−1
NCA

20 μg kg−1 bolus with 30 min lockout
With or without background infusion 20 μg kg−1/h

STEP 4—adjuncts
Clonidine, ketamine, gabapentin
and regional techniques should be
considered if appropriate
NCA, nurse-controlled analgesia; PCA, patient-controlled analgesia.
Data from Lonnqvist, P.-A. and Morton, N.S. (2005). Postoperative analgesia in infants and children. British Journal of Anaesthesia, 95(1), 59–68.

increased work of breathing (increased abdominal and chest wall
movements and recession) (Sims and Farrell 2011). Inspiratory
stridor may become silent in complete obstruction.
Laryngospasm may be managed as follows (Hampson-Evans
et al. 2008; Ungern-Sternberg and Sims 2011; Orliaguet et al. 2012):

after laryngospasm. This is usually seen within a minute of relieving
the obstruction, but delayed presentation up to 6 h later has been
reported (Orliaguet et al. 2012). Treatment is oxygen supplementation, positive end-expiratory pressure, and furosemide.

Jaw thrust and continuous positive airway pressure with
100% oxygen

Postoperative stridor usually presents within an hour of extubation and is caused by subglottic oedema particularly if a large tracheal tube has been used, in those with a history of croup or recent
URTI, and in children who have subglottic stenosis (e.g. Down’s
syndrome).
Management
◆ Humidified oxygen

◆

◆
◆

◆

Deepen anaesthesia (1–3 mg kg−1 propofol)
Neuromuscular block [0.5–2 mg kg−1 suxamethonium (succinylcholine) i.v. or 4 mg kg−1 i.m.]
Re-intubation is rarely required.

Co-administration of atropine i.v./i.m. (0.02 mg kg−1) is useful
to treat or prevent bradycardia (Hampson-Evans et al. 2008). If
suxamethonium is absolutely contraindicated, 1 mg kg−1 of rocuronium may be used and can be reversed with sugammadex, if
necessary.
Pharyngeal suctioning and aspiration of the stomach via an
orogastric tube if distended can be performed while the neuromuscular block is still effective. If there has been a delay in the
management, negative pressure pulmonary oedema may be seen

Postoperative stridor

◆

◆

I.V. dexamethasone (0.5–0.6 mg kg−1, maximum 8 mg): this
should be administered slowly because of the side-effect of perineal pain and burning on rapid injection
Nebulized adrenaline (epinephrine): 0.5 ml kg−1 of 1:1000 (i.e.
0.1% adrenaline).

If severe, re-intubation with a smaller tracheal tube may be necessary. Overnight admission should be considered if nebulized
adrenaline was required.
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Postoperative apnoea
Premature infants less than 46 weeks post-conceptual age should
undergo continuous postoperative apnoea monitoring for at least
12 h. In patients between 46 and 60 weeks post-conceptual age
with risk factors for postoperative apnoea (i.e. apnoea at home,
chronic lung disease, neurological disease, or anaemia), overnight apnoea monitoring is recommended (Walther-Larsen and
Rasmussen 2006).

Postoperative nausea and vomiting
Murat et al. (2004) reported the incidence of postoperative vomiting to be 6%. Risk factors include age more than 3 years, patient
or family history of previous postoperative nausea and vomiting
(PONV), motion sickness, duration of surgery longer than 30 min,
strabismus surgery, adenotonsillectomy, volatile anaesthesia, and
use of longer active opioids (Eberhart et al. 2004; Association of
Paediatric Anaesthetists of Great Britain and Ireland 2009). PONV
may be a manifestation of pain, so ensure adequate analgesia.
First-line treatment of PONV is ondansetron 0.15 mg kg−1 (p.o./
i.v.) (maximum 4 mg) (Association of Paediatric Anaesthetists of
Great Britain and Ireland 2015). If this has already been administered, a second dose is unlikely to be beneficial. Children at high
risk should also be given dexamethasone 0.15 mg kg−1 (i.v.) (maximum 8 mg). The combination of ondansetron and dexamethasone
increases the effectiveness of PONV prevention. Efficacy of metoclopramide, cyclizine, and prochlorperazine are unproved for the
treating PONV in children (Association of Paediatric Anaesthetists
of Great Britain and Ireland 2009).

Agitation and emergence delirium
Children can be agitated postoperatively for many reasons (e.g.
pain, full bladder, disorientation, parental separation, hypoxia, or
delirium) (Sims and Farrell 2011). A difficult induction often predicts a difficult emergence.
Emergence delirium, commonest in preschool children, is distressing for the patient, parents and staff as the child may cry inconsolably, kick, scream, thrash about, and hallucinate. Midazolam has
not been shown to be preventative (Dahmani et al. 2010). There
is decreased incidence after propofol total i.v. anaesthetic use.
Although it is usually a self-limiting condition after 20–30 min,
medication may be useful (Sims and Farrell 2011): propofol 0.2–2.0
mg kg−1 or clonidine 0.5–1.0 μg kg−1 or fentanyl 0.5–1.0 μg kg−1.
In children with learning disabilities (LDs) and those who have
received ketamine in the previous hour, waking up in a dimly lit
‘quiet room’ aids a smooth emergence.

Discharge criteria
Local criteria should be in place to facilitate safe decision-making
for discharge from the PACU (AAGBI 2002). Such criteria should
include the following:
◆

Regained consciousness

◆

Maintaining own airway

◆

Cardiorespiratory stability

◆

Normothermia

◆

Adequately controlled pain and PONV

◆

Absence of surgical complications (e.g. bleeding)

◆

I.V. fluids prescribed if required.
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Nursing staff should give a formal ‘hand-over’ to ward staff. If
postoperative complications occur, discharge may be delayed and
may result in an unplanned admission overnight. The commonest
causes for this are PONV or uncontrolled pain.

Discharge home
In addition to an analgesia plan, parents should be advised about
wound care and when their child can resume activities (e.g. swimming after ear surgery). Nightmares, eating problems, behavioural
change, and enuresis may be observed up to 1 year postoperatively,
and are commoner in children with higher levels of preoperative
anxiety (Zain et al. 1996). Clear written instructions should be
issued specific to that patient and their procedure including a contact in case of problems and a follow-up plan.

Special requirements in other conditions
Congenital heart disease
Congenital heart disease (CHD) is the commonest congenital
anomaly. It accounts for nearly one-third of all congenital anomalies and has an incidence of 1:125 live births in the developed
world. Patients with CHD may have an associated congenital malformation syndrome. These may be as a result of chromosomal
abnormalities (trisomy 21, Down syndrome; trisomy 18, Edwards
syndrome), exposure to teratogens in utero (fetal alcohol syndrome, congenital rubella), or it may feature as part of a syndrome
complex (CHARGE syndrome, VATER association, or DiGeorge
sequence). Consequently, approximately 30% of these patients will
have extracardiac abnormalities requiring surgery in their first year
of life (e.g. anorectal abnormalities, trachea-oesophageal fistulae,
and cleft lips and palates).
Advances in the multidisciplinary approach to these children
have meant that 85% will survive into adulthood. It is therefore
possible for a child with CHD to present for elective or emergency
anaesthesia in the same way that any other ‘normal’ child may do
so. These children may have had multiple medical and surgical
admissions, and good communication with the child and family is
important. Hospital admission may be associated with a high level
of anxiety, and practical procedures such as venous access, blood
sampling, and anaesthetic induction require a sensitive approach.
CHD is a spectrum of simple to extremely complex anatomical
lesions with their corresponding physiological consequences (Lake
and Booker 2005). Septal wall defects, disruption or obstruction of
the great arteries, absent or defective valves, and abnormally small
or absent chambers can create complex haemodynamic circulations
and place a great strain on myocardial function. The result of this
may be increased or decreased pulmonary blood flow, or increased
myocardial work to overcome an obstruction to flow. Common
consequences of these anomalies are cyanosis, cardiac failure, pulmonary hypertension, and an increased likelihood of perioperative
arrhythmias. The approach to these patients must therefore be individualized. This will depend on the situation in which the patient
presents, the nature of surgery required, and local expertise of the
medical and surgical staff. It is essential that the anaesthetic and
surgical team have a good understanding of the effects anaesthesia and surgery will have on the child’s circulation and myocardial
function (White 2011, 2012).
Children with heart disease have an increased risk of perioperative morbidity and mortality (Pediatric Perioperative Cardiac
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Arrest (POCA) registry 2010; Thiagarajan and Laussen 2011;
Gottlieb and Andropoulos 2013). Patients identified to be at highest
risk are children less than 2 years of age, infants with a functional
single-ventricle lesion, and patients with dilated cardiomyopathy
or left ventricular outflow tract obstruction. Patients presenting for
emergency operations are also at increased risk.
It is normal practice in the developed world for children with
CHD to undergo non-cardiac surgery in a specialist paediatric centre familiar with the management of these patients and able to provide perioperative paediatric intensive care support (Walker et al.
2009). Where a child with CHD presents to a hospital not equipped
with the specialist skills and facilities to manage these patients,
advice and support should be sought early from the specialist centre. Where possible, the child should be transferred to the specialist
centre for further care.

Cystic fibrosis
Cystic fibrosis (CF) is an autosomal recessive disorder affecting
1:2500 live births in the United Kingdom. It is the commonest
fatal inherited disease in white populations. The mutations occur
in a single gene on the long arm of chromosome 7 responsible for
encoding a chloride channel found in epithelial cells of exocrine
glands in the body called cystic fibrosis transmembrane regulator
(CFTR). It is a multisystem disease affecting the lungs, pancreas,
biliary tract, bowel, and sweat glands.
Approximately two-thirds of children with CF will be diagnosed
before the age of 1 year. Improved survival is attributed to aggressive management of these patients by their CF multidisciplinary
team: chest physiotherapy, exercise to optimize sputum clearance,
nutrition for normal growth, and aggressive antibiotic treatment of
infections.
Children with CF can present for surgery relating to their condition or for operations common to the general population. Neonates
with CF may present with intestinal obstruction in their first few
days of life secondary to meconium ileus or an intestinal atresia.
In childhood, they may require central venous catheter insertions,
Portacaths, bronchoscopies and ENT procedures.
Active involvement of the CF team in the preoperative preparation of these patients is essential for both elective and emergency
surgery. Where time allows, their chest should be optimized with
chest physiotherapy, postural drainage, inhaled bronchodilators,
mucolytics (dornase alfa), or inhaled hypertonic saline. This should
continue right up until the patient goes to theatre. Intraoperative
chest physiotherapy is occasionally undertaken in intubated
patients allowing endobronchial toilet and bronchoalveolar lavage if necessary. On return to the ward, physiotherapy will continue again once the patient is awake and comfortable enough to
allow this.
It is important to use short-acting drugs intraoperatively to
ensure rapid return of function postoperatively (Rocca 2002;
Fitzgerald and Ryan 2011). Propofol and sevoflurane are both well
tolerated for induction, maintenance, or both (Pandit et al. 2014).
Nitrous oxide should be avoided in children with poor lung function and evidence of bronchiectasis because of the risk of pneumothorax. Anaesthetic gases and oxygen administered postoperatively
must be humidified to avoid drying of secretions. Sedative drugs
should be avoided and where possible local anaesthetic infiltration,
regional blocks, or epidurals used to achieve adequate analgesia to
allow cooperation with physiotherapy after surgery. Where use of

regional analgesia is contraindicated, regular simple analgesics and
careful use of opioids to ensure an adequate analgesia/sedation balance is recommended.

Cerebral palsy
Cerebral palsy is a term that encapsulates a diverse group of neurological disorders affecting motor, sensory, and intellectual function resulting from a non-progressive injury to the developing
brain during the antenatal, perinatal, or postnatal period. It is the
leading cause of childhood motor disability with a prevalence of
1–2.5:1000 live births in babies of normal birth weight (Cans et al.
2008). Aetiology is multifactorial and causation in individual cases
often difficult to establish. Risk factors antenatally include cerebral
mal-development, prenatal stroke, congenital abnormalities, prenatal infection (TORCH), genetic predisposition, and trauma. In
preterm infants, it is more likely to be a result of periventricular
haemorrhage and ischaemia.
Classification describes the predominant motor defect present: spasticity (70%), ataxia (10%), dyskinesia (10%), or mixed
(10%). Approximately two-thirds of patients are intellectually
impaired; however, communication disorders and sensory deficits may mask normal intellect. Epilepsy is common in this patient
group (approximately 30%). Pseudobulbar palsy, hyperactive
salivary glands, and gastro-oesophageal reflux disease can lead
to recurrent chest infections, poor nutritional status, low weight
for age, dehydration, anaemia, and electrolyte disturbance. Often
nutrition is supplemented overnight via nasogastric tube or gastrostomy feeding.
Patients often receive medications to control muscle tone: oral
or intrathecal baclofen, diazepam, i.m. botulinum toxin type-A
injection, vigabatrin, or tizanidine. These are combined with physiotherapy and splints to improve the range of movement and reduce
pain from contractures. They may also be on antiepileptic, antispasmodic, anti-reflux, antidepressant, anticholinergic, prophylactic antibiotic, and laxative medications.
Patients with cerebral palsy can present for general surgical
procedures or for interventions resulting from their cerebral palsy
(e.g. imaging, dental restorative/extractions, surgery for gastro-
oesophageal reflux, gastrostomies, spinal corrective surgery for
scoliosis, orthopaedic bone and soft tissue release, tendon transfers, osteotomies, and botulinum toxin injections). It is important
to establish the patient’s level of communication and cognition
preoperatively and have a full appreciation of the role the carer
has in communication, alleviating anxiety, and assessment of pain
and distress in their child during the hospital stay. Good communication and involvement of a multidisciplinary team from
the outset is an essential part of their care. Patients may have
had multiple previous surgical procedures, so previous anaesthetic charts should be reviewed,and screening questions should
enquire about a history of latex allergy. Coexisting medical conditions must be optimized preoperatively and normal medications
continued where possible.
Anaesthetic induction may be challenging with difficult i.v.
access, gastro-oesophageal reflux disease, excessive drooling, communication difficulties, anxiety, and poor patient cooperation
(Wongprasartsu and Stevens 2002; Prosser and Sharma 2010).
The presence of the primary carer at induction and in recovery
may help alleviate some of this stress. Sedative premedication may
be useful but best avoided in hypotonic patients with poor upper
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airway tone. Often a second pair of hands may be of help during a
gas induction.
Hypothermia is a significant problem in this patient group (Wass
et al. 2012). They are predisposed to this as a result of hypothalamic dysfunction, a lack of insulating tissues, and malnourishment. Patients should be actively warmed perioperatively. Limb
contractures and scoliosis make careful positioning with protective padding important to avoid nerve, soft tissue, or bone injury.
Intraoperatively volatile minimum alveolar concentration values
have been found to be approximately 20% lower and more so if
taking anticonvulsants. Resistance to vecuronium has also been
reported.
Postoperative emergence problems can include irritability,
delayed emergence as a result of volatile sensitivity, hypothermia,
postoperative nausea and vomiting, especially with opioid use. Pain
assessment can be difficult often relying on behavioural indicators
(groaning, face grimacing, moaning, and altered sleep patterns) or
the primary carer’s assessment. ‘On-demand’ analgesia techniques
should therefore be avoided in favour of ‘continuous’ multimodal
analgesia. Epidural infusion techniques combining local anaesthetic agents with clonidine have been shown to be beneficial for
controlling pain and muscle spasm especially after major orthopaedic surgery (Nolan et al. 2000). Postoperative muscle spasms are
triggered by hypothermia, pain, and anxiety causing acute pain and
distress. Regular oral or rectal diazepam is often given prophylactically and in cases where spasms are resistant to this, a low-dose
midazolam infusion usually in a high dependency environment
may be necessary.
Postoperative care must also concentrate on ensuring adequate
hydration, providing regular chest physiotherapy, and care with
positioning to avoid pressure sores. Often after orthopaedic surgery there is extensive plaster casting which can restrict respiration,
cause acute gastric dilatation, or mask lower limb compartment
syndrome.

Neuromuscular disease
Neuromuscular disorders in children are a relatively rare heterogeneous group of conditions that raise specific concerns for the
conduct of anaesthesia. These children may present for surgery
related to determining a definitive diagnosis (muscle biopsy and
magnetic resonance imaging) or managing a particular consequence of their condition (gastrostomy and corrective orthopaedic procedures). Occasionally, the diagnosis may not be known or
even suspected for a child presenting for incidental surgery and
in this situation there is always the potential risk of complications
occurring that relate to these disorders. The specific diagnosis
of the presenting condition is important in both the risk assessment and anaesthetic management and so wherever possible it
should be ascertained before any surgery is undertaken. This
may be ascertained from genetic studies, family history, examination, investigations, and a discussion of the possible diagnosis with the patient’s paediatric neurologist. Because of the rarity
of some of these conditions, it is always useful to review case
reports, review articles, or refer to information websites such as
OrphanAnesthesia (http://www.orphananesthesia.eu/en/) (Becke
et al. 2011).
Perioperative care for a child with a neuromuscular disorder can be complex and requires the input from multiple disciplines to minimize the morbidity and mortality associated with
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anaesthetic and surgical interventions in this group. A paediatric
intensive care bed should be considered for even the most minor
of procedures. Neuromuscular diseases are multiorgan diseases.
In particular, the cardiorespiratory function of these patients
requires thorough investigation before embarking on any surgery. Cardiac abnormalities that must be sought include cardiomyopathy, conduction defects, and arrhythmias. Respiratory
complications are common in these patients and relate to weak
diaphragmatic and intercostal muscles, inadequate cough, poor
pharyngeal tone, spinal deformities resulting in restriction of
chest wall movement, obstructive sleep apnoea, and recurrent
respiratory tract infections (Blatter and Finder 2013). It is common for the degree of severity of function not to correlate with
progression of their underlying disorder. It can also be difficult
to assess the physiological reserve of patients who are unable to challenge themselves physically because of their muscle
weakness.
Suxamethonium should be avoided in patients with neuromuscular disorders because of the high risk of rhabdomyolysis. The use of halogenated inhalation anaesthetic agents in any
patient with a known or suspected muscle disease needs to be
carefully considered because on rare occasions they too can
cause rhabdomyolysis giving rise to acute hyperkalaemic cardiac
arrest, notably in Duchenne and Becker muscular dystrophy
(Segura et al. 2013). This anaesthesia-related rhabdomyolysis
is distinct from malignant hyperthermia but the use of volatile anaesthetics agents in patients with muscular dystrophies
remains controversial (see Chapter 80). Central core myopathies, minicore or multicore myopathy with RYR1 mutation, and
King Denborough syndrome may be associated with malignant
hyperthermia susceptibility (Davis and Brandom 2009; Brislin
and Theroux 2013).
With the development of faster onset non-depolarizing neuromuscular blocking agents such as rocuronium and an available
antagonist agent to this drug (sugammadex) we have potentially safer alternatives to suxamethonium for (modified) rapid
sequence inductions. Where non-depolarizing neuromuscular
blocking drugs are used, careful titration with neuromuscular
block monitoring is essential. Neostigmine should be used with
caution for neuromuscular reversal in patients with myotonic
dystrophy because of a potential risk of incomplete reversal or
curarization.
Myopathic patients with underlying mitochondrial dysfunction
present a unique type of challenge (Niezgoda and Morgan 2013).
The stress of surgery and anaesthesia poses significant perioperative risks. Respiratory depression, cardiac depression, conduction
defects, and problems with coordinating swallowing resulting
in aspiration can all occur as a result of the depressant effects of
anaesthetic agents on the mitochondria. Avoidance of prolonged
fasting, PONV, hypoglycaemia, hypovolaemia, lactate-containing
solutions, and hypothermia help to minimize the metabolic burden for these children. Mitochondrial disease probably represents
hundreds of different defects with different sensitivities to anaesthetic agents. It is generally considered though that propofol is
perhaps not a good choice of agent as it is well known to inhibit
mitochondrial function. Bupivacaine should also be used with
caution in patients with defects in fatty acid metabolism because
of increased sensitivity to its cardiotoxic effects (Weinberg
et al. 2000).
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Children with learning disabilities
Children with LDs have an intelligence quotient (IQ) of less than
70 as a result of cognitive impairment which has occurred before
the age of 18 and is associated with declining social functioning
(Courtman and Mumby 2008). Severity can vary from mild to profound. Communication can be difficult as many children with a
severe LD do not develop speech and a significant number have
problems with their sight and hearing. The input of the parents/
caregiver is invaluable as they understand the child’s behaviour
and communication styles. It is important not to dismiss a child’s
behaviour (e.g. screaming, pulling) as being simply attributable to
the LD: one must ensure that it is not because of pain or anxiety,
for example.
Keys to successful management include preparation and a team
approach with involvement of the parents/caregiver. The surgical
team should inform the anaesthetic team before the day of surgery
that a child with a LD is on the operating list. This allows thorough preparation and appropriate allocation of theatre and anaesthetic time. Anaesthetists should read the patient’s notes before
the preoperative consultation to avoid repetition of history-taking
(Department of Health 2003). Parents/carers may have a folder
containing information on the child’s behaviour, likes and dislikes,
comfort items, medical problems, and medications. Children with
LDs often have complex health needs, including medical conditions (Box 71.1).
The anaesthetist should assess how cooperative the child will be/
has been on previous occasions and consider the parent/caregiver’s
Box 71.1 Medical problems associated with learning disabilities
◆

Difficult airway (e.g. Down’s syndrome)

◆

Increased risk of chest infections

◆

Congenital cardiac disease

◆

◆

Epilepsy (note: some anticonvulsants can reduce MAC values,
increasing recovery time from anaesthesia and the risk of airway compromise) (Prosser and Sharma 2010)
Increased sensitivity to opioids (Down’s syndrome) (Mafrica
and Fodale 2006)

◆

Gastro-oesophageal reflux (Bohmen et al. 1999)

◆

Increased salivation

◆

Impaired postural control, requiring mobility or transfer
equipment and care when positioning (e.g. cerebral palsy)

◆

Difficulty maintaining normothermia

◆

Visual or hearing impairment

◆

Psychiatric disorders

◆

Increased risk of latex allergy if repeated catheterization

◆

Poor dental hygiene

◆

◆

Some neuroleptics (e.g. risperidone) can increase the risk of
post-induction hypotension
Difficult vascular access.

Data from various sources, see references.

opinion. Children with LDs are less likely to cooperate on induction and are more likely to require premedication. This can be
administered in a favourite drink to improve compliance and to
disguise any bitter taste. Flexibility of approach (e.g. plans A, B,
and C) should be agreed in advance so that staff and parents know
what to expect. Suggested premedication regimens are shown in
Table 71.4.
If the child has a ‘comfort object’ (e.g. blanket or favourite
toy), bring this into the induction room. The anaesthetic room/
operating theatre should be as calming an environment as possible: low lighting, minimal outside noise, a familiar voice, and
as few people as possible in the room. If the child is very uncooperative despite premedication, re-premedication or postponement of surgery may be necessary. Restraint should be avoided
if at all possible. If unavoidable, ensure adequate members of
trained staff are available to control the situation as quickly and
effectively as possible (Royal College of Nursing 2010). Parents
should be forewarned about what to expect. It is good practice
to record how the child acted during induction and postoperatively to inform future anaesthetists. Postoperatively, bring the
parents/caregiver into the PACU as soon as possible. Careful
assessment of behaviour is required to identify and manage
postoperative pain.

Autistic spectrum disorders (‘autism’)
Autism is a group of disorders characterized by impaired social
development and communication, delayed and deviant language
development, and repetitive or unusual behaviours with an onset
before the age of 3 years (Rainey and Van der Walt 1998; Carlyle
and Lim 2011). It affects 0.6% of children, 40–62% of whom will
also have a LD (Rice 2007). As autistic children are often upset by
changes in their routines, a hospital admission can be upsetting and
stressful.
An ‘early warning system’ should be in place so that the patient’s
management can be planned and coordinated in advance (Rainey
and Van der Walt 1998). Inviting the parents/carer to attend a preoperative assessment in advance is useful for forming an anaesthetic plan, and signing consent forms. Such planning minimizes
the waiting time on the day of surgery. The anaesthetic team should
find out the child’s likes, dislikes, and phobias in order to create
as stress-free an environment as possible. A premedication is often
Table 71.4 Suggested premedication regimens
Drug

Administration Dose
route

Onset time
(min)

Midazolam

P.O.

0.25–1 mg kg−1
(max. 20 mg)

20–30

Ketamine

P.O.

3–5 mg kg−1

30–60

I.M.

2–5 mg kg−1

3

Midazolam and
ketamine

P.O.

0.5 mg kg−1

Clonidine

P.O.

4 μg kg−1

45–60

Dexmedetomidine

P.O.

2–4 μg kg−1

30–60

Buccal

1 μg kg−1

30–60

3 mg kg−1
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required, and regular regimens may not suffice. A suitable preoperative sedative is oral ketamine (6–7 mg kg−1) (Rainey and Van
der Walk 1998). Alternatively, 3–5 mg kg−1 of oral ketamine and
0.3–0.5 mg kg−1 of midazolam can be administered simultaneously.
Clonidine can also be useful for these patients. Oral midazolam
alone (0.5 mg kg−1) may be unpredictable and insufficient and is
not recommended for these cases (Roy 1996; Rainey and Van Der
Walt 1998). The parent’s assistance may be required in convincing
the child to take the premedication. I.M. premedication should
only be used as a last resort; 4–5 mg kg−1 of ketamine will produce
a sedative effect.
On hospital arrival, a ‘quiet room’ should be available and
the time from admission to surgery should be as streamlined
a possible. Having the same nurse care for them throughout
the operative journey may be beneficial. If possible, the child
should be allowed to wear their regular clothes rather than
changing in to a hospital gown. Anaesthetists may have a lower
threshold for intraoperative antiemetic administration in these
cases. Postoperatively, the aim is to return to the child’s routine
as soon as possible, and so hospital discharge is advised as soon
as safely possible.

The anxious child
Perioperative anxiety is common in children and can lead to
poor compliance or refusal to cooperate. Lowering anxiety levels
decreases the rates of emergence delirium, postoperative pain, and
maladaptive postoperative behavioural changes (Kain et al. 2007).
Recognition of the anxious child can be difficult, particularly
because the way a child behaves when they are anxious varies with
age (e.g. toddlers may cry while older children may remain silent).
There are some recognized risk factors:
◆

Children aged 1–5 years

◆

Parental anxiety (Fortier et al. 2010)

◆

Shy/dependent/withdrawn child

◆

Lack of eye contact

◆

Poor social adaptive qualities

◆

Multiple previous admissions

◆

Previous negative hospital/vaccination/dentist experience

◆

Communication difficulties.

Behaviour in the anaesthetic room can be difficult to predict and
so a flexible approach is required. Anxiety can present in different ways: either apparently cooperative children become uncooperative in the anaesthetic room, or children may be uncooperative
from the outset. Listen to the parent if they say that they think the
child will be uncooperative.
The behaviour of the healthcare workers and parents can influence the anxiety levels and therefore cooperation of the child.
Martin et al. (2011) describe ‘coping promoting’ and ‘distress promoting’ behaviours (Box 71.2). Some elements of hypnosis can be
used by anaesthetists in the induction room (e.g. story-telling,
speaking in a slow calming voice).
During the preoperative visit, body language and tone of voice
are equally as important as the content of what is said. The anaesthetist should adopt age-appropriate communication techniques.
Simple strategies include getting down to the child’s level, being
reassuring and confident, listening and responding sympathetically
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Box 71.2 Coping-promoting and distress-promoting behaviours

‘Coping-promoting’ behaviours
◆

Distracting talk, not related to the procedure

◆

Joke telling

◆

◆

Describing the medical equipment as something fun (e.g.
spaceman’s mask)
Offering the child choices which does not allow them to
refuse the procedure (e.g. the choice of smell coming through
the mask).

‘Distress-promoting’ behaviours
◆

◆

Reassurance, apologies, and empathy (as these make the child
concentrate on any anxiety they may be feeling)
Offering a choice that they cannot control (e.g. would you like
to come to theatre?)

◆

Providing too much medical/technical information

◆

Describing the medical equipment when it is not visible.

Data from Martin, S.R., MacLarn Chorney J., Tan E.T., Fortier M.A.,
Blount R.L., Wald S.H., Shapiro N.L., Strom S.L., Patel S. and Kain Z.N.
(2011) Changing healthcare providers’ behaviour during pediatric
inductions with an empirically based intervention. Anesthesiology,
115, 18–27.

to the child’s concerns, and avoiding words which may worry them
(e.g. ‘needle’, ‘jab’, or ‘jag’). Find out what the child’s concerns are
and listen actively. Different age groups have different worries.
Children aged 6 months to 3 years may have separation anxiety and
distraction techniques (e.g. stickers, bubbles, toys, puzzles, magic,
and video media) are useful. Children aged 3–6 years may accept
some explanation about what to expect, alongside play and distraction techniques. Children aged 7–12 years enjoy rewards and
maintaining a feeling of control (e.g. they may enjoy the challenge
of blowing up the ‘balloon’ on the anaesthetic circuit). Adolescents
may fear loss of control, lack of privacy, pain or awareness, and may
like to be involved in decisions. Involving older children in forming
your anaesthetic plan empowers them and helps them maintain a
sense of control over the situation.
For the child with extreme anxiety, preoperative psychological
preparation may be beneficial. A preoperative visit to meet the
anaesthetist, tour the hospital, and visit the anaesthetic room provides an opportunity to address the child’s concerns and remove the
‘fear of the unknown’. This is useful 5 or more days preoperatively
in children above the age of 6 while visits the day before theatre are
the least beneficial (McCann and Zain 2001). Information can be
reinforced using DVDs, leaflets, and Internet websites. Training in
relaxation or coping skills, play therapy, or a desensitization programme with graded exposure to the theatre environment may also
have a place in equipping the anxious child with skills to deal with
their anxiety.
Separation anxiety is a particular problem in the pre-school
group, but can affect older children who have regressed behaviourally because of the acute stress of the situation. For this reason, parental presence is permitted in many hospitals during
induction. While research has not proved parental presence to
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decrease anxiety levels in children during induction, it improves
parental satisfaction. Parental presence can increase or decrease
anxiety levels depending upon the parents’ behaviour and anxiety
levels (Kain et al. 2000). Parental anxiety transfers to the child,
so it is important to address parental concerns preoperatively
and treat their anxiety as necessary (e.g. educational videos and
preoperative counselling). After auricular acupuncture, anxiety
levels decreased in anxious mothers and consequently improved
cooperation of the child on induction (Wang et al. 2004).
Restraining patients should only ever be used as a last resort and
always discussed with the parents beforehand to minimize distress.
Consent must always be obtained from the parents/guardian and
recorded (Royal College of Nursing 2010).
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CHAPTER 72

Procedural sedation
in children
Michael Sury
Introduction
This chapter describes the principles of paediatric procedural sedation and the effective drug techniques that could be used in four
common scenarios. It should be appreciated that with potent fast-
acting drugs, such as propofol, conscious level can change quickly
so that sedation easily becomes anaesthesia, albeit at a ‘light’ level.
Such techniques will cause airway obstruction and apnoea, but if
they are managed well, as they should be in conventional anaesthesia, the target level of unconsciousness could be considered
unimportant if the patient is safe and recovery is rapid. For this
reason, both sedation and short-acting anaesthesia techniques are
included here.
Drugs that do not cause unconsciousness are usually not potent
and do not require ‘anaesthesia skills’. It is, therefore, the level of
training that defines the type of sedation technique that can be
used safely. Unsafe acts, with catastrophic consequences (Cote et al.
2000), occur with all types of sedation and these stories have driven
the development of guidelines.

Demand
In large paediatric hospitals, approximately 30% of all procedures
carried out under anaesthesia take place outside the operating theatres. The expansion of services such as magnetic resonance imaging (MRI), interventional radiology, oncology, and gastrointestinal
endoscopy have increased demand for anaesthesia and, when anaesthesia services have become limited, sedation techniques have been
used by non-anaesthetists. In emergency departments, procedural
sedation and analgesia techniques using ketamine have become
established, and in dentistry, dentists are using a wide range of sedation methods. ‘Paediatric’ is different to ‘adult’ sedation because
children are often uncooperative and will not accept procedures
while they are conscious. Many adults, in contrast, prefer to be conscious rather than undergo anaesthesia. Nevertheless, conscious
sedation is possible and important in children but is more difficult
to achieve without causing unconsciousness by accident. It is crucial to appreciate that the type of procedure dictates the sedation
method and therefore influences the training of the practitioners to
make sedation effective and safe.

Training and personnel
All healthcare practitioners using sedation should be trained to
use the drugs effectively and safely. To begin, however, the staff

performing a procedure itself will need to be skilled so that time
is not wasted and that any pain or discomfort from the procedure is minimized; the success of sedation may depend on how
long and how painful the procedure is. Behavioural management
of distressed and frightened children will be important. The ‘specifics’ of the training depends on the characteristics of the drugs
and the depression of conscious level caused. Nitrous oxide (up to
50%) alone almost never causes unconsciousness, and therefore
advanced airway training may not be necessary. Other techniques
that cause unconsciousness, even if the risk is small, will require
practitioners to have the training to manage airway obstruction
(National Institute for Health and Care Excellence 2010).
Anaesthetists rarely use sedation because anaesthesia techniques
are often preferred; consequently, training opportunities are limited. Non-anaesthetists, such as dentists or emergency medicine
doctors, who frequently use sedation techniques, need to establish
training schemes to enable safe sedation. All recent recommendations have emphasized the importance of training, and each specialty will need to develop their own schemes. Individual hospitals
or clinics could take the lead and develop their own courses that
may be adapted for other providers (Krauss and Green 2008).
Clinical governance processes should make clinical directors and
managers aware of the importance of training. Healthcare insurance and purchasing organizations have changed the quality control of sedation (in the United States, for example) so that standards
of care must be met before costs are reimbursed. In the United
Kingdom, annual appraisal and revalidation of doctors and dentists
are required to show evidence of good practice and of keeping up to
date: this should enable appraisers to persuade practitioners to stop
performing tasks for which their training is inadequate or whenever practice is outside recommendations. The practitioner responsible for delivery of sedation will need to monitor and manage the
patient and not be distracted by being involved in the procedure
itself. If the sedation technique risks causing anaesthesia, there
should be a trained assistant present. Guidance should be provided
by specialist groups.

Perception of risk
The risk of death from anaesthesia may be between 1:10 000 and
1:200 000 and will depend mainly upon the medical status of
the patient (van der Griend et al. 2011). Sedation managed by
adequately trained professionals, whether anaesthetists or non-
anaesthetists, should be, in principle, equally safe. The main factors
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therefore that influence the safety of sedation are the training of
staff and the medical status of the patient. There are no large studies that have randomized children to sedation or anaesthesia, and
it would not be reasonable to compare sedation with anaesthesia
unless staff have been adequately trained to manage complications.
Observational studies of large cohorts have shown that children
can be sedated, even with propofol, with a low rate of complications
by non-anaesthetists (van Beek and Leroy 2012).
The public may perceive that sedation is safer than anaesthesia.
For example, falling asleep after taking an oral sedative seems less
involved and inherently safer than anaesthesia by inhalation or
injection, but there is no evidence for this and parents and children
should understand the pros and cons of both methods.

Definitions
Standard definitions published by the American Society of
Anesthesiologists are widely accepted and are summarized in
Table 72.1 (American Society of Anesthesiologists Task Force on
Sedation and Analgesia by Non-Anesthesiologists 1996). Minimal
sedation involves only anxiolysis. Moderate sedation is a sleep
state from which the patient can be roused easily and deep sedation is a sleep state from which the patient can be roused but only
with repeated or painful stimuli. These definitions do not cover all
situations and other descriptive terms or definitions are being used
(Table 72.2).
‘Conscious sedation’ is favoured in the United Kingdom (Royal
College of Anaesthetists and Royal College of Radiologists 1992),
especially by dentists and is equivalent to moderate sedation
but with the proviso that patients can be roused easily by verbal

Table 72.1 Summary of characteristics of ASA levels of sedation
Sedation level

Characteristics
Conscious state

Respiratory depression

Minimal sedation

Awake and calm
Normal response to
commands
Impaired cognitive
function and coordination

None

Moderate sedation

Sleepy
Responds purposefully
to commands or gentle
stimulation (NB reflex
withdrawal is not a
purposeful response)

Intervention rarely
necessary

Deep sedation

Sleep and cannot be
easily roused
Responds purposefully to
repeated or painful stimuli

Intervention often
necessary
Cardiovascular function
is usually maintained

Anaesthesia

Asleep and unrousable

Usual, requiring routine
airway intervention
Cardiovascular
depression common

Data from American Society of Anesthesiologists Task Force on Sedation and Analgesia by
Non-Anesthesiologists 1996.

Table 72.2 Characteristics of alternative sedation terms
Sedation term
(common scenario)

Characteristics
Conscious state

Respiratory intervention

Conscious sedation
(dental procedures)

Sleepy
Opens mouth to
command

Rarely necessary with
basic techniques
To be expected with
advanced techniques

Safe sleep
(painless imaging)

Asleep
Rousability not tested

Rarely necessary

Ketamine
(painful procedures)

Eyes open
Unresponsive
Immobile

1% brief apnoea or
laryngospasm, or both

Minimal anaesthesia
(see ‘Painless imaging’
and ‘Gastrointestinal
endoscopy’ in
chapter text)

Sleep with short-acting
drug/s
Not easily roused or
unrousable for brief
periods
Rapid recovery

Routine airway
intervention
Other respiratory
and cardiovascular
intervention unlikely

command; this is necessary in dentistry because the patient has to
cooperate and open their mouth. Patient assent is crucial for conscious sedation. If assent is not given, as is common in children,
drugs rarely gain it. A further characteristic of a conscious sedation
technique is that the margin of safety should be wide enough to
make the loss of consciousness unlikely. ‘Margin of safety’ means
that the doses causing deep sedation or anaesthesia are much larger
or easily distinguished from conscious sedation doses.
In painless imaging, a child will need to remain still enough and
this is not likely unless they are asleep. Testing whether they can be
roused is counter-productive and therefore the true sedation level
cannot be assessed. In such a situation, successful sedation could be
termed ‘safe sleep’ and defined as a sleep state in which the patient
is unconscious (or appears to be) and that appreciable airway and
breathing effects are unlikely.
Ketamine produces a range of dose-related effects. Its analgesia
is intense and at low doses, the patient may not look asleep but
will be unreactive (sometimes called a dissociative state). It may be
reasonable to assume that the patient is deeply sedated but the characteristics are different to other techniques. Nevertheless, laryngospasm occurs in approximately 0.5% of patients and practitioners
need airway skills.
Minimal anaesthesia could be used to describe a technique that
induces anaesthesia but thereafter the dose is reduced so that the
patient remains ‘lightly’ asleep. The dose is insufficient to carry
out a surgical procedure. The true conscious level is undetermined
because the procedure does not stimulate; when it ends, recovery is
rapid (Sury and Smith 2008).

Guidelines and recommendations
Several UK reports have made important recommendations. The
Chief Dental and Medical Officers have issued guidance on sedation in primary dental care (Department of Health 2000); more
recent dental recommendations are available. The Academy of
Medical Royal Colleges report of 2001 is about sedation of adults
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and specifies the need for training (Academy of Medical Royal
Colleges 2001); its principles apply to children. The Royal College
of Nursing has advised nurses on restraining children (Royal
College of Nursing 2010). The Scottish Intercollegiate Guidelines
Network (SIGN) produced Safe Sedation of Children Undergoing
Diagnostic and Therapeutic Procedures in 2004 (SIGN 2004); it was
limited to techniques intended for moderate sedation. In 2010, the
National Institute for Health and Care Excellence (NICE) published
Sedation for Diagnostic and Therapeutic Procedures in Children and
Young People (NICE 2010). This large report contains 34 recommendations, based on consensus and evidence, and covers how
patients should be managed and which drug techniques are effective; the main recommendations are discussed later in this chapter.
The Royal College of Emergency Medicine (2009) has, online, a
‘Guideline for ketamine sedation in emergency departments’ with
specific guidance on doses and fasting.

procedural sedation in children

are the most common considerations. The training limits the type
of drug. Staff without anaesthesia training can only use non-potent
drugs (drugs with a wide margin of safety). High doses of non-potent
drugs are unsafe too often. I.V. drugs can be titrated to effect but not
beyond dose limits and therefore a sedation failure has to be accepted
rather than risk accidental anaesthesia. Oral drugs have to be given
according to a best estimate and, here also, sedation failure should be
accepted. Only effective drugs (those with a low failure rate) should
be chosen. The choice of the drug and its dose will depend on both
the procedure and the child. Techniques recommended in the NICE
guideline are grouped into four common scenarios: painless imaging, painful emergency department procedures, gastrointestinal
endoscopy, and dentistry. Doses are not included in the NICE guidance but, in the following sections, doses are suggested.

Patient assessment

Overcoming the pain of a procedure will reduce the dose of sedative required. Local anaesthesia should be used whenever appropriate; for example, in dentistry, once the local anaesthesia has become
effective, sedation requirements are markedly reduced. Opioid
analgesia should not be used for painless procedures because it is
unnecessary and can cause respiratory depression and vomiting.

Probably the most important factor in safety is the avoidance of
sedation in unfit children. Airway and breathing problems are
notorious in the presence of some medical problems. It is the lack
of anaesthetic expertise that contraindicates sedation more than
the drug techniques themselves. Non-anaesthetists should not
be managing children in whom airway and breathing problems
are likely. A list of the common contraindications to sedation for
children presenting for nurse-led MRI sedation has been useful in
the author’s hospital but may not be applicable in other situations
(Table 72.3) (Sury et al. 1999). An exhaustive list is not practicable
but another list is provided by the SIGN (2004) guideline. NICE
Clinical Guideline 112 provides recommendations on the important features of clinical assessment that are similar to a standard
assessment for anaesthesia.

Immobility

Fasting

General principles
The following principles are based on the ‘patient journey’ recommendations of NICE Clinical Guideline 112 (National Institute for
Clinical Excellence 2010; Sury et al. 2010).

Pain

Immobility is necessary for imaging, and sleep is usually needed for
young and uncooperative children. The length of time of the scan
will influence the choice of technique. Computed tomography (CT)
scans are short whereas some nuclear medicine scans take hours.
Long or unpredictable scanning requires immobility that can be
extended which generally means that an i.v. or inhalation method
is preferred.

Disease-related behaviour
The behaviour of the patient who requires the procedure influences
the technique. Children needing endoscopy, for example, teenagers
who are unwell with active inflammatory bowel disease, may prefer
a minimal anaesthetic technique rather than sedation. MRI may be
needed for investigation of autism and sedation is unlikely to succeed for this and other behavioural problems.

Need for cooperation
In sleep, the mouth tends to close. For dentistry, cooperation with
mouth opening can only be achieved with a conscious patient.
A closing mouth may indicate that sedation is becoming deep and
that airway obstruction might occur. A mouth gag removes this
useful sign.

Drug choice and dose limits
Bearing in mind the aforementioned factors, sedation protocols
will be needed to guide practitioners to achieve the best outcome
with minimum risk. The appropriate use of analgesia and sedation

Fasting before anaesthesia or sedation is established practice and
aspiration is a rare event. Pulmonary aspiration of gastric contents
is possible in unconscious patients whose airway is unprotected by
a tracheal tube. It is reasonable to think that fasting reduces gastric
contents and protects against aspiration. Virtually all sedation techniques risk unconsciousness and therefore patients may be safer if
they are fasted. The standard anaesthesia fasting protocol (6 h for
solids or non-breast milk, 4 h for breast milk, 2 h for clear fluids)
should be applied to sedated patients in most situations (Royal
College of Nursing 2005).
It is possible that fasting may reduce the success of sedation and
there is evidence that children having painless procedures need a
lower dose of chloral if they are not fasted (Keidan et al. 2004). In
this situation, 4 h of fasting after food may be acceptable instead
of 6 h (Marti-Bonmati et al. 1995). In dentistry, confidence in
maintaining consciousness during sedation may justify a liberal
approach to fasting but the avoidance of a recent large meal is sensible; in this scenario, conscious sedation with nitrous oxide alone
or midazolam alone are considered safe in unfasted patients.
In the emergency department, patients are often unfasted and
the risk of delaying a procedure may need to be balanced against
the small risk of inhalation of gastric contents during unintended
unconsciousness. Guidance on which technique to use, based on a
consensus of US emergency physicians, has been published (Green
et al. 2007). The guidance is summarized in two matrices, one
each for low and high health risk patients. Each matrix shows the
maximum sedation depth recommended according to a particular
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Table 72.3 Common contraindications to sedation
Airway problems

Actual or potential airway obstruction, e.g. snoring or
stridor, blocked nose, small mandible, large tongue

Apnoeic spells

Related to:
◆ Brain damage
◆ Drug treatment

Respiratory disease

SpO2 less than 94% in air
Respiratory failure (high respiratory rate, oxygen
treatment)
Inability to cough or cry

High intracranial
pressure

Drowsiness
Headache
Vomiting

Epilepsy

Convulsions requiring rectal diazepam within the last 24 h
Rectal diazepam used more frequently than once in
2 weeks
Seizure related to sedation
Resuscitation within the last month.
Major neurological or neuromuscular disease associated
with, e.g. apnoeic spells or hypotonia
Intracranial hypertension
Convulsions with cyanosis more frequent than once per day
Convulsion less than 4 h before sedation
Failure to regain full consciousness and mobility after a
recent convulsion

Risk of pulmonary
aspiration of gastric
contents

Abdominal distension
Appreciable volumes draining from NG tube
Vomiting

Severe metabolic,
liver or renal disease

Requiring i.v. fluids or glucose
Jaundice or abdominal distension
Requiring peritoneal or haemodialysis

NG, nasogastric.
Reprinted from The Lancet, Volume 353, Issue 9165, Sury, M. R. et al., Development of a
nurse-led sedation service for paediatric magnetic resonance imaging. pp. 1667–1671,
Copyright © 1999, with permission from Elsevier.

combination of fasting status and the urgency of the procedure. The
matrices and guidance are detailed and should be consulted for various combinations of fasting status and degree of urgency. Briefly
however, in an emergency, any level of sedation is reasonable, whatever the fasting status. For non-urgent procedures, only minimal
sedation is reasonable. If the procedure is urgent, a ‘dissociative’ or
‘moderate’ sedation technique is acceptable in unfasted children.

Intravenous access
I.V. access is vital if i.v. drugs or fluids are essential to the procedure
or the sedation technique; i.v. contrast media and i.v. sedation are
clear indications. Access may be needed to manage complications
such as laryngospasm or bradycardia. If access is not essential and
complications are considered unlikely, it may be omitted if it causes
unnecessary problems. I.V. access can be difficult or distressing and
it can waste valuable time and risk sedation failure. Access is not
necessary for nitrous oxide alone (for dental treatment) or for oral
chloral hydrate (for painless imaging).

Consent
The principles of informed consent, as for anaesthesia, should be
applied to sedation (Department of Health 2001). Carers (and
children, if old enough) need to understand what the procedure
involves and what they have to gain from it before the choices and
hazards of the sedation techniques can be explained. It is convention that the referring clinician begins the consenting process and
then other professionals can follow. If the procedure (its purpose
and its value) is understood by all, then some regard it as reasonable for the sedation or anaesthesia team to take written consent
for the procedure itself if they agree and this is explicit in governance processes. Many, however, regard specific separate consents
for procedure and sedation or anaesthesia as best practice and in
some countries, this is mandatory.

Psychological preparation
Anxiety can be reduced by behavioural management techniques
and a full review is available in the NICE guideline. Painless procedures can be achieved in cooperative children if they are calmed
by skilled and experienced play specialists (and others). This
approach can be time-consuming but may save time and resources
in the long term if the procedure has to be repeated: extensive
dental treatment and regular MRI scans to check for cancer recurrence are two good examples. Psychological and behavioural techniques also help children to cope with their fears and smooth the
induction of sedation; in some circumstances, the dose of sedation may be reduced.

Common scenarios
Four different scenarios are described here, and they cover approximately 90% of all current procedural sedation. Other scenarios
such as cardiac angiography or eye examinations are not discussed
because these are relatively uncommon and carried out in specialist hospitals; specialist anaesthesia services should be provided for
them. If sedation is considered, the elements of techniques used
to provide sleep, immobility, analgesia, reflex control, and conscious sedation, which are described in the following sections, can
be applied appropriately. Only drug techniques recommended by
the NICE guidance are described. These were based on evidence
from publications investigating efficacy (randomized controlled
trials with at least 20 patients in each group) or safety (randomized
controlled trials or observations on cohorts of at least 200 patients).

Painless imaging
Patients need to be immobile for MRI, CT, and nuclear medicine
scans. MRI is especially difficult for frightened children because
of the noisy confined space. Some children will lie still, however,
and they should be identified by a selection process. Young infants
(less than 3 months old) may sleep peacefully after a feed if they are
warm and comfortable. A strategy is presented in Figure 72.1.
Almost all children who cannot lie still enough with behavioural
methods need to be asleep either with deep sedation or anaesthesia;
conscious sedation is rarely effective because most of the patients
have problems that prevent them cooperating. Many are ill, in pain,
or have behavioural difficulties. In this scenario safe sleep and minimal anaesthesia, as defined previously, are practicable. If an anaesthesia service is available, short-acting potent drugs such as sevoflurane
or propofol are preferred over less reliable sedation drugs.
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Safe sleep

Age?
Weight?

There are major problems with equipment in MRI. Setting up a
sedation or anaesthesia service requires thorough planning and special consideration of the options (The Association of Anaesthetists
of Great Britain and Ireland 2002). Ferromagnetic items are unsafe
unless they are sufficiently remote and fixed securely. Steel oxygen
cylinders are especially dangerous and should not be in the vicinity.
Syringe drivers are a common hazard. Electrical apparatus may not
function or can cause image artifacts. All wires going into the scanning room must be filtered. Electrical cables touching the skin can
burn. MRI pulse oximeters have fragile fibreoptic cables.

‘Safe sleep’ is a sleep state in which airway and breathing effects are
unlikely. Two techniques are considered.
Oral chloral hydrate (100 mg kg−1, maximum dose 1 g) sedates
more than 90% of children weighing less than 15 kg for approximately 1 h (Greenberg et al. 1993; Ronchera-Oms et al. 1994).
Supplementation with i.v. midazolam is necessary in 5–10% of children. The induction time is usually within 20 min but can take up
to 1 h. Doses larger than 1 g are associated with vomiting.
I.V. midazolam alone is a common technique. Published data on the
necessary doses are lacking, but the 2016 British National Formulary
for Children recommends that increments of 25–50 μg kg−1 of
midazolam can be injected over 2–3 min and titrated to effect up
to maximum doses of 6 mg, 10 mg, and 7.5 mg for children aged
1 month–6 years, 6–12 years, and 12–18 years respectively.
Other drug techniques have been described, including barbiturates, major tranquilizers, paraldehyde, and melatonin but, whereas
they may be effective in some children, the evidence of reliability is
lacking (Sury et al. 2005).
I.V. dexmedetomidine, given in high doses, is also effective at achieving moderate sedation for imaging (Koroglu et al. 2006). It is not available in the United Kingdom. Its mechanism of action (α2-adrenergic
agonism) may produce a natural sleep state from which the patient can
be roused and in which vital breathing reflexes may be preserved. It
is associated with marked cardiovascular changes (Mason et al. 2008).

Minimal anaesthesia

Painful procedures

<3 months

Feed and wrap
or anaesthesia

<15 kg
No contraindications
to sedation

>15 kg

Cannot lie still
Can lie still

Sedation

Anaesthesia
Awake, behavioural methods

Figure 72.1 Sedation strategy for MRI.

Sevoflurane inhalation anaesthesia is the standard technique and is
the most reliable. I.V. access can be sited after induction. To maintain anaesthesia, inspired concentrations of 3% are effective and a
laryngeal mask airway (LMA) is commonly used. Lower doses of
sevoflurane can be used once the child is asleep which may make
the use of any airway device or intervention unnecessary (De
Sanctis Briggs 2005). If an LMA is not used, both capnography
monitoring and oxygen administration are essential. Capnography
can be best achieved by purpose-built oral or nasal sampling tubes
that are combined with the delivery of oxygen.
Occasionally, the movement of breathing causes ‘head nodding’
that cannot be restrained by mechanical measures, and this is an
indication for controlled breathing, neuromuscular block, and tracheal intubation. These measures are necessary whenever LMA or
spontaneous breathing is contraindicated (e.g. high intracranial
pressure, or full stomach).
Some children, perhaps as many as 30%, are distressed when
they awaken in recovery after sevoflurane anaesthesia and this
may be a delirium reaction. The problem is usually brief and seems
to need only time and comforting by parents or carers. Propofol
maintenance seems to cause less crying in recovery and it can be
used either exclusively or after a sevoflurane induction (Bryan
et al. 2009).
A propofol infusion technique is almost 100% successful and has
a rapid, pleasant recovery profile. An induction dose of 2–3 mg kg−1
can be followed by 10 mg kg−1 min−1 (Frankville et al. 1993). There
is variation and dose adjustments are sometimes necessary. The airway remains patent in most children, some need head positioning,
and less than 5% need further airway intervention. Occasionally
there are extra-pyramidal movements or hiccoughs that cause too
much movement. The addition of ketamine, an opioid, or midazolam reduces this problem (Machata et al. 2008).

The range of painful procedures is wide but many children present to emergency departments with minor trauma such as skin
lacerations and forearm fractures (Pena and Krauss 1999; Krauss
and Green 2006). Sedation for the treatment of burns is a specialist
subject and is not discussed here in detail. The oncology department is another setting where painful procedures such as intrathecal chemotherapy and bone marrow sampling are commonplace.
The need for sedation or anaesthesia will depend on the coping
ability of the child. Some will tolerate treatment with local anaesthesia alone and others will need anaesthesia. Techniques aimed
at delivering minimal, moderate, and deep sedation are described
here but it should be appreciated that conscious level can change
with almost any technique.

Minimal sedation
If the child can cooperate with insertion of local anaesthesia but
needs help with reducing anxiety, behavioural management alone
may be sufficient. Potent systemic analgesia such as fentanyl or
diamorphine is valuable (Atkinson et al. 2009). Nitrous oxide,
alone, up to an inspired concentration of 50% in oxygen can be
‘self-administered’ by the patient. This technique is largely analgesic but does have a sedative component. It is remarkably safe
because consciousness is almost always preserved (Gall et al. 2001).
Unconsciousness is possible if the patient is taking other sedatives or
if there is another cause of altered consciousness. Midazolam, taken
orally (0.5 mg kg−1), is an effective anxiolytic within 30 min. The
buccal route is faster alternative. Nasal midazolam (0.25 mg kg−1) is
as fast as the i.v. route (Connors et al. 1994); atomized midazolam is
much less painful than drops.

Moderate to deep sedation
Two techniques are effective. The sedation level achieved is largely
dependent on the dose and the stimulation of the procedure.
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Ketamine causes an unresponsive state that is unique. The child
is immobile, calm, and their eyes may be open—they appear ‘dissociated’. Whether this state is moderate or deep is uncertain. The
analgesia of ketamine is intense yet, unlike opioids, airway and
breathing reflexes are usually maintained which makes it ideal for
short painful procedures. Doses recommended are 2 mg kg−1 i.v.
(additional doses of 1 mg kg−1 if necessary) or 5–10 mg kg−1 i.m.
(The Royal College of Emergency Medicine 2009). I.M. ketamine
is painful but may be appropriate if i.v. access causes more distress.
Vomiting is a common problem. Dysphoric reactions occur in a
minority and do not appear to be prevented by midazolam (Wathen
et al. 2000). Airway secretions cause laryngospasm in approximately 0.5% of cases (Green et al. 1998). In high doses, ketamine
is an anaesthetic. Even standard doses may anaesthetize some children. Ketamine has been used extensively for the management of
children having treatment for burns (Emerson et al. 2008).
An alternative technique involves the combination of i.v. midazolam and fentanyl. The doses vary and both drugs should be
titrated carefully. Initial doses are 25–50 μg kg−1 for midazolam and
0.25–0.5 μg kg−1 for fentanyl (Krauss and Green 2000) Fentanyl
causes respiratory depression especially when the pain of the procedure is over. The reversal agents, flumazenil and naloxone, should
be available and ready for prompt use. Ketamine is the more reliable technique. Even though ketamine causes sedation deeper than
the ‘moderate’ level it has fewer respiratory effects, and requires less
judgement and less intervention than a combination of midazolam
and fentanyl (Kennedy et al. 1998).

Deep sedation or anaesthesia
Propofol combined with an opioid is an effective short-acting
anaesthetic technique for short procedures. Fentanyl, alfentanil, or
remifentanil are suitable. Lumbar puncture and bone marrow aspirate procedures, common in oncology departments, can be achieved
under short-acting anaesthesia using propofol (2–3 mg kg−1) and
remifentanil (1 μg kg−1) (Glaisyer and Sury 2005). Remifentanil
almost always causes apnoea so that a short period of assisted ventilation via a face mask is usual; airway devices are rarely necessary.
Indwelling central venous catheters (CVCs) are common in oncology patients and allow a painless i.v. method. Neither postoperative
analgesia (other than local anaesthesia) nor antiemetics are necessary after this technique for oncology procedures. Recovery is faster
than after inhalation of sevoflurane and children are able to eat and
drink a few minutes afterwards.

Gastrointestinal endoscopy
Upper endoscopy should take no more than 10 min. Colonoscopy
is more variable and lasts 20–40 min. The discomfort of colonoscopy is appreciable only when the colon is stretched, often during biopsy of the terminal ileum. Many adults tolerate upper and
lower endoscopy without any sedation but sedation or anaesthesia
is necessary in children and both methods are used widely in the
United Kingdom.

Moderate sedation
I.V. midazolam can be titrated for upper gastrointestinal endoscopy; a starting dose is 25–50 μg kg−1. Patients should be in the lateral position. A mouth guard precedes oesophagoscopy. Insertion
of the gastroscope often causes struggling and retching, so that mild
restraint is often necessary and someone should suction secretions
or regurgitant fluid from the pharynx. Retching and bradycardia

can occur with duodenoscopy. Capnography is the best indicator of
respiratory difficulty. Sedation is easier for colonoscopy. Midazolam
combined with fentanyl (initial dose 0.25–0.5 μg kg−1), or an equivalent opioid can be used (Mamula et al. 2007). Reversal of sedation
with flumazenil and naloxone may be necessary.

Minimal anaesthesia
I.V. propofol alone or with low doses of opioids has become widespread for both upper and lower endoscopy (Barbi et al. 2006; van
Beek and Leroy 2012). The anaesthetist should take control of the
airway. Few cases need an intervention other than a jaw thrust
and pharyngeal suction, but oxygen desaturation can occur either
from obstruction caused by the endoscope or from the respiratory
depression of propofol. These problems are detected by capnography before pulse oximetry. Capnography via purpose-made nasal
and oral speculums incorporating oxygen delivery is reliable. The
dose of propofol required for oesophagoscopy is approximately 2–3
mg kg−1 and further bolus doses of 0.5–1 mg kg−1 are frequently
necessary. Target-controlled infusion of propofol is practical but the
minimum blood concentration required for successful oesophagoscopy is uncertain; preliminary data showed that the median effective target blood concentration was 3.7 μg ml−1 (Hammer et al.
2009). An infusion of remifentanil (0.025 μg kg−1 min−1) reduces
the required dose of propofol (Drover et al. 2004). The discomfort
of colonoscopy can be minimized by an opioid. An infusion of
remifentanil 0.05 μg kg−1 min−1 is effective and respiratory depression is unusual at this dose rate. Recovery is rapid and neither
analgesia nor antiemetic is necessary. Other standard methods of
anaesthesia with short-acting inhalation agents may also have a fast
recovery profile.

Dentistry
Dental treatment causes considerable anxiety because it can be
exquisitely painful. Extractions can take 10–15 min. Conservation
treatment can take an hour. Effective local anaesthesia reduces the
need for sedation but its injection is also distressing. Dentists have
been pioneers of sedation and they understand the needs of their
patients and the limitations of the sedation techniques. Their skill
in behaviour management is invaluable. Having time to reassure
and reward children is important and this is possible if the dental treatment is not urgent. When sedation methods are necessary,
it is agreed widely that uncontrolled deep sedation is not helpful
because the airway may become obstructed during treatment—the
desired target level is either conscious sedation or anaesthesia. The
airway is safe in conscious sedation but does require the child’s
cooperation. During anaesthesia the dentist and the anaesthetist
need to cooperate to maintain airway patency.
In the United Kingdom, dental conscious sedation was divided
into standard and alternative techniques—and recently these have
become basic and advanced.

Standard conscious sedation
Two techniques are recommended. Nitrous oxide alone (termed
relative analgesia) is administered via a nasal mask. The mask incorporates scavenging. When it is effective, inspired concentration of
30% is sufficient; higher concentrations may be needed but they
cause dysphoria. Severely anxious children may not tolerate this
method (Lahoud and Averley 2002), but for those who do, neither
fasting nor i.v. access is necessary. In anxious adolescents, midazolam can be titrated intravenously starting with 25–50 μg kg−1.
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Both techniques are successful in selected children. If they are not
sufficient, advanced sedation or anaesthesia are indicated.

Advanced conscious sedation
Combinations of potent drugs, given i.v. or via inhalation, can be
used to deliver conscious sedation. The risk of unintended deep
sedation or anaesthesia depends on the drugs and their doses, but
only adequately trained staff, in a fully equipped facility, should
use advanced sedation methods. Inhaled nitrous oxide can be
combined with low concentrations of sevoflurane and this has the
advantage of rapid onset and offset (Averley et al. 2004); the combination of inhaled with i.v. midazolam also has potential (Averley
et al. 2004). Combinations of midazolam, fentanyl, and ketamine
with sub-anaesthetic doses of propofol are being used by some
specialists but these techniques probably have a narrow margin of
safety. Recovery after drug combinations may be prolonged and, if
so, a brief propofol anaesthetic may have the advantage.

Common or important problems
Difficult procedures
Prolonged procedures or those when the time taken is uncertain
should be managed with techniques that can be extended to allow
completion of the procedure without necessarily causing prolonged
recovery. Pain that is not brief or not nullified with local anaesthetic
is an indication for anaesthesia. Cardiac angiography is associated
with life-threatening events (Bennett et al. 2005) and should be
managed using anaesthesia and controlled ventilation; the same
applies whenever haemorrhage is possible. Multiple procedures
are ideally completed under the same sedation or anaesthetic
technique to minimize fasting. When this is not possible, children
should undergo only short-acting sedation techniques.

Difficult behaviour
Uncooperative children, in any setting, need to be given special
consideration. Their age and mental capacity dictate their rights of
consent (Department of Health 2001). In England, children older
than 16 years can consent for treatment but not refuse it. Those
older than 18 years have full rights of adulthood. Children under
16 years are able to consent without their carer’s permission if they
are competent. Healthcare workers are obliged always to act in the
best interests of the patient and this may mean acting against the
child’s wishes in an emergency. There is, however, nearly always
time for a more cautious course of action. Anxiety can be managed by skilled staff and permission is usually given for anxiolytics
if necessary.

Intravenous access
Local anaesthesia creams and ethyl alcohol sprays reduce the pain
of venepuncture. Nitrous oxide inhalation may also be tried. Many
children, however, need long-term venous access and the distress of
venepuncture can be avoided by inserting appropriate CVCs. CVCs
can be inserted by an open ‘cut-down’ technique or by venous cannulation using a ‘guidewire-through-needle’ technique. The aid
of ultrasound has transformed CVC placement because it detects
the position and the patency of suitable large veins (NICE 2002).
Needle techniques minimize damage to the vessel and may allow
the vein to be used again years later. CVCs should be inserted by
specialists in an interventional radiology suite. Anaesthesia with
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controlled ventilation is preferred to prevent movement and air
embolism.
Infection of CVCs should be minimized by adherence to clean
handling protocols. Children with bowel failure are dependent on
their i.v. feeding venous catheter and anxiety about infection prevents their use unless there is no alternative. Some venous catheters contain concentrated heparin solutions and must be aspirated
before use. After use, all lines should be cleared of residual anaesthetic; 20 ml normal saline is standard.

Unintended deep sedation
The pharmacokinetic and dynamic characteristics of almost all
sedation drugs vary sufficiently to make unintended deep sedation possible. Nitrous oxide is the exception and anxiolysis with
i.v. midazolam is similarly safe but the risk is dose dependant. Two
principles are important in avoiding deep sedation: careful titration
and not exceeding agreed dose limits. Higher doses will be necessary
for some patients and a protocol should be agreed locally or by professional groups to limit the maximum dose. The British National
Formulary for Children provides advice. Flumazenil (10 µg kg−1)
and naloxone (100 μg kg−1) may be necessary for the reversal of
deep sedation and respiratory depression effects of midazolam and
opioids. An international panel of experts has agreed definitions of
complications that could be used to audit sedation practice (Mason
et al. 2012).
Delayed unconsciousness and respiratory depression can occur
after the pain of the procedure has elapsed. This is a particular problem of potent opioids whose action outlasts the pain of the procedure
(Strunin 2007). The pain of a dental extraction, for example, is brief.
Staff in the recovery area must be ready to detect and respond to respiratory depression. Suitable criteria for discharge must be adhered to.

Excitement
A small minority of children are distressed by sedation and increasing the dose can worsen the situation. Midazolam can cause excitement that may be reversed by flumazenil. Ketamine can cause
distressing hallucinations. Sedation may need to be abandoned in
these circumstances.

Monitoring
Monitoring standards of sedated children who are at risk of unconsciousness should be similar to those used for anaesthesia. If a
child is insufficiently sedated to tolerate the monitor, it should be
applied. A finger pulse oximeter is usually tolerated in sleepy children. Capnography is the most useful monitor to prevent oxygen
desaturation and should be used in all unconscious children; it is
practical in children under ‘safe sleep’ with chloral hydrate, ketamine sedation, and all minimal anaesthesia techniques. ECG and
blood pressure monitoring should be available and used appropriately in children at risk of a cardiovascular problem. Processed electroencephalography devices are not used widely but may be useful
in prolonged procedures.

Procedural errors
The injection of vincristine into the cerebral spinal fluid instead
of intravenously is almost always fatal. This error has occurred
because the two drugs, methotrexate and vincristine, meant for
i.v. and intrathecal administration respectively, became swopped
accidentally. Systems were not in place to prevent it (Toft 2001).
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Now, recommendations prevent the proximity of the two drugs in
both time and place. Currently, manufacturers have been directed
to introduce spinal needles (and syringes) with connectors that
are incompatible with i.v. syringes. Patient harm involving misconnections to epidural and gastrostomy catheters have occurred.
Mistakes are possible in any situation, but patients can be protected
by effective safety strategies. Institutional complacency is a common factor in disastrous errors.
A recent strategy of the surgical safety checklist may help to prevent many mistakes. All procedures, even the most minor, should
only take place after team briefing, pre-anaesthesia checks (patient
identity, consent, allergy, body weight, and fasting) and a ‘surgical
pause’ (World Health Organization 2009).
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CHAPTER 73

Acute paediatric pain
management
Tom G. Hansen
Introduction
Safe and effective treatment of acute pain in children within hospital settings has gained huge attention in the past two to three decades. It is widely accepted that the nervous system is sufficiently
developed to process nociception before birth, and therefore,
children must be assumed to experience pain from birth onward.
Long-term effects of pain in young infants can occur, resulting in
behavioural changes and a lowered pain threshold for months after
a painful event.
Advances in developmental neurobiology and pharmacology are
continuing to improve the available methods of both assessing and
managing paediatric pain. Around the world, formalized paediatric
pain services have now been established in most paediatric centres
(Lonnqvist and Morton 2005).
The safe and effective management of pain in children includes
the prevention, recognition, and assessment of pain, early and individualized treatment, and evaluation of the efficacy of treatment.
This chapter discusses selected topics in paediatric acute pain management, with more specific emphasis placed on acute postoperative pain management.

Age-appropriate pain assessment
A main prerequisite for satisfactory pain management is proper
and age-appropriate pain assessment. However, children’s pain may
be difficult to recognize and measure reliably. Pain assessment tools
are used to quantify and guide the treatment of pain. Self-reported
pain assessment tools are the standard, and many validated developmentally appropriate tools are available in which the child rates
the pain intensity on a numeric scale, a colour scale, or a face picture scale (Rose and Logan 2004) (Fig. 73.1). Preverbal children or
cognitively impaired children are unable to provide a self-report, so
physiological and behavioural measures must be used as indicators
of pain. The perception and communication of an individual’s pain
depend on their intellectual and social development. Expression
of pain relies on the child’s ability to understand, quantitate, and
communicate it (Solodiuk and Curley 2003). Self-reporting which
is the gold standard for pain assessment is possible only in older
children or those with cognitive and communicative skills. For the
youngest children, the measurements are usually based on behaviours typically known to be associated with pain (e.g. grimacing,
body movements, posture, and vocalization). Albeit not specific to

pain, physiological measurements (e.g. blood pressure, heart rate,
and sweating) are also used in some pain rating scales. Moreover,
in acute (and chronic) pain situations, the physiological responses
quickly return to baseline as the body more or less adapts to the
stimuli, further reducing the specificity of these measures. Examples
of assessment tools used for neonatal pain assessment are PIPP
(Premature Infant Pain Profile), CRIES, NFCS, and COMFORT
scale. For older children and adolescents, most pain rating scales
rely on self-reports similar to the situation in adults. Frequently
used scales include the Faces Pain Scale, the Pieces of Hurt Tool,
the Oucher, and the visual analogue scale. The younger the child,
the less likely it is that they can distinguish between the levels
of pain using face pain scales. The Pieces of Hurt Tool is used in
4-to 6-year-olds and involves the child selecting one to four poker
chips that represent pieces of hurt such that one chip is ‘a little bit of
hurt’ and four chips represent ‘the most hurt.’ The Oucher scale is
aimed at 3-to 12-year-olds and requires a set of colour photographs
that show children with different expressions of pain that the individual patient correlates to their own pain. The Faces Pain Scale
use drawings of facial expressions to assess for pain intensity and
is also focused for 3-to 12-year-old children. The visual analogue
scale is age-appropriate for children older than 6 years and requires
that they express their degree of pain on a 10 cm line in which the
range is from no pain (0 cm) to worst pain possible (10 cm). The
verbal numeric scale is reliable and valid for acute pain in from
8 years and only requires that the patient rate their pain on a 0–10
scale verbally.

Developmental neurobiology
Neonates including very premature infants clearly perceive pain,
as demonstrated by their integrated behavioural and physiological
responses to nociceptive stimuli (Fitzgeralds and Howard 2001). In
fact, pain in neonates may be accentuated as a result of the fact that
descending inhibitory pathways to the dorsal horn of the spinal
cord are not fully developed at birth and they have wider receptive
fields and lower excitatory thresholds than those of older children
(Pattinson and Fitzgerald 2004). Repeated painful stimuli (e.g. heel
lancing or i.v. placement) further lower the excitatory thresholds of
dorsal horn neurones (Taddio et al. 1997; Lidow 2002). The neural
transmission in peripheral nerves is slower in neonates as a result
of incomplete myelination. The major nociceptive neurones in
neonates and in adults are either unmyelinated C-fibres or thinly
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(A)

No
pain

0
No
pain

(B) Word Descriptor Scale

Visual Analogue Scale

Mild
pain

1

2

Moderate
pain

3

Severe
pain

4
5
6
Moderate
pain

Very
severe
pain
7

8

Worst
possible
pain
9

No
pain

10
Worst
possible
pain

0 = No pain
1 = Mild pain
2 = Distressing pain
3 = Severe pain
4 = Horrible pain
5 = Excruciating pain

Worst
possible
pain
(C)

Verbal Scale
‘On a scale of 0 to 10, with
0 meaning no pain and 10
meaning the worst pain you
can imagine, how much pain
are you having now?’

(D)

Functional Pain Scale

0 = No pain
1 = Tolerable and pain does not prevent any activities
2 = Tolerable and pain prevent some activities
3 = Intolerable and pain does not prevent use of telephone, TV viewing, or reading
4 = Intolerable and pain prevents use of telephone, TV viewing, or reading
5 = Intolerable and pain prevents verbal communication

Figure 73.1 Examples of pain scales used in children. (a) Visual analogue scale. (b) Word descriptor scale. (c) Verbal scale. (d) Functional Pain Scale.
(d) Reprinted from Journal of the American Medical Directors Association, Volume 2, Issue 3, Gloth, F. M. et al. The Functional Pain Scale: reliability, validity and responsiveness in the elderly
population, pp. 110–114, Copyright © 2001, with permission from Elsevier and AMDA: The Society for Post-acute and Long-term Care Medicine.

myelinated Aδ-fibres. Repeated stimulation of these nociceptive
fibres causes decreased excitatory thresholds resulting in peripheral
sensitization (hyperalgesia).
Allodynia, another consequence of peripheral sensitization in
which non-nociceptive fibres transmit noxious stimuli, results in the
sensation of pain from non-noxious stimuli. In addition, repeated
nociceptive input to the dorsal horn of the spinal cord causes the
amplification of pain intensity and duration, which is termed
‘wind-up’ or ‘central sensitization’ (Fitzgeralds and Howard 2001).

Developmental pharmacology
There is a growing body of experience with the use of analgesic
drugs in children (Kearns et al. 2003). Most analgesics are lipophilic drugs and thus require transformation into water-soluble
substances for the body to be able to excrete the substances in the
urine or bile. Pharmacokinetic variations in children are significant
and have implications for the dosage and intervals of analgesics.
For example, body composition affects the volume of distribution
of drugs. The higher body water content in neonates and infants
results in a larger volume of distribution of water-soluble drugs
and the potential for a longer elimination half-life (and duration of
action). Smaller fat and muscle stores in neonates result in higher
plasma concentrations of drugs because there is less drug uptake by

these pharmacodynamically inactive sites. With a higher percentage
of cardiac output going to organ systems known as the vessel-rich
group (e.g. the brain) in neonates, the brain concentration of drugs
may be higher in neonates than in older children and adults. It is
the general belief that an immature blood–brain barrier in neonates
may further facilitate (hydrophilic) drug transportation into this
pharmacologically active site. Protein binding of drugs is reduced
in neonates compared with older children and adults because of
lower plasma concentrations and reduced binding affinity of albumin and α1-acid glycoprotein. Drugs that are highly protein bound,
such as opioids, non-steroidal anti-inflammatory drugs (NSAIDs),
and local anaesthetics, will be present in a higher unbound concentration in plasma, leading to increased effects, toxicity, or
both (Hansen et al. 2001). Hepatic metabolism of drugs involves
either phase I reactions (oxidation, reduction, hydroxylation, and
hydrolysis) or phase II reactions (conjugation). The cytochrome
P450 (CYP) system is the most important phase I enzyme family
and is responsible for the metabolism of many analgesics. At birth,
the hepatic enzymes responsible for drug metabolism are immature; resulting in a reduced clearance of drugs (Yaster 2001). The
concentrations of these hepatic enzymes quickly increase to adult
levels in the first few months of life. Drug clearance in the 1-to
6-year-old age group is often higher than adult levels because of the
larger hepatic mass relative to body weight and increased activity of
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enzymes, thus higher doses and shorter intervals of analgesics may
be required. The renal excretion of drugs depends on renal blood
flow, glomerular filtration rate, and tubular secretory function, all
of which are decreased in neonates, especially in the young neonate and in premature infants. Renal function reaches adult levels
by 1 year of age. With decreased renal function, parent compounds
or active drug metabolites can accumulate to toxic concentrations (e.g. the morphine-6-glucuronide metabolite) (Bouwmeester
et al. 2004).

Pain management strategies
Acute pain in children in hospital settings encountered by the
anaesthetist is usually postoperative in nature, related to medical
conditions, cancer, or the result of trauma. Acute pain management
should always include both non-pharmacological and pharmacological strategies.

Non-pharmacological pain management
Non-pharmacological strategies are used to supplement analgesic
drugs and are particularly suitable in relation to procedural pain.
Non-pharmacological techniques such as cognitive behavioural
therapies (distraction, guided imagery, and relaxation) and physical therapy are essential modalities of acute pain management
(Lonnqvist and Morton 2005) (readers are referred to the many
texts and articles on this topic). A child-friendly environment
with a strong and parental involvement is essential. More specific
strategies include massage, heat therapy, and transcutaneous electrical nerve stimulation. Psychological techniques are also used,
including distraction, hypnosis, breathing techniques, play therapy,
and imagery. Oral sucrose provides safe and effective analgesia in
neonates and infants less than 3 months of age in relation to procedural pain for single minor painful procedures (e.g. heel lance
and venepuncture) (Johnston et al. 2011). A dose–response relationship has been suggested; however, effective and optimal dosing remains to be established particularly in the tiniest premature
infants. Interestingly, infants less than 31 weeks of gestational age
who receive more than 10 doses of sucrose are at risk for poorer
neurodevelopmental scores (Johnston et al. 2007).

Pharmacological pain management
Paracetamol
Paracetamol is the most widely used analgesic in children. It possesses both antipyretic and analgesic properties. Paracetamol’s
mechanism of action is still not fully understood, but involves
inhibition of central prostaglandin synthesis in the hypothalamus and a central activation of descending serotonergic pathways. A cannabinoid-mediated mode has also been suggested.
Paracetamol is different from the NSAIDs in that it does not inhibit
peripheral cyclooxygenase (COX) (Arana et al. 2001). It lacks the
troublesome side-effects of NSAIDs, and as such it has no antiplatelet or anti-inflammatory effects. Paracetamol can be given orally
or rectally, although the initial rectal dose needs to be higher to
achieve appropriate blood concentrations (Anderson et al. 2002).
Paracetamol is usually the first-line analgesic administered for
mild to moderate pain. However, it is also useful in other clinical
settings, for example, weaning from more advanced pain treatment
regimens such as continuous regional techniques. For practitioners
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adhering to the concept of multimodal analgesia in which pain
should be treated at all levels within the nociceptive system, paracetamol constitutes the basic drug. Paracetamol is metabolized
extensively in the liver by three main pathways: sulphation, glucuronidation, and oxidation. In therapeutic doses, most of it
undergoes glucuronidation or sulphation, producing non-toxic
metabolites that are excreted in the urine. The rate constant for
paracetamol glucuronide formation in neonates is considerably
smaller than in older children and adults whereas the rate constant
for sulphate formation is larger. Thus, the pronounced immaturity
of the phenolic glucuronidation process in the neonate is offset by
a well-developed capacity for the conjugation of a phenolic group
with sulphate. This makes conjugation with sulphate quantitatively
the most important pathway for paracetamol metabolism in young
children. A maturational increase in urinary glucuronide metabolite elimination has been described partly explained by postnatal
age, postmenstrual age, and repeated administration. Interestingly,
unconjugated hyperbilirubinaemia concentrations of 150 μmol litre−1
or higher are associated with a 40% reduction in paracetamol clearance. Approximately 5% is excreted unchanged in the urine, and
the remainder is metabolized by the hepatic mixed function oxidase system. The product of oxidation is a highly reactive arylating metabolite, N-acetyl-p-benzoquinone imine (NAPQI), which
normally is rendered non-toxic by preferential conjugation with
the intracellular tripeptide glutathione and excreted as mercapturic
acid and cysteine conjugates in the urine. As sulphation and glucuronidation pathways become saturated, an increasing proportion
and quantity of the drug is metabolized by the CYP system, resulting in an increased production of NAPQI when the hepatic synthesis of glutathione is overwhelmed and manifestations of toxicity
appear, producing centrilobular necrosis. The isoenzyme CYP2E1
is primarily involved in paracetamol hepatotoxicity. In particular,
bioactivation of paracetamol via CYP2E1 produces high concentrations of NAPQI. Children, particularly young children, appear
to have a lower incidence of liver failure as a result of paracetamol overdose than adults, but neonates are known to be capable of
forming the reactive intermediate metabolites that cause hepatocellular damage. The high therapeutic ratio in neonates may be related
to reduced rates of metabolism by the CYP system in the neonatal
liver and the neonate’s increased ability to synthesize glutathione
relative to adults (Arana et al. 2001).
The therapeutic index of paracetamol in older children is relatively
narrow and doses of 5–10 times normal can be dangerous. The analgesic therapeutic plasma paracetamol concentration is generally considered to be 10 mg litre−1 (= 66 μmol litre−1), whereas the antipyretic
paracetamol concentrations may be slightly lower, 5–10 mg litre−1.
However, the evidence for this belief is poor, and there are studies
showing a dose–response relationship for analgesia in children. For
analgesia and antipyresis the recommended oral dosing regimen is
15–20 mg kg−1, 4–6-hourly, with a maximum dose of 90–100 mg kg−1
in 24 h in children aged 3 months or older. Neonates and premature
infants have reduced clearance of paracetamol; indeed, clearance is
inversely associated with gestational age, and doses should be reduced
in infants less than 1 months of age (Table 73.1) (Anderson et al. 2002).
The rectal route for administration of paracetamol is convenient when the oral route cannot be used (e.g. postoperatively, postoperative nausea and vomiting). However, bioavailability with this
route is relatively poor and slow (particularly in older children)
with Cmax occurring 2–3 h after administration (Hansen 1999).
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Table 73.1 Recommended dosing of oral and rectal paracetamol in infants and children aiming at a
plasma concentration of approximately 10 mg litre−1
Age
(postconceptual
weeks)

Route

Loading dose
(mg kg−1)

Maintenance dose
(mg kg−1)

Interval
(hourly)

Maximum
dose per 24 h
(mg kg−1)

Duration of
treatment (h)

28–32 PCA

Oral
Rectal
Oral
Rectal
Oral
Rectal

20
20
20
30
20
40

10–15
15
10–15
20
15
20

8–12
12
6–8
8
4
6

30

48

60

48

90

48

32–52 PCA
>3 months

PCA, post-conceptual age (in weeks).
Data from Anderson B. J. et al. (2002). Acetaminophen developmental pharmacokinetics in premature neonates and infants: a pooled
population analysis. Anesthesiology, 96, 1336–45.

Therefore, the rectal loading dose of paracetamol should be larger,
but the daily maximum rectal doses are similar compared with oral
recommendations.
The use of i.v. paracetamol (Perfalgan®) circumvents the bioavailability problems and has a more rapid and predictable onset of action
with peak paracetamol concentrations in the cerebrospinal fluid
occurring at about 45–60 min (Allegaert et al. 2011). Perfalgan® is a
mannitol solubilized formula, ready-for-use preparation. Perfalgan®
should be infused over 15 min to reduce the risk of local adverse
events. Perfalgan® has been studied in most age groups of children
including neonates and premature infants; however, it should be
used with great caution in premature infants less than 32 weeks
of gestation because of a lack of clinical studies in this age group
(Table 73.2) (van den Anker and Tibboel 2011). Although paracetamol is generally considered a very safe drug with few side-effects,
hepatotoxicity has been reported in children after chronic ingestion of doses less than 150 mg kg−1 day−1 for 2–8 days and routine
doses (75–90 mg kg−1 day−1), thus the recommended daily maximum doses should be adhered to and only used for 48–72 h (Arana
et al. 2001).

Non-steroidal anti-inflammatory drugs
NSAIDs are used for the management of mild to moderate pain in
children, particularly if there is significant associated inflammation
(Maunuksela and Olkhola 2003). Their advantage is that they do
not cause respiratory depression or sedation. In single doses they
have analgesic efficacy comparable to that of paracetamol (Berde
and Sethna 2002). They are used either alone or in combinations
with paracetamol, local anaesthetics, opioids, or a mix of these. As a
Table 73.2 Recommended doses of i.v. paracetamol in children
Age group

Dose

Maximum daily dose

Dose interval

PCA 32–44 weeks

10 mg/kg

40 mg/kg/d

6 hourly

PCA >44 weeks

15 mg/kg

60 mg/kg/d

6 hourly

I.V. paracetamol is as yet not recommended in children born before 32 weeks post-
conceptual age (PCA) because of a lack of PK/PD studies. Duration of treatment should be
restricted to 48 h in the youngest infants.
Reproduced from Archives of Diseases in Childhood, van den Anker J. N. & Tibboel D. Pain
relief in neonates: when to use intravenous paracetamol. Volume 96, Issue 6, pp. 573–4,
Copyright © 2011, with permission from BMJ Publishing Group Ltd.

rule of thumb, the NSAID reduces morphine requirements by 25–30%.
Their mechanism of action is through the inhibition of COX, the
enzyme responsible for metabolizing arachidonic acid. When arachidonic acid is released from traumatized cell membranes, it is
metabolized by COX to form prostaglandins and thromboxanes,
which in turn sensitize peripheral nerve endings and vasodilate vessels, causing pain, erythema, and inflammation. There are two COX
isoenzymes in humans. The constitutive form of COX (COX-1) is
found in high concentrations in platelets, vascular endothelial cells,
stomach, and in the kidneys, where prostaglandins and thromboxanes are essential for gastric mucosal protection, regulation of renal
blood flow, and aggregation of platelets. COX-2 is called an ‘inducible COX’ and is present only in traumatized cells or inflamed tissue
and is almost undetectable in most normal tissues. Most NSAIDs
are non-selective COX inhibitors, but during the search for NSAIDs
with fewer side-effects, selective COX-2 inhibitors were developed.
Selective COX-2 inhibitors have been used extensively in adults,
and some COX-2 inhibitors (e.g. rofecoxib and celecoxib) have also
been studied in children (Turner and Ford 2004). Unfortunately,
since their release, COX-2 inhibitors have been shown to increase
cardiovascular morbidity in adults and their use subsequently
ceased. At this point, the future of COX-2 inhibitors in children
remains uncertain. This is unfortunate because short-term therapy
for acute postoperative pain in children may not be associated with
an increased risk for cardiovascular complications, however due to
the above-mentioned reasons, future paediatric studies comprising
COX-2 inhibitors are unlikely to be conducted.
Although there are many NSAIDs available for use in adults, few
are licensed for use in children and there are only some marketed
in liquid form or in age-appropriate doses suppository for children. Acetylsalicylic acid (aspirin) is the oldest NSAID. Because of
its association with Reye’s syndrome, it is used rarely in children.
Ibuprofen, diclofenac, ketoprofen, and ketorolac are the most commonly used NSAIDs in paediatrics. Ibuprofen is available in oral
suspension, infant drops, tablets, and i.v. formulations. Diclofenac
is available as tablets, suppository, and parenteral formulations.
Ibuprofen dosing is 5–10 mg kg−1 every 6–8 h in children, with the
low dose generally recommended for children less than 6 months.
Diclofenac suppositories are available in many countries; rectal and
oral dosing is 1 mg kg−1 every 8 h (maximum 3 mg kg−1 day−1).
Indeed, rectal absorption of diclofenac is faster than paracetamol.
Ketorolac is the only parenteral NSAID used in children at a dose
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Table 73.3 Dosing of NSAIDs used in children
NSAID

Dose
(mg kg−1)

Intervals
(h)

Maximum daily dosing Licensed
[mg kg−1 (24 h)−1]
from age

Ibuprofen
Diclofenac
Ketorolac
Piroxicam
Naproxen
Ketoprofen

5–10
1
0.5
0.5
7.5
1

6–8
8
6
24
12
6

30
3
2
0.5
15
4

3 months
6 months
n/l
n/l
n/l
n/l

n/l, not licensed.

of 0.5–1.0 mg kg−1 (maximum 10–15 mg kg−1), but it is not yet
licensed for use in children. Concerns regarding acute kidney
injury in healthy young adults receiving i.v. ketorolac have resulted
in its use being rather limited in children. Ketoprofen is not yet recommended in many countries because of insufficient data on safety
and efficacy (Table 73.3) (Maunuksela and Olkhola 2003).
Widespread usage of NSAIDs is limited by contraindications and
side-effects, albeit these are generally believed to occur less frequently in children than in adults and serious toxicity associated
with NSAIDs appears to be very rare in children. Although several
studies have indicated that the short-term use of NSAIDs is safe
in asthmatic children, severe asthma and coexistent nasal polyps
remains a particular concern. NSAIDs should generally be avoided
in infants less than 6 months of age; children with known allergy to
aspirin and NSAIDs; dehydration or hypovolaemia; renal, hepatic,
or coagulation impairments; peptic ulcers; or in clinical settings
where significant bleeding can be anticipated. They are generally
used with caution in tonsillectomy because of the risk of bleeding
(Dsida and Coté 2004). A concern in orthopaedic surgery is that
NSAIDs may interfere with osteoclast activity and thus prevent
bone healing (Gerstenfeld et al. 2003). In addition, the NSAIDs
should not be administered together with anticoagulants, steroids,
and nephrotoxic drugs. The most commonly reported side-effects
of NSAIDs are gastrointestinal and bleeding followed by skin
reactions, central nervous system, pulmonary, hepatic, and renal
effects. Much severer (but far less common) side-effects such as
bone marrow depression and Stevens–Johnson syndrome have also
been reported. Limiting NSAID exposure to the lowest effective
dose and shortest duration may reduce the risk of adverse events.

Opioids
Opioids are used for moderate to severe nociceptive pain, although
they are sometimes used for neuropathic pain. Opioid receptors are classified as μ (mu), κ (kappa), δ (delta), and σ (sigma).
The μ-receptor is further sub-divided into subclasses: μ1, which
mediates supraspinal analgesia and dependence, and μ2, which
mediates respiratory depression, intestinal dysmotility, sedation,
and bradycardia. Most commonly used opioids work through
μ1-mediated analgesia. Examples of the μ1-agonists include morphine, pethidine (meperidine), methadone, fentanyl, alfentanil,
sufentanil, remifentanil, codeine, and oxycodone. Side-effects
common to opioid agonists include respiratory depression, sedation, nausea, vomiting, pruritus, urinary retention, and constipation. Less common effects are dysphoria, hallucinations, seizures,
cough, and myoclonic movements (Stein and Rosow 2004). There
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is significant individual variability in the side-effect profiles of the
different opioid analgesics. In the presence of unacceptable side-
effects, switching to a different opioid may result in lessened side-
effects (Quigley 2004).

Morphine
Morphine is the standard opioid with which all other opioids are
compared (Esmail et al. 1999; Berde and Sethna 2002; Lonnqvist
and Morton 2005; Morton and Errera 2010). It has been extensively
studied in virtually all age groups of children. Neonates, particularly if born prematurely, have extreme inter-individual variability in morphine clearance and terminal elimination half-life that
is inversely related to post-menstrual age. Thus, clearance is lower
with lower post-menstrual age and elimination half-life is prolonged. Morphine clearance in full term neonates aged less than
1 month is about one-third of that in older children and about one-
half of that in adults (Kart et al. 1997; Bouwmeester et al. 2004). It is
generally believed by clinicians that small infants are more prone to
respiratory depression induced by opioids than older children and
adults. However, hard scientific evidence for this contention has
been quite difficult to establish. Nevertheless, it is clear that inter-
individual variation in pharmacokinetics and pharmacodynamics
is huge in the youngest infants and morphine (and other opioids)
should be administered with great caution, particularly in postoperative infants with an unprotected airway (Table 73.4).
Morphine can be given via multiple routes (i.v., oral, s.c., i.m.,
intrathecal, epidural, and intra-articular). It is metabolized in
the liver to morphine-3-glucuronide (inactive) and morphine-6-
glucuronide (active), both of which are excreted by the kidneys.
Less morphine is protein bound in neonates, allowing a greater proportion of unbound morphine to penetrate the brain, thus increasing the risk for respiratory depression. The elimination half-life and
clearance reach adult values within 2 months of age. The optimal
plasma concentration of morphine needed to achieve analgesia in
children is variable based on the existing data.

Methadone
Methadone is a synthetic opioid with a long elimination half-life
and duration of action (12–36 h). It has a relatively high bioavailability (80–85%), thus it appears to be an attractive oral analgesic.
The primary metabolite of methadone is morphine (Yaster 2001).
Methadone acts as both a μ-receptor agonist and an N-methyl-D-
aspartate (NMDA) receptor antagonist, resulting in incomplete
cross-tolerance between methadone and morphine, which must be
taken in to consideration when switching from morphine to methadone (Table 73.4) (Ripamonti et al. 1998).

Fentanyl
Fentanyl is a synthetic opioid structurally related to meperidine
and approximately 100 times more potent than morphine. It is
highly lipophilic, thus it easily passes through the blood–brain barrier. A single bolus dose of fentanyl has a relatively short duration
of action because of redistribution into body tissues. However, once
these sites are saturated, the elimination half-life is actually quite
long. Indeed, the context-sensitive half-life of fentanyl progressively increases with the duration of infusion. Fentanyl is highly
protein bound to α1-acid glycoprotein in the plasma. Neonates
have reduced concentrations of α1-acid glycoprotein, resulting in
higher concentrations of free unbound fentanyl. Metabolisms occur
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Table 73.4 Recommended opioid doses in different age groups of children
Opioid

Route/age group

Morphine

Oral:
Preterm neonates
Term neonates
Infants and children
I.V. bolus:
Preterm neonates
Term neonates
Infants and children
I.V. infusion:
Preterm neonates
Term neonates
Infants and children

Fentanyl

Tramadol

Codeine
Methadone
Oxycodone

Intranasal:
Infants and children
Transdermal patches:
Infants and children
I.V. bolus:
Neonates
Infants and children
I.V. infusion:
Neonates:
Infants and children
Oral/rectal:
Infants and children
I.V. bolus:
Infants and children
I.V. infusion:
Infants and children

Dosing

Intervals

n/r
n/r
0.2–0.3 mg kg−1

As needed (2–4 h)

5–10 μg kg−1
25–50 μg kg−1
50–100 μg kg−1

As needed (2–4 h)

2–5 μg kg−1 h−1
5–10 μg kg−1 h−1
10–40 μg kg−1 h−1
1–2 μg kg−1

1–2 h

12.5, 25, 50, 75, 100 μg h−1
0.25–0.5 μg kg−1
0.5–1.0 μg kg−1
n/r*
0.5–2.5 μg kg−1 h−1
1–2 mg kg−1

4–6 h

1 mg kg−1

4–6 h

0.1–0.4 mg kg−1 h−1

Oral:
Infants and children

0.5–1.0 mg kg−1

4–6 h

Oral or i.v.:
Infants and children

0.1–0.2 mg kg−1

12–36 h

Oral:
Infants and children

0.1–0.2 mg kg−1

4–6 h

* Please note that careful administration of opioids under adequate monitoring in neonates and premature infants is
necessary postoperatively, particularly if the airway is unprotected. n/r, not recommended.

through glucuronidation in the liver to inactive metabolites that
are excreted by the kidney. The clearance of fentanyl is significantly
decreased and the elimination half-life prolonged in neonates and
young infants. Similarly to morphine, neonates and young infants
are more prone to adverse effects of fentanyl, especially sedation and respiratory depression (Koren and Maurice 1989). As a
result of its high lipophilicity, fentanyl can be given by multiple
routes: i.v., epidural, nasal, transmucosal, and transdermal. Given
nasally (2 μg kg−1), fentanyl provides good analgesia in children
who are undergoing myringotomy tube insertion. Fentanyl is also
available for transmucosal administration with an onset time of 20
min and duration of 2 h (Yaster 2001). Transmucosal fentanyl provides good analgesia, but the incidence of nausea and vomiting is

troublesome. Transdermal fentanyl administration is also possible
(patches available in 12.5, 25, 50, 75, and 100 μg h−1). It has a long
onset time but also a long duration even after the patch is removed
(Collins et al. 1999).
Other potent synthetic opioid such as alfentanil, sufentanil, and
remifentanil are usually reserved for perioperative use in the anaesthetic practice as a result of their potency and adverse effects associated with their use, particularly in higher doses, limit their use
outside operating theatres (Table 73.4).

Pethidine (meperidine)
Pethidine is a synthetic opioid and a phenylpiperidine derivative.
It has 10% of the potency of morphine and is metabolized in
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the liver by hydrolysis and N-demethylation. It has an elimination half-life of approximately 3 h. Pethidine is used infrequently
in children as an analgesic; however, it is still used for postoperative shivering. Its metabolite, norpethidine, may cause seizures
particularly in relation to long-term use; hence, it is generally
not recommended in children (Koren and Maurice 1989; Berde
et al. 1991).

Codeine
Codeine is a μ-agonist and a derivative of morphine. Codeine is
at least 10 times less potent than morphine. Its bioavailability is
60% after oral administration, with an onset time of 20 min and an
elimination half-life of 2.5–3 h. Approximately 10% of codeine is
hepatically demethylated to morphine by O-demethylation in the
liver (CYP2D6); a prerequisite for analgesia to occur. An important characteristic of this metabolic process is the effect of genetic
polymorphism (Williams et al. 2001). Four to ten per cent of the
population lack the CYP2D6 isoenzyme responsible for this conversion and therefore receive little if any analgesic effect from
codeine. Overall a large number of different genetic variants of
CYP2D6 (>50) are known to exist, resulting in a wide range of possible effects from codeine, from no analgesia to increased analgesia
and enhanced side-effects (extensive metabolizers) (Caraco et al.
1996). Very few studies on efficacy and safety of codeine in infants
and children have been published. Much of the known pharmacokinetics of codeine is derived from adult studies. Because of the
unpredictability of the analgesic effect and the significant incidence
of nausea and vomiting associated with it, codeine is being used less
as a first-line oral analgesic.

Oxycodone
Oxycodone (13-hydroxy-7,8-dihydrocodeinone) is a semisynthetic
thebaine derivative, with effects similar to morphine. Oxycodone
is metabolized in the liver by means of N- and O-demethylation,
6-
ketoreduction, and conjugation with glucuronic acid.
Oxymorphone, the end-product of O-demethylation of oxycodone,
has marked opioid activity, whereas the N-demethylation end-
product, noroxycodone, has only weak affinity for opioid receptors.
Oxymorphone may accumulate in renal failure. Bioavailability is
50–60% after oral administration, with an onset time of 20–30 min
and duration of action of 4–5 h. Although there are some paediatric
studies, oxycodone is not licensed for children and studies on efficacy and tolerability should be performed before it is used clinically
(Kokki et al. 2004).

Tramadol
Tramadol is an atypical opioid that structurally resembles morphine
and codeine. It is available as a racemic mixture of two enantiomers that provide synergistic analgesia. Its interesting mechanism of
action involves both central inhibition of noradrenaline (norepinephrine) and serotonin reuptake and a weak μ-receptor agonism
by an active metabolite. Hepatic biotransformation via CYP2D6
results in the formation of O-demethyl-tramadol, which has a
μ-receptor affinity 200 times greater than the parent compound.
Tramadol’s huge variation in pharmacokinetics may at least partly
be ascribed to CYP2D6 polymorphism. It is available in oral, sublingual, slow-release, rectal, and parenteral formulations. Tramadol
is 10–15 times less potent than morphine. It may have fewer side-
effects than other opioids, albeit nausea and vomiting occur with
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the same incidence as with other opioids (Finkel et al. 2002).
Seizures are a known but rare complication of tramadol. It is a safe
and effective analgesic for mild to moderate pain in children. The
recommended dose of tramadol is 1–2 mg kg−1 (maximum 100 mg)
every 6 h, with a maximum daily dose of 8 mg kg−1 day−1 or
400 mg day−1 (Table 73.4).

Naloxone
Naloxone is an antagonist at all opioid receptors. It is used in emergency
treatment of respiratory depression at a dose of up to 10 μg kg−1 i.v.
It is also used in smaller doses for pruritus (0.5–2 μg kg−1 i.v.).
Naloxone is metabolized in the liver and has an elimination half-life
of 60 min. Because this is a shorter half-life than most μ-receptor agonists continued monitoring of the patient is required to ensure that
side-effects do not recur (Lonnqvist and Morton 2005).

Other analgesics
Nitrous oxide
Nitrous oxide (N2O) can be used for procedural sedation and analgesia in children. It is a weak anaesthetic with analgesic properties
that if (self-)administered by inhalation via a face or nasal mask
will be rapidly absorbed as a result of a very low blood/gas partition coefficient. Fifty per cent nitrous oxide in oxygen is available
in premixed cylinders; however, N2O can also be administered in
inspired concentrations of up to 70–75% in oxygen. N2O is widely
used for minor procedures such as venepunctures, change of dressings, and physiotherapy after major surgery. It is not suitable for
very painful procedures such as reduction of fractures. Analgesia
is usually achieved after three to four breaths and recovery is rapid
once N2O is discontinued. Side-effects include nausea and vomiting, agitation, and dizziness. N2O may cause central nervous
system depression and deep sedation in concentrations higher
than 50%; as such, it also potentiates the central nervous system
depressant effects of other drugs. Prolonged and repeated usage
of N2O may affect folate metabolism resulting in megaloblastic
anaemia and peripheral neuropathy (Lonnqvist and Morton 2005).
Furthermore, the potential impact of N2O on the developing brain
is a particular concern at present.

Ketamine
Ketamine, a phencyclidine derivative and a dissociative anaesthetic,
is a potent analgesic in sub-anaesthetic doses that is often used for
short painful procedures in children in the emergency room and
intensive care unit settings. It can be administered via multiple
routes, for example, orally, rectally, intramuscularly, and intravenously; and has been used epidurally as well (Roelofse 2010). The
analgesic effects of ketamine are mediated by NMDA receptor
antagonism and possibly also by μ-receptor agonism. Ketamine
is very lipid-soluble drug with an oral bioavailability of 20–25%
(Malinovsky et al. 1996). It is N-demethylated in the liver by the
CYP system into various metabolites, for example, norketamine,
which has an analgesic effect of up to one-third that of ketamine
itself. Small i.v. doses of ketamine (0.25–0.5 mg kg−1) can produce
intense analgesia for 10–15 min, despite an elimination half-life of
2–3 h. Anaesthetic doses (1–2 mg kg−1 i.v.) may be needed for more
painful procedures such as fracture reduction. Adult and paediatric studies are increasing on the intraoperative and postoperative
use of ketamine as an adjunct to opioid analgesia, for example,
low-dose infusion (0.2 mg kg−1 h−1) (Himmelseher and Durieuex
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2005). Ketamine is a racemic mixture. Its S-isomer (S-ketamine) is
believed to possess approximately twice the analgesic potency of
the racemate. S-ketamine may have fewer side-effects than racemic ketamine; however, there are only few paediatric studies on S-
ketamine. The use of ketamine to supplement caudal analgesia with
a local anaesthetic has been shown to prolong postoperative analgesia, but safety issues regarding epidural administration of ketamine have not been properly addressed. Furthermore, although its
role as an analgesic or preventive analgesic is well established in
adults, it is less clear in children. As with N2O, concern about ketamine’s potential neurotoxic effects on the developing brain remains
an important issue.

Table 73.5 Suggested maximum dosages of the commonest
used amide local anaesthetics: bupivacaine, levobupivacaine,
and ropivacaine

α2-Adrenergic agonists

Reproduced from P.A. Lönnqvist and N. S. Morton, Postoperative analgesia in
infants and children, British Journal of Anaesthesia, 95, 1, pp. 59–68, Copyright
2005, by permission of the Board of Management and Trustees of the British
Journal of Anaesthesia.

Clonidine
Clonidine is an α2-adrenergic agonist that is used increasingly as
an anxiolytic and analgesic in paediatrics. Clonidine is also used to
control opioid and benzodiazepine withdrawal symptoms in intensive care unit settings. Given orally preoperatively (4–5 μg kg−1) or
i.v. (2 μg kg−1), clonidine decreases both intraoperative anaesthetic
requirements and postoperative opioid consumption. It is also used
as an adjunct to local anaesthetics to prolong or increase the quality
of analgesia in regional blocks (1–2 μg kg−1) (Nishina et al. 1999).
Compared with opioids, clonidine has a much better side-effect
profile (less postoperative nausea and vomiting and respiratory
depression and no pruritus). Clonidine is almost completely bioavailable when given orally as a result of its high lipid solubility
and it easily passes the blood–brain barrier. Epidural clonidine may
cause sedation and hypotension (Constant et al. 1998; Hansen and
Henneberg 2004; Hansen et al. 2004).

Dexmedetomidine
Dexmedetomidine is a relatively new α2-receptor agonist, which
has an affinity for the receptor that is eight times that of clonidine. Although dexmedetomidine is primarily used as a sedative
in intensive care unit settings, it appears to have analgesic effects
by reducing opioid requirements. Additionally, its use seems to be
associated with minimal respiratory depression (Lonnqvist and
Morton 2005). To date, dexmedetomidine is only licensed in a few
countries worldwide, and although paediatric studies are mounting
up, its safety and efficacy profile is still to be clarified.

Local anaesthetics
Local anaesthetics are drugs that reversibly block electric impulse conduction along nerve fibres mainly by interfering with sodium channels, thus preventing pain transmission. There are two classes of local
anaesthetics: amides and esters. The amides are metabolized in the
liver, whereas the esters are metabolized via plasma esterases. Local
anaesthetics may be administered intrathecally or epidurally, in close
proximity to peripheral nerves, subcutaneously, or applied topically in
creams or ophthalmic drops. They differ in onset of action, potency,
duration, and potential for toxic reactions (Mazoit 2012). The maximum dosages and duration of action of the local anaesthetics are listed
in Table 73.5 (Lonnqvist and Morton 2005). Bupivacaine is the most
commonly used local anaesthetic for both central and peripheral local
anaesthesia, although the newer local anaesthetics ropivacaine and
levobupivacaine are increasingly being used (Casati and Putzy 2005).
Several studies have shown that ropivacaine has less potential for cardiovascular toxicity compared with bupivacaine. Because of reduced

Maximum bolus dose

Maximum continuous
infusion rate

Neonates

2 mg kg−1

0.2 mg kg−1 h−1

Children

2.5 mg kg−1

0.4 mg kg−1 h−1

In children older than 6 months, clonidine (1–1.5 μg ml−1) or fentanyl (2 μg ml−1)
can be added to the solution for sedation or to improve the quality of
analgesia, or both.

clearance and lower protein binding of bupivacaine, levo-bupivacaine,
and ropivacaine, dosages of these drugs must be reduced in neonates
and young infants to avoid toxicity (Hansen et al. 2000, 2001; Hansen
2004; Lonnqvist and Morton 2005).
Topical applied local anaesthetics, for example, eutectic mixture
of local anaesthetics (EMLA®) cream or 4% tetracaine (Ametop™),
may provide children with analgesia for many painful procedures,
for example, venepuncture, i.v. placement, lumbar punctures, and
laceration suturing.

Postoperative pain management strategies
Successful acute pain management targets all of the elements in the
complex nociceptive system. Analgesia balanced with a combination of opioid therapy, regional techniques, and NSAIDs (multimodal analgesia) is being used successfully in paediatric patients.
Such a balanced approach results in a reduction in systemic opioid administration and occasionally also opioid-related side-
effects (Yaster 2010). There is a huge inter-individual variation in
the amount of pain experienced by different children with similar
conditions and undergoing similar surgeries (Hansen et al. 1996,
2004). Children also have fluctuating analgesic needs. During rest,
the child’s analgesic requirements are less than when the child is
physical active in attempting to change positions, breathe deeply, or
undergo dressing changes, diagnostic tests, therapeutic procedures,
physiotherapy, or nursing care. Thus, a prerequisite for effective
paediatric pain management requires a proactive plan for managing background and breakthrough pain.

Specialized pain management techniques
Postoperative pain management in the recovery room
In the recovery room, children can appear distressed for a variety of
reasons, for example, anxiety, hunger, thirst, emergency delirium,
and pain. Most experienced recovery nurses can distinguish inadequate analgesia from other causes of distress. Moderate to severe
pain in the recovery room is best treated with intermittent i.v. bolus
doses of opioids with subsequent adjustment of any chosen analgesia regimen (e.g. increasing opioid infusion rate, checking the quality of the epidural block) if needed before the child is returned to
the ward (Berde and Sethna 2002).
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Intermittent bolus doses of opioids
The i.v. route of administration is the route of choice for opioids for
the management of acute severe pain. It ensures a rapid and efficient
titration of analgesia. I.M. or s.c. injections should never be used
because of the painful nature of the injections, but absorption following these routes is also erratic and unpredictable. Intermittent
i.v. morphine bolus doses are suitable for all children suffering from
moderate to severe acute short-term pain and as rescue for children
who experience breakthrough pain and those who are weaned off
from any mode of continuous analgesia (Table 73.4) (Berde and
Sethna 2002; Lonnqvist and Morton 2005).

Patient-controlled analgesia
Patient-controlled analgesia (PCA) is used for moderate to severe
pain in children more than 5–6 years of age. The PCA concept
requires a cooperative, awake child who understands that administration of analgesics requires that he or she pushes a button to
activate the pump (Berde et al. 1991). PCA is mainly used in the
postoperative context, but has also been used in children who have
more chronic opioid needs (e.g. children with malignant conditions) (Anghelescu et al. 2011).
PCA is safe, effective, and highly satisfactory to patients, families, and nursing staff. The technique is considered safe because if
a child has a high demand for an opioid, he or she will eventually
become sedated and stop pushing the demand button. If another
individual pushes the button, however, there is potential for severe
sedation and respiratory depression. Therefore, only the patient is
allowed to press the button. However, PCA by proxy (nurse-and
parent-controlled analgesia) has been shown to be safe and effective in younger children and infants or in cognitively impaired
older children (Monitto et al. 2000; Anghelescu et al. 2011). PCA
is effective because it allows patients (or proxies) to titrate the
amount of analgesic drugs they require to the degree of pain of the
individual patient. Plasma concentrations of opioid are thus maintained in a narrower range with lower peak concentrations and
higher trough concentrations than with intermittent injections.
This may help reducing the incidence and severity of side-effects,
particularly respiratory depression and sedation. PCA is well suited
to deal with inter-and intra-variation in analgesia experienced by
patients with similar and different conditions. The PCA infusion
pumps are programmed to deliver a preset (on-demand) dose of
opioid when the patient pushes a button in a specified period of
time (lockout interval) irrespective of how many times the patient
pushes the on-demand button. The pump also is programmed only
to deliver a preset maximum amount of opioid in the course of a
1 h limit. The pump records both the patient’s history of attempts
and actual opioid injections. The infusion pumps can also be programmed to deliver a continuous background infusion of opioid
regardless of whether the patient uses the demand button (Berde
and Sethna 2002; Lonnqvist and Morton 2005). However, there is
an ongoing debate regarding the use of PCA background infusions.
The argument against using background infusions is that it removes
the inherent safety of the patient titrating the analgesic drug to the
desired analgesic effect, thereby increasing the risk for side-effects,
of which respiratory depression is the most feared. Several studies have shown that background infusions merely increase the risk
for side-effects without improving analgesia. The argument for
background PCA infusions is that they allow the patient to sleep
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uninterruptedly without wake-up events as a result of severe pain
arising from having not activated the button. Background PCA
infusions may be necessary in older children and adolescents after
spinal surgery. Even with a background opioid infusion, some
children may experience severe pain if they have been asleep for a
prolonged period of time without having activated the on-demand
button. Additionally, standing orders for respiratory depression
and too deep sedation (naloxone 10 μg kg−1 i.v., as needed), nausea
and vomiting (e.g. ondansetron 100 μg kg−1 i.v., every 8 h), and
pruritus (naloxone 0.5–1 μg kg−1 i.v., as needed) should be prescribed for all children on PCA. For children with muscle spasms,
an adjunct such as diazepam, 0.1 mg kg−1, orally or rectally, every 6
h, may be helpful. Morphine is the first-line opioid used in PCA in
children. Alternatively, fentanyl can be used if there are too severe
side-effects to morphine. For PCA dosing see Tables 73.6 and 73.7.

Continuous intravenous opioid infusion
Continuous intravenous opioid infusion (CIV) is used in patients
who are unable to use PCA because of age, physical disability, or
cognitive impairment. Compared with intermittent opioid administration, CIV ensures a stable plasma opioid concentration without
major fluctuations with a reduced reliance on nursing staff (Esmail
et al. 1999). A constant infusion will not cover breakthrough incident pain, so rescue doses of opioid may be needed. Morphine is
the most common opioid used for CIV, with doses adjusted for age
and clinical status Table 73.4. Morphine infusions are associated
with an increased risk of respiratory depression in preterm and
full-term neonates, so further reductions are required in this age
group (Table 73.4). Fentanyl and tramadol can also be administered
as a CIV. Pethidine should never be used in this context because of
the risk of accumulation of its metabolite—norpethidine—which is
known to cause convulsions.

Continuous epidural analgesia
Continuous epidural analgesia (CEA) provides pain relief for surgical procedures below the fourth thoracic dermatome. Patients
on CEA obtain excellent dermatomal analgesia. Epidural catheters
may be placed via the caudal, lumbar, or thoracic route (Berde and
Table 73.6 Intravenous patient-controlled analgesic dosing guidelines
for the most commonly used opioids
Opioid

On demand dose
(μg kg−1)

Morphine 10–25
Fentanyl 0.5–1.0

Lockout interval
(min)

Background infusion
(μg kg−1 h−1)

5–10
5–10

0–4.0
0–1.0

Other opioids have been used for i.v. patient-controlled analgesic in children (e.g. tramadol
and oxycodone) but cannot be recommended at present.

Table 73.7 Intravenous nurse-controlled analgesia dosing guidelines
for morphine in children
Opioid

On demand dose
(μg kg−1)

Lockout interval
(min)

Background infusion
(μg kg−1 h−1)

Morphine

10–20

20–30

0–20

Caution should be taken when using background infusion in young infants.
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Sethna 2002; Lonnqvist and Morton 2005). In infants, thoracic dermatomal analgesia may be often obtained by threading a catheter
from a caudal route of insertion to the thoracic region (Tsui et al.
2004). This indirect method of placement is often confounded by
incorrect dermatomal placement of the catheter. A stylet-guided
catheter may be helpful in these situations although the risk of
vascular or dural puncture is increased. An X-ray intensifier using
non-ionic radio contrast agent can help ensuring catheter position. The stimulating catheter technique as described by Tsui et al.
(2004) may also be used to ensure the reliability of this technique.
The use of CEA requires a hospital organization with the ability to immediately act and solve problems. Daily rounds should
be performed by a team of nurses and physicians who have expertise in CEA to ensure proper analgesia and to proactively address
expected adverse effects such as nausea, vomiting, pruritus, motor
block, epidural site inflammation, and less frequent and more
severe sequelae such as respiratory and central nervous system
depression. Additionally, regular monitoring comprising respiratory rate, blood pressure, heart rate, mental status, and pain scores
is essential.
The postoperative epidural analgesic solution may contain a single local anaesthetic agent or a combination of different classes of
analgesics (Table 73.5).
The most common problems with CEA are ineffectiveness caused
by incorrect dermatomal location, catheter problems (obstruction,
kinking, leaking, or breaking), infusion pump failure, inappropriate infusion rate or solution, or accidental displacement of the catheter from its original location (Giaufré et al. 1996; Llewellyn and
Moriarty 2007). In the event of motor block, the concentration of
the local anaesthetic can be decreased. If significant opioid-related
side-effects occur, the epidural opioid should be discontinued.
A rare but serous complication is the development of local anaesthetic toxicity from systemic absorption. This is very unlikely if the
concentrations and infusion rates recommended are adhered to,
although extra caution is needed in patients with a reduced capacity for local anaesthetic metabolism and excretion (e.g. neonates).
CEA can be combined with PCA to patient-controlled epidural
analgesia (PCEA), which may be of particular benefit for predictable episodes of incident pain such as getting out of bed, physical
therapy, or dressing changes (Birmingham et al. 2003).

Transition to oral analgesics
The transition from specialized techniques such as CIV, PCA,
CEA, and PCEA may be challenging. In neonates and young
infants, weaning is usually considered after 36–48 h as opposed to
older children, where this is usually not attempted before 48–72
h. Certain surgeries require significantly longer pain treatment
(e.g. spinal fusion or pelvic osteotomies). Oral analgesic therapy
can begin when the child’s pain subsides and oral medications are
tolerated. Epidural infusions and CIV are discontinued before oral
analgesics are started. Patients on PCA may start oral analgesics
and be allowed to use demand-only PCA (no background infusion)
for a brief period to make certain that the dose of oral analgesic is
sufficient (Berde and Sethna 2002; Lonnqvist and Morton 2005).
A co-analgesic such as paracetamol or NSAIDs may be helpful in
facilitating the transitional phase. During the transition, a rescue
i.v. dosage of morphine 50 μg kg−1 as needed may be necessary.
The instructions delivered to the parents at discharge about use
of analgesics at home after an inpatient hospital stay or from the

post-anaesthesia care unit after outpatient surgery are important.
The parents should be very clear on the specific analgesics, doses,
and frequency, and the importance of proper pain management for
their child. Pain management after paediatric day surgery is still an
area in need of improvement (Wolf 1999).

Regional techniques
Many regional techniques are being used increasingly in paediatric anaesthesia both as an adjunct to anaesthesia and as a modality of postoperative analgesia (McCann et al. 2001). It is generally
believed that performing regional blocks in anaesthetized children
is actually much safer rather than in a struggling child (Krane
et al. 1998).

Caudal analgesia
Caudal block is one of the most commonly performed regional
techniques in children (Constant et al. 1998; Hansen et al. 2001,
2004; Passariello et al. 2004). It provides excellent analgesia for
lower extremity or superficial lower abdominal surgeries using
volumes of 0.75–1 ml kg−1 of local anaesthetic solution (bupivacaine/levobupivacaine 0.125–0.25%, ropivacaine 0.2%). To reach
T10 dermatomal levels, volumes of 1.25 ml kg−1 are required,
but caution is needed to ensure that the dosage of bupivacaine or
ropivacaine does not exceed 2.5 mg kg−1. Bupivacaine 0.25% provides excellent analgesia, but in ambulatory children, the potential
motor block can be avoided by using bupivacaine 0.125%. The use
of clonidine (1–2 μg kg−1) as an adjunct significantly prolongs the
duration of caudal analgesia by about 40% (Constant et al. 1998;
Hansen et al. 2004; Passariello et al. 2004). Additional adjuncts
such as preservative-free S-ketamine, neostigmine, tramadol, and
midazolam are being studied for their efficacy in augmenting and
prolonging analgesia with single-dose caudal administration, but
cannot be recommended at this point.

Peripheral nerve blocks
Peripheral nerve blocks are being used with increasing frequency in
children. The potential advantages of using peripheral nerve blocks
as adjuncts to general anaesthesia and to postoperative analgesia
are improved and more prolonged analgesia and fewer opioid-
induced side-effects, especially nausea and vomiting (Polaner and
Drescher 2011). The volume of local anaesthetic solution needed to
cause a suitable block in children is relatively higher (per kg) than
in adults; hence caution is needed to use the lowest concentration
of local anaesthetic necessary. Peripheral blocks may be performed
as a single injection technique or as a continuous infusion through
a percutaneous catheter.
The use of ultrasound-guided peripheral nerve block ensures
proper visualization of anatomical structures, facilitates the procedure, and shows how the local anaesthetic solution spread when
injected within the desired tissue. Furthermore, the use of ultrasound for peripheral nerve block lowers the volume of local anaesthetics applied, shortens the onset time, results in higher success
rates, and may reduce the incidence of complications. The use of
ultrasound, however, requires significant training and skills before
it can be implemented successfully and universally in paediatrics
(Marhofer et al. 2005).
It is very likely that in the near future we may experience significant advancements in paediatric regional analgesia. In addition to the increasing use of ultrasound, use of long-acting local
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anaesthetic microsomal spheres seems particularly promising
(Curley et al. 1996).

Conclusion
Paediatric pain management has made great strides in the past
few decades, in the understanding of developmental neurobiology,
developmental pharmacology, the use of analgesics in children, the
use of regional techniques in children, and of the psychological
needs of children in pain. A wide range of various analgesic drugs
is available to ensure proper paediatric pain management. More
pharmacological research is required, especially in the youngest
and most vulnerable infants. Children now benefit from many of
the techniques for effective pain management in adults and there
are reasons to be optimistic that ongoing research together with
political and public pressure will promote even further advancements in pain management for children.
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Resuscitation, stabilization,
and transfer of sick
and injured children
Ian A. Jenkins and David A. Rowney
Introduction
Critically ill children come under the care of anaesthetists, whether
working in children’s hospitals or in the district hospital. In the non-
specialist setting, anaesthetists will be called to attend these children and help stabilize them in the emergency department (ED),
paediatric ward, paediatric high dependency unit, or general intensive care unit (GICU). Transfers to a tertiary paediatric specialist
centre will more usually involve a specialist paediatric intensive
care transport or ‘retrieval’ team but, for certain time-critical conditions, the local anaesthetic/intensive care team may be required
to transfer the child (Welsh Assembly 2005; Department of Health
2006; Scottish Executive 2006; Royal College of Anaesthetists 2009;
Paediatric Intensive Care Society 2015). These conditions include
intracranial emergencies needing surgical intervention, such as
evacuation of haemorrhage or drainage of cerebrospinal fluid for
cerebral oedema or acute hydrocephalus; intra-abdominal emergencies, such as volvulus and intussusception; and thoracic burns
that need urgent escharotomies.
Advanced life support measures are usually commenced by the
staff of the ED or general paediatric wards. Having reached the end
of the advanced life support repertoire, the ED or ward staff will be
hoping for more expert help from their anaesthetic and critical care
colleagues.
In the absence of a clear history of trauma, the differential diagnosis of a collapsed infant or child may lie between disparate conditions such as sepsis, dehydration, intussusception, cardiomyopathy,
coarctation of the aorta, metabolic disease, or non-accidental
injury. This chapter seeks to help non-specialist anaesthetists navigate through what may appear to be an alarming array of differential diagnoses by focusing on key elements.

How much paediatric critical care is
out there?
According to data from the UK Paediatric Intensive Care Audit
Network (PICANet), there were approximately 49 000 paediatric
intensive care unit (PICU) admissions to 28 National Health Service
Hospital Trusts in the United Kingdom in the 3 years between 2007
and 2009, of which 16 800 (34%) had been transported to these
PICUs (PICANet 2010). Nearly a quarter of all these transfers were

carried out by non-PICU teams. Additionally, there is no sign that
the number of children admitted to GICUs in the United Kingdom
is decreasing (PICANet 2010). This should come as no surprise;
children continue to be admitted to the ED and to general hospital paediatric inpatient services, and they continue to be subject to
acute trauma or critical illness and need the services of their local
clinicians to resuscitate and stabilize them. Data from South West
England for 2001–2010 showed there were 2307 admissions to district general hospital (DGH) ICUs across this single region, that is,
more than 200 children per year for a total population of 4.5 million (Southwest Audit of Critically Ill Children 2012). However,
of these, only 39% were transferred to a PICU (Figure 74.1), with
the rest returning mainly to local paediatric areas. The reasons for
this will include that the ICU admission can be predicted to be
short (e.g. after a febrile convulsion, or with mild, rapidly resolving
croup, asthma, or bronchiolitis) or where the child is well known to
the local DGH and may have a terminal condition and moving the
child would, at that point, be neither in the child’s best interest nor
that of the family.
Risk-adjusted outcomes, validated for use in the GICU setting,
of children who remained in these GICUs were shown to be comparable to national PICU outcomes (Fraser et al. 2004). This would
indicate that, in a region where such outcomes have been consistently and carefully audited within an active network for 10 years,
not all children admitted to GICUs need to be transferred to the
regional PICU; see Figure 74.1 (Southwest Audit of Critically Ill
Children 2012).
When the incidence of all critical illness in children in the
same region was examined, only a tenth of children meeting high
dependency unit (HDU) or ICU admission criteria ever get to an
ICU (Southwest Audit of Critically Ill Children 2009, 2012). It is
important to appreciate, therefore, that ICU admissions represent
only the tip of a critical illness iceberg.
The type of diagnosis seen in the GICUs compared with that
seen in the PICUs is compared in Figures 74.2 and 74.3 (PICANet
2009, 2010). Respiratory, neurology, and trauma make up the
largest groups in children admitted, albeit temporarily, to general
hospital ICUs.
PICU case-mix is affected by their tertiary specialist role and
resulting elective admissions and, in particular, by the high volume
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of cardiovascular surgery passing through the UK PICU population as a whole. When this is discounted, the patterns seen in
PICUs and GICUs are fairly similar, reflecting rather more urgent
and emergency presentations.
Essentially, PICUs see far more infants and this is driven to some
extent by the large number of cardiovascular operations performed
across the country in this age group, whereas the age distribution in
GICUs is far more evenly distributed where trauma, acute neurology, head injury, and respiratory emergencies are more prevalent
(Figures 74.4 and 74.5).
Regarding potential de-skilling in district hospitals, studies have
been performed in the United Kingdom to assess the impact of the
establishment of paediatric retrieval teams on the skill retention
amongst DGH teams. In contrast to the hypothesis that de-skilling
may have occurred, a study covering the period 1994–2001, thus
before and after the wide establishment of paediatric intensive care
retrieval teams in the United Kingdom in 1997–1998, found that
core interventions by general hospital teams such as intubations

and inserting of arterial and central venous catheters had increased
with time (Ramnarayan et al. 2003; Lampariello et al. 2010). A later,
similar study in 2010 showed that these core interventions were
achieved on a higher number of patients overall, indicating that
appropriate care was still being given by DGH staff (Lampariello
et al. 2010).
What needs to be addressed for the future is the acquisition and
maintenance of relevant knowledge and skills for staff dealing with
critically ill children in the DGH setting. Both doctors and nurses
should be given the opportunity to acquire and maintain paediatric knowledge and skills relevant to their practice and can access
relevant updates in tertiary centres (Royal College of Anaesthetists
2009). Some of this already occurs but it is yet to become widespread and will require specific funding.

Respiratory emergencies: general
considerations
Factors in respiratory inadequacy in children
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Infants have small airways and therefore, according to the Hagen–
Poiseuille equation (Q = ∆Pπr4/8ηl), a reduction in airway diameter has a dramatic effect on flow and work of breathing. Infants
have horizontal and cartilaginous ribs. These factors cause both
a difficulty in increasing tidal volumes via rib movement and a
mechanical disadvantage from thoracic cage flexibility. In croup
and bronchiolitis, these factors result in the mechanical inefficiency
of subcostal and substernal in-drawing and exacerbation of work of
breathing. In view of the lack of ability to increase tidal volumes,
infants must rely on tachypnoea.
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Apart from those signs seen in adults, children exhibit additional
signs, particularly infants. These derive from the anatomical factors
previously described: subcostal and sternal recession; lack of inspiratory reserve; and smaller cricoid rings that cause stridor when
oedematous as a result of croup or after tracheal intubation. These
factors may cause an increase in Pa CO2 associated with conditions
that might otherwise be expected to cause primarily ‘type 1’ respiratory failure. This is as a result of the interplay of decreased lung
and thoracic compliance with these anatomical mechanical factors
having earlier effects on the mechanical efficiency of the child’s respiratory system. As in adults, respiratory failure is demonstrated by
increases in respiratory rate, heart rate, use of accessory muscles,
deteriorating conscious level, and ultimately cyanosis. Peculiar to
infants and young children with croup is the appearance of expiratory stridor where initially only inspiratory stridor existed. This is a
sign that the airway compromise caused by croup is advancing and
signals the need for intubation if other measures such as steroids
and adrenaline (epinephrine) have already been tried (see ‘Croup,
epiglottitis, and tracheitis’).

Intubation: principles—when, how, and where
Intubation should be undertaken by those who have had training
in this procedure and who understand how things can go wrong
and what to do about it. This means that failed intubation drills
should be just as much a part of airway management skills as simply the ability to intubate. This will also entail knowledge and skills
regarding effective mask ventilation, use of Guedel and laryngeal
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mask airways, appropriate knowledge of anaesthetic pharmacology, and how certain agents may affect the patient cardiovascularly and biochemically. All locations where children might be
intubated and ventilated such as EDs, HDUs, and intensive care
units (ICUs) should be fully equipped to deal with this scenario
with a full range of child-specific equipment. A list of suitable
drugs and equipment for these areas is indicated in the Standards
for the Care of Critically Ill Children (Paediatric Intensive Care
Society 2015).
Besides clear ventilatory compromise, other indications for intubation include the following:
1. Decreased conscious level. Conventionally this becomes definitely indicated with a Glasgow Coma Score of 8 or less.
2. Smoke inhalation—even when no respiratory effects are present at that time because respiratory compromise from airway
swelling, pneumonitis, or carbon monoxide poisoning can
ensue quickly.
3. Severe sepsis necessitating large amounts of intravenous fluids
(e.g. >60 ml kg−1). In these situations, pre-emptive control with
intubation and ventilation is necessary to offset the development
of respiratory compromise as a result of increased lung water.
It also permits insertion of central venous and arterial catheters, monitoring central venous and arterial pressures, and the
administration of inotropes, which would be indicated in these
circumstances. This line of action with aggressive fluid resuscitation, control of ventilation, and administration of inotropes is
often underdone (Inwald et al. 2009).

Drugs for intubation in the critically ill child
‘Which drugs should be used?’ is one of the most frequently asked
questions paediatric intensive care retrieval services receive when
other hospitals are referring and dealing with a seriously ill child.
As in any other emergency situation, the effects of anaesthetic
induction agents on the circulation of a shocked patient still apply.
Agents that affect the systemic vascular resistance the least and are
less likely to exacerbate any residual occult hypovolaemia are the
ones to be chosen. Even when children are ostensibly normovolaemic, intrinsic cardiovascular compromise still exists in sepsis, metabolic conditions, arrhythmias, and cardiomyopathies. Arguably,
the ubiquity and familiarity of propofol may lead to problems
caused by its depressant effects on the systemic vascular resistance.
Those experienced with critically ill children, particularly those
with cardiovascular compromise, find that agents such as ketamine,
with small doses of fentanyl or midazolam, or both, and neuromuscular block with pancuronium are found to cause less instability
and have much to commend them. Additionally, ketamine may be
safely used in head injury according to more recent studies (Sehdev
et al. 2006). In cases of suspected tachyarrhythmia, pancuronium
with its specific effect on heart rate is best avoided and agents such
as vecuronium or rocuronium used. Atracurium often releases histamine and is therefore not so useful in situations with cardiovascular compromise.

Respiratory support in children
Continuous positive airways pressure can decrease the work of
breathing by decreasing the pressure gradient across the narrowed
airways. It is frequently used in infants with less severe forms of

croup, bronchiolitis, and pneumonias, often obviating the need for
intubation and ventilation, and enables the child to remain safely
in the district hospital. In smaller infants (<6 kg), this is usually
delivered via short nasal prongs connected to a humidified gas supply from a purpose-built ‘driver’ and small nasal masks are now
being marketed. It is increasingly used in purpose-built, staffed,
and equipped paediatric HDUs. Older children may manage with
small (adult) nasal masks. Some conventional ventilators are now
having software fitted that will allow them to deliver the necessary
free-flowing gases without alarming continually for the large leaks
that inevitably result.
For larger children, the various purpose-built non-invasive ventilators used in adults can be used and can deliver either continuous positive airways pressure or patient-triggered bi-level positive
airway pressure via nasal masks or facemasks covering nose and
mouth. Even ‘total’ facemasks, covering the whole face, can be
used successfully, particularly in children whose face shapes do not
match conventional masks.
In children up to the age of 5 years or so requiring ventilation
on the ICU, nasal intubation is better tolerated than oral, with
decreased requirements for sedation. Additionally, nasal tubes are
more stable, easier to fix, and permit easier mouth care.
Pressure-cycled ventilation is very common in paediatric practice because leaks round uncuffed tracheal tubes are rendered less
significant but, on the other hand, changes in lung or thoracic compliance will alter alveolar ventilation. Volume-cycled ventilation is
less vulnerable to compliance changes but is affected by the leaks
around non-cuffed tubes. Monitoring of expired tidal volumes is
therefore vital. As in adult practice, there is an increasing trend to
use non-invasive monitoring with peripheral oxygen saturations
and end-tidal CO2.

Tracheal tubes: cuffed vs uncuffed in PICUs
The increasing use of cuffed tubes in PICUs lends itself to greater
use of volume-c ycled ventilation modes, as in adult practice,
but caution needs to be taken with cuff pressures and it is suggested that these should remain below 25 cm H2O (Weber et al.
2009). However, this may not prevent a leak in conditions requiring high-pressure ventilation, and there are no reliable data yet
on prolonged use of such cuffed tubes and their effects on tracheal integrity nor is there consensus on the methodology of
cuff pressure monitoring in children. In children with prolonged
length of stay on the PICU, tracheostomies are less readily used
as a result of anatomical difficulties (short necks, short trachea
lengths) and their use is associated with longer-term problems
such as local tracheomalacia or stenosis (even with more modern
surgical techniques).

Respiratory emergencies:
specific conditions
In paediatric practice, viral disease accounts for much of the respiratory pathology seen on the PICU. Nasopharyngeal aspirates are
commonly taken for immunofluorescence and polymerase chain
reaction to detect viruses against a set screen of those commonly
occurring locally. However, where the pathology is in the lower
respiratory tract, it is more logical to send either endotracheal aspirates or bronchoalveolar lavage specimens. These need to be sent
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to the local virology laboratory promptly to ensure the maximum
yield of detection.

Croup, epiglottitis, and tracheitis
The differing clinical features of these conditions are outlined in
Table 74.1 (Denny et al. 1983; Mayo-Smith et al. 1995; Hopkins
et al. 2006; Jenkins and Saunders 2009).
For croup, glucocorticoids are best administered parenterally
and can avoid or shorten intubation. Intubation in upper airway
conditions such as these is best achieved by inhalation anaesthesia
with a range of ‘smaller-for-age’ tubes available and, if possible, an
ENT surgeon present. The tubes are left in place until there is a clear
leak in croup or, in epiglottitis, until laryngoscopy reveals resolution of the oedema above the glottis.
The incidence of bacterial tracheitis appears to be on the increase.
Although presenting also with stridor, the key features differ from the
other two conditions with cough, pyrexia, and sometimes overt sepsis
predominating but with no dysphagia or drooling (see Table 74.1).
Pseudomembranous tracheitis has been reported, requiring repeated
bronchoscopic lavage (Salamone et al. 2004).

Bronchiolitis
Acute bronchiolitis is an infection of the lower respiratory tract
usually involving infants but can be seen in children of up to 3 years
of age. It is characterized by cough and tachypnoea with other signs
of increased respiratory work such as nasal flaring and subcostal
recession. Usually there are signs of small airway compromise with
widespread crepitations and coarse wheeze indicating increased
airways resistance. Many can be managed conservatively with
attention to treating the pyrexia, ensuring adequate hydration, and
the use of continuous positive airway pressure delivered by nasal
prongs or nasal mask.
No benefit from steroids has been demonstrated and no sustained effects from bronchodilators have been shown although
some temporary improvements in clinical variables have been
observed (Hartling et al. 2004).
Where indicated in terms of actual or impending respiratory
fatigue judged on clinical grounds (see ‘General principles of resuscitation and stabilization’) intubation and ventilation is indicated.
Pulmonary compliance can be very poor so ‘permissive’ degrees of

Table 74.1 Principal clinical features of croup, epiglottitis, and bacterial
tracheitis
Croup

hypercarbia (6.5–8 kPa), respiratory acidosis (≥7.25), and desaturation (92–95%) should be accepted until the viral condition
improves, allowing ventilation to be weaned.

Status asthmaticus
Children with severe asthma present with respiratory distress
cough and wheeze. The factors that indicate that ICU admission
is indicated are pleomorphic but might include history of previous ICU admissions or rapid deterioration, or both; severe distress
despite nebulized bronchodilators including inability to phonate,
limited air entry, and inspiratory and expiratory wheezing; altered
conscious level; and, if blood gases are being taken, a rising CO2
with signs of fatigue (National Institutes of Health 2007).
Once a decision is made to intubate and ventilate the child, care
needs to be taken, as there may be occult hypovolaemia secondary
to a period of decreased fluid intake. Drugs that release histamine,
such as morphine and atracurium, are best avoided. Ketamine
is useful in preserving blood pressure and in its bronchodilator
action. A cuffed tube might be useful, given the anticipated high
inflation pressures. Ventilation should adopt the following strategy: accept hypercarbia, accepting an arterial pH of greater than 7.2,
slow rates to allow for prolonged expiratory time and to avoid
air-trapping, short inspiratory times to keep an adequate respiratory rate, and low positive end-expiratory pressure. Avoidance of
positive end-expiratory pressure is a mistake as this only encourages small airway closure and exacerbates air trapping but if flow–
time curves are available, then the optimal positive end-expiratory
pressure and expiratory times can be estimated. Antibiotics are
only required where there is evidence of bacterial infection, that is,
any of raised inflammatory markers such as raised neutrophil count
and C-reactive protein; positive cultures of tracheal aspirates; radiological evidence; or combinations of these. Macroscopically purulent sputum may be misleading as this may contain large amounts
of eosinophils.
Sedation on ventilation could include ketamine and fentanyl and
possibly a neuromuscular blocking agent if it is better to obtund
the patient’s respiratory activity and coughing in the early stages. It
should be remembered that the presence of the tracheal tube may
be an ongoing stimulus for bronchospasm and so the tube should
be removed at the earliest opportunity, even if there is still some
wheeze.
The agents that have most effect are glucocorticoids, but they may
not exert any effect for up to 8 h. In the meantime, β-agonists should
be given either by nebulization or intravenously. Methylxanthines,
theophylline or aminophylline, are used in children, often to supplement β-agonists, as is ipratropium, but the evidence for their
efficacy has not been established. The same also applies to magnesium but this is becoming used more often after some studies have
suggested its use in the ED setting (Cheuk et al. 2005).

Epiglottitis

Bacterial
tracheitis

Age range (peak) 6 m–3 yr (1.5 yr)

3 m–5 yr (2.5 yr)

8 m–14 yr (3.75 yr)

Cough

+ + + (barking,
non-productive)

Minimal

+ + + (productive)

Stridor timing

Early

Late

Early

Cardiovascular emergencies:
general considerations

Stridor onset

Gradual

Sudden + + +

Sudden

Fluid requirements

Toxic

No, mild pyrexia

Yes

Yes

Dysphagia

Minimal

Pronounced

Minimal

Drooling

No

Yes

No

Children have a proportionately ml kg−1 larger extracellular fluid
compartment, particularly infants. This leads to higher maintenance fluid requirements but also, in cases of sepsis, increased
circulatory effects of capillary leak. Such children will also have
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increased requirements for fluid supplementation on a ml kg−1
basis than may be anticipated from adult practice. However, children are also more prone to developing inappropriate antidiuretic
hormone secretion in respiratory conditions such as bronchiolitis.
If given ‘normal for age’ intravenous fluid maintenance they can
develop hyponatraemia which can be quite severe. Therefore, in
these instances, maintenance fluids are cut back to 80% of normal
for that age. If fluid boluses are needed for ongoing deficits then
isotonic fluids should be used. With greater surface area for their
body weight, smaller children have higher insensible losses on a
volume/weight basis and this is exaggerated in pyrexia. In infants, it
is reasonable to allow an extra 10% of maintenance fluids for every
degree centigrade of pyrexia above 37°C.

Cardiac physiology
Infants have hearts that differ structurally from older children and
adults with less concentration of contractile elements and a relative
preponderance of collagen and elastin. The cardiac compliance is
diminished and the Starling curve of stroke force vs fibre length
is flatter with an earlier downward inflection point at shorter fibre
lengths (i.e. lower filling pressures). Thus, cardiac output is less
responsive to volume loading and more dependent on heart rate.
Myocyte β-receptor populations are normal after term and the
heart is responsive to catecholamines and phosphodiesterase inhibitors; however, the infant heart remains particularly sensitive to and
dependent on ionized calcium concentrations in the extracellular
fluid and hypocalcaemia is not well tolerated.

Cardiovascular emergencies: specific
conditions
Balanced circulations
Children may present with congenital cardiac anomalies that give
rise to ‘balanced circulations’. The paradox here is that these children
may well deteriorate with added inspired oxygen. Conditions such
as persistent ductus arteriosus, ventricular septal defect, and truncus
arteriosus may worsen because increased inspired O2 or decreasing
Pa CO2 , if ventilated, leads to pulmonary vasodilation and increased
shunt flow into the lungs and a decrease in systemic perfusion.
Children with congenital cyanotic heart disease may have had
modified Blalock–Taussig shunts (a GoreTex® tube) inserted
between the subclavian artery and the pulmonary arteries to augment pulmonary blood flow. Again, because added inspired oxygen or decreased CO2 dilates the pulmonary arteries and increases
pulmonary blood flow, this may cause an excessive ‘steal’ directly
from the systemic circulation, and these children may then show
decreased systemic perfusion even though they remain cyanosed.

In a baby who has been discharged from the maternity unit perfectly well but re-presents to the hospital in a collapsed state in
the first few days of life, there should be a high index of suspicion
for coarctation of the aorta or congenital aortic stenosis. In these
children, the patency of the ductus arteriosus protects them immediately after birth by perfusing the aorta distal to the obstruction.
However, as the duct closes over the next few days, ductal tissue in
the wall of the coarcted area will also constrict thus accentuating
the effect of any coarctation. Administering prostaglandins in this
situation may not reopen the duct but may give partial relief to the
obstruction and improve distal perfusion to a degree. In aortic stenosis, amelioration does depend on re-opening the duct.

Gastrointestinal emergencies
Volvulus is a condition caused by malrotation of the gut and is heralded by bilious vomiting or bilious nasogastric aspirates. It is usually seen in the neonate but can occur later. It is a surgical emergency
and it may be faster and therefore more appropriate if the referring
team transfers the child to a paediatric surgical centre, rather than
waiting for a retrieval team which may double the transfer time and
could result in an necrotic intestine with disastrous results.
Intussusception can present rather vaguely with lethargy and
intermittent pain rather than the classical vomiting and red currant
jelly stools, which is seen in only a third of cases. It can develop into
a time-critical emergency where the viability of the intestine and
of the child itself are at stake. A number of these children develop
a marked systemic inflammatory response with circulatory failure. Again, it is often best that the referring team transfers these
patients into the tertiary centre rather than incurring delays caused
by retrieval. Local protocols must allow for this.
Diarrhoeal conditions may go on to develop haemolytic uraemic
syndrome, particularly associated with Escherichia coli O157:H7 but
also with Salmonella and Campylobacter. It is a condition caused
by diffuse small vessel occlusion by thrombotic microangiopathy
with a triad of haemolysis, thrombocytopenia, and renal failure. Its
complications are diffuse: cerebral compromise (fits, coma), cardiac
failure, pancreatitis, and ischaemic colitis, where frank necrosis and
perforation can occur. The treatment is to support the failing kidney with peritoneal dialysis or haemofiltration and, where possible,
avoid platelet transfusion and systemic antibiotics that may fuel the
condition. The progress of the disease can be tracked with serial lactate dehydrogenase concentrations. Where central nervous system
involvement occurs, then it more resembles thrombotic thrombocytopenic purpura and is often treated with plasmapheresis with
replacement of circulating proteins with fresh frozen plasma.

Obstructive lesions

Neurological emergencies
and traumatic brain injury

Children with obstructive lesions may deteriorate with systemic
vasodilation (or hypovolaemia), for example, in aortic stenosis,
myocardial ischaemia results from decreased coronary perfusion
and in Fallot’s tetralogy, with obstruction at the right ventricular
outflow, profound hypoxaemia will result from increased right-to-
left shunting across the ventricular septal defect.
Such situations that lead to decreased systemic perfusion or hypoxaemia, or both, in neonates and young infants will compromise
splanchnic O2 delivery, which may lead to necrotizing enterocolitis.

Cerebral blood flow accounts for a third of the cardiac output at
birth and, up to 4 years of age, is still double in flow per kilogram
compared that of adults. Thus, in cardiovascular compromise, it
should be expected that brain function and conscious levels consequently deteriorate. In sick children, this may be demonstrated
in the early inconsolable irritability that later develops into the
somnolence of the seriously ill child. It is helpful to characterize decreased consciousness reproducibly in terms of a modified
Glasgow Coma Scale (see Table 74.2).
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Table 74.2 Children’s Glasgow Coma Score
1

2

3

4

5

Eyes

No eye opening

Opens eyes to pain

Opens eyes to speech

Opens eyes
spontaneously

Verbal

No verbal response

Inconsolable, agitated

Inconsistently
consolable, moaning

Cries but consolable,
inappropriate
interactions

Smiles, follows objects
and sounds, interacts

Motor

No motor response

Extension to pain
(decerebrate)

Flexion to pain
(decorticate)

Withdraws from pain

Withdraws from touch

6

Infant moves
spontaneously
or purposefully

The lowest score possible is 3; any score less than 8 is associated with poor outcomes and is the accepted level for mandatory tracheal intubation & ventilation.
Reproduced with permission from Morray, J. et al. Coma scale for use in brain-injured children. Critical Care Medicine, Volume 12, Issue 12, pp. 1018, Copyright © Wolters Kluwer Health 1984.

Amongst the diagnoses that produce primary neurological dysfunction, consideration should be given to trauma (which may be
as a result of non-accidental injury), meningoencephalitis (viral or
bacterial—including tuberculous), tumours, spontaneous haemorrhage, hydrocephalus, and metabolic causes (diabetic ketoacidosis,
hyperammonaemia or lipid handling disorders—see ‘Metabolic
disorders’).
Some of these conditions may lead to coma or seizures and status epilepticus. Regarding infection, meningitis would have to be
excluded if the history is suggestive. These days there is no longer
the imperative to perform early lumbar puncture, recognizing the
potential hazard in removing lumbar cerebrospinal fluids when
there is brain swelling. It is important to take blood cultures and
throat swabs and to start antibacterials and aciclovir to treat potential herpes infection. A retrospective lumbar puncture can be performed some days later, after brain swelling has diminished, and
then the polymerase chain reaction technique can be used to detect
the presence of microorganisms.
The most common cause of seizures in the preschool child
(3 months to 5 years old) are so-called febrile convulsions. These
appear to be worse where the increase in temperature is fastest,
hence a lack of prodromal history is often seen and they can be
resistant to conventional antiepileptic protocols. These children
can often present with alarming unilateral and prolonged fits
and the fits are sometimes only controlled with anaesthetic drugs
requiring intubation. When the fits are unilateral, precautionary
computed tomography (CT) scanning is inevitable to exclude a
more sinister cause. Generally, after a few hours of ventilation and
control of temperature where indicated, these children wake up
entirely normally. Further investigation is usually not undertaken
unless fits recur.
The acute management of status epilepticus should follow internationally accepted guidelines (European Resuscitation Council
2015; Advanced Life Support Group 2016). This starts with ensuring a patent airway, administering oxygen, and checking the blood
glucose. If no immediate intravenous access is present, then rectal diazepam or buccal midazolam is given, both at 0.5 mg kg−1; if
intravenous access is present, then lorazepam 0.1 mg kg−1 is given.
This can be repeated, but if there is no response then intravenous
phenytoin 20 mg kg−1, or if already receiving phenytoin, phenobarbital 20 mg kg−1, is given. If these agents do not stop the seizures,
then thiopental 4–8 mg kg−1 should be given as part of an intubation procedure.

Some centres continue to use paraldehyde rectally, 0.4 ml kg−1
suspended in a 50:50 mixture with olive oil or normal saline
(avoiding arachis oil which would be harmful to children with
peanut allergy).
In traumatic brain injury, the two pivotal decisions are the need
for CT imaging and decision to intubate. Both decisions are based
on the nature of the injury mechanism (velocity or height fallen),
degree of impairment of conscious level and the appearance of
abnormal posture. For intubation, a Glasgow coma score (GCS) of
8 or less is commonly taken to be the trigger level, though if other
features are present such as airway and breathing compromise,
abnormal posture and fitting, then intubation and controlled ventilation should commence at higher GCS levels. Criteria for imaging are similar but with lower thresholds such that any impairment
of conscious level with abnormal neurological features, especially
with a skull fracture, should warrant a CT scan.
When the head CT scan is performed, it is logical to extend
this down the neck to the thoracic inlet to check for obvious
injury. However, this may not detect ligamentous ruptures that
may exist without any bony misalignment but, nevertheless, if
the head were to be moved, may lead to cervical spinal cord damage. Magnetic resonance imaging is a better modality to identify
such abnormalities, while the best of all is a clinical evaluation
of the conscious patient. However, this may not be possible for
some time and, in some cases, not at all. The neck must therefore be protected with a hard collar and in-line logrolling of the
patient undertaken until such ‘clearance’ of the cervical spine is
possible.
Most centres insert intracranial pressure monitoring after traumatic brain injury and aim for a minimal cerebral perfusion pressure of at least 40 mm Hg (cerebral perfusion pressure = mean
arterial blood pressure minus the greater of intracranial pressure
and central venous pressure). However, in these situations, cerebral
blood flow autoregulation is abnormal and there is recognition that
pushing cerebral perfusion pressure higher risks over-perfusion of
the brain and thereby raising intracranial pressure. There is no evidence of benefit of hypothermic treatment of paediatric traumatic
brain injury (Hutchison et al. 2008). Jugular venous saturation
measurement, although it has been studied in research to a limited
extent, has not proved to be consistently useful in practice and may
also interfere with jugular venous drainage.
External ventricular drains are often inserted to decrease a
raised intracranial pressure by controlled release of cerebrospinal
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fluid and are also used for draining obstructed hydrocephalus
which can occur in haemorrhagic brain injury. These external
ventricular drains are used over the full age range down to the
smallest preterm neonates. When moving patients with external
ventricular drains one has to control the level of the drain carefully where these are usually set at 5–10 cm above a zero-point
taken as being the mid-point between the lateral edge of the orbit
and the tragus of the ear. Dropping the drain level may cause precipitant and excessive drainage. If it is raised then there may be
some inadvertent but limited reflux back into the patient leading
to an increase in intracranial pressure and increasing danger of
infection. Generally, it is safer to briefly clamp these drains for
transfer to between beds and trolleys for transport to scanners
and operating rooms but, once this is completed, to replicate its
setting in ICU and maintain controlled drainage. Above all, it is
important to remember to unclamp the drain and then ensure
that free drainage has returned. If not, the drain may have blocked
and will need attention. These drains should not be laid flat as the
porous ventilation holes in the collection chamber that allow air
escape on fluid ingress will get wet and the drain will no longer
function correctly.

Burns
Scalds are the commonest form of burn in childhood, most occurring in the pre-school child, when hot liquids are pulled over.
Non-accidental injury should be suspected when the history
is implausible or the distribution of injury is inconsistent with a
child’s likely behaviour. Older children, particularly boys, experiment with fire.
Practically, there are five modes of burn injury: cutaneous, airway, electrical, chemical, and infective.
Cutaneous burns are judged on depth and surface area. The area of
a burn depends on the variations in the surface areas of differing part
of the body at different ages. The ‘rule of nines’ does not apply and a
‘Lund and Browder Chart’ is commonly used to estimate the area of
the burn (Lund and Browder 1944). Alternatively, at all ages, the area
of one side of the patient’s palm and closed fingers equates to 1% of
body surface area (BSA).
If the estimated surface of the burn equals 10% or more of BSA
in a child, fluid resuscitation should be undertaken. There are
many fluid regimens in the literature that seek to address this. The
‘Parkland Formula’ is one that has been widely adopted (Baxter and
Shires 1968); Hartmann’s solution is given to treat burn losses in
addition to normal maintenance fluids for the age and weight of
child. The burn deficit for the first 24 h is calculated as 4 ml kg−1
(% BSA)−1 burned. Half of this calculated amount is given over 8 h,
the rest over the subsequent 16 h.
Airway burns should be suspected if there is evidence of soot
particles or burn around the mouth, if the patient is coughing up
soot particles, or the patient was evacuated from a room containing smoke. Further deterioration can arise from peri-oral or airway
oedema, so it is prudent to secure the airway early with endotracheal intubation. Soot particles in the lower airway often cause
chemical pneumonitis and bronchial lavage may be indicated.
Electrical burns have three significant extra features: disturbance
of electrical activity of the heart—either fibrillation or asystole,
either of which can be delayed for up to 24 h (George et al. 2005);
concentrated internal burns conducted through blood vessels

causing distal ischaemia and infarction; and mechanical injuries
from being thrown from the source of the current.
Chemical burns may be topical to skin or eyes, particularly from
acids or alkalis. Acid burns can cause severe damage but remain
at a more superficial level, but alkalis will penetrate deeper if not
washed off. Chemical burn injuries are often caused by ingestion.
This needs early irrigation and intervention by gastrointestinal surgeons before burned tissue adheres and blocks the affected organ,
usually the oesophagus, which is very difficult to treat.
Infective burns include toxic epidermal necrolysis, necrotizing
fasciitis, and staphylococcal scalded skin syndrome.
Referral of patients to an expert burns centre should take place
if any of the following features exist: age under 5 years; any burn
greater than 5% of BSA; sites such as face, hands, perineum, and
flexures, such as axillae and neck; and types of burn including full
thickness, circumferential, airway, electrical, chemical, or infective.

Metabolic disorders
Inborn errors of metabolism usually declare themselves in early
childhood but occasionally this does not happen until young adulthood. Whereas many such conditions result in slowly developing
conditions manifest by delayed growth and development and ‘failure to thrive’, there are a few that can present as medical emergencies, sometimes catastrophically. These children can be developing
quite normally and then a trigger, such as intercurrent infection,
precipitates an acute collapse with features that many include any of
lactic acidosis, hypoglycaemia, and hyperammonaemia. The presentation can be a drowsy, ‘shut-down’, hypoglycaemic, and poorly
perfused infant and thus the presentation can be easily confused
with other conditions. Where doubt exists, it is important to measure blood glucose (one reason why this is emphasized in life support courses) and lactate, and a sample for ammonia must go to
the lab on ice. A glucose infusion must be started containing 10%
glucose and run at a minimum of 90 ml kg−1 h−1 (to give approximately 6 mg kg−1 min−1 of glucose) and all feeds stopped (which
may be a substrate for the toxic by-products the child is now failing to clear). Giving adequate carbohydrate will switch off protein
and lipid metabolism, which may be the root cause of the crisis.
When the dust has settled, there will be time to set in motion more
detailed metabolic investigations and to start ammonia-scavenging
medications and co-enzymes. Very high ammonia concentrations
(>500 µmol litre−1) will require haemofiltration to clear this neurotoxic substance as an emergency.
Diabetic ketoacidosis in children behaves differently from that
seen in adults and must be managed differently and within tight
guidelines. The principal difference is danger of the development of
cerebral oedema. It is thought that this disastrous complication is
as a result of the rapidity with which pathology manifestations are
corrected, most probably associated with rapid changes in serum
osmolality, whether as a result of fluids used in rehydration, reduction of the high glucose with or without correction of the acidosis,
particularly associated with the use of bicarbonate—or any combination of these. Hence, the internationally accepted guidelines give
quite didactic instructions on the administration of fluids, the very
gradual correction of the glucose and the acidosis, and the avoidance of bicarbonate. Shock, as a result of dehydration, should of
course be treated with fluids, but even this should be done carefully
and any such fluids should be deducted from the calculation of fluid
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replacement necessary over the next 48 h (body weight × % dehydration × 10). If cerebral oedema is suspected from a deteriorating
GCS, then mannitol 10% (1 ml kg−1) or hypertonic saline 3% (5 ml kg−1)
should be given, and all intravenous fluids slowed. If this does not
procure a lasting improvement, the child should be intubated, ventilated, and nursed in a head-up position. Hyperventilation must
be avoided because of worse outcomes (Marcin et al. 2002) though
some recognition that a low normal Pa CO2 may be physiologically
appropriate (Tasker et al. 2005). A CT scan should be performed
to exclude cerebral venous thrombosis, a recognized complication
from the profound dehydration.

Sepsis
In severe sepsis, where volumes administered equal or exceed
60 ml kg−1, it is advisable to consider intubation. Not only does this
counteract the effects of the pulmonary oedema that often develops
to a degree in these situations, but it also presents an opportunity
to insert central venous and arterial catheters for more accurate
monitoring and to treat more effectively with inotropes. It is a common mistake to underestimate the amount of fluid a child needs to
maintain cardiac output in sepsis and not to intervene aggressively
with inotropes (Inwald et al. 2009).
Similar considerations apply as in adults in dealing with ‘warm’
or ‘cold’ shock by responding to a lack of intravascular volume by
administering fluids to ensure the heart is well filled and then using
either selective inotropes or adding in agents with vasoconstrictive
effects or even vasodilatory effects (such as with phosphodiesterase
inhibitors), depending on the perceived tonicity of the vascular bed
(Carcillo and Fields 2002).
Limb compromise can be seen in the purpuric septicaemias, as
a result of either meningococci or pneumococci, and this can be
because of either embolic deficits or more global deficits consequent
to ‘compartment syndromes’. However, compartment involvement
can be quite diffuse, involving multiple compartments, even in the
same limb. Fasciotomies have been tried in the past but have had
disappointing results, perhaps because the vessel compromise has
not been as a result of any relievable local pressure and, in turn, the
operative wounds also go on to be a source of secondary infection
themselves.

Non-accidental injury, child protection,
and ethics
Child abuse comprises four main aspects: physical, sexual, emotional abuse, and neglect; the latter being the most common.
Anaesthetists may encounter any of these in the course of their
duties and have an obligation to have at least some basic training
both in recognition and in knowing what subsequent course of
action to take. Non-accidental injury may present as overt trauma
but may ‘masquerade’ with fits, as ‘failure to thrive’, or as a ‘collapse’
in the ED. An ever-present index of suspicion is unfortunately
necessary.
Anaesthetists may have to consider the ethics of a procedure in
which they are to take part and to consider whether this is, indeed,
in the best interests of the child. Sometimes this takes place in the
context of a child who is frequently admitted to the ICU and may
have already been subjected to considerable ‘heroic’ therapy or may
have already undergone many invasive and painful procedures. The

ethics and legalities of such situations, including the balance to be
achieved between the assent—or dissent—of the child, their mental ‘capacity’, the legal context of ‘consent’ (which is not the same as
capacity) (Wellesley and Jenkins 2009), the desires of the family, and,
indeed, other specialists can be very complex and is beyond the scope
of this chapter. The reader is referred to a comprehensive review of
such matters (Anderson 2009) and to Chapter 75 in this textbook.

General principles of resuscitation
and stabilization
Thorough preparation and stabilization of the child before transport will significantly reduce the likelihood of adverse events
occurring during transportation, whichever team performs this.
Rapid resuscitation, with initiation of all necessary supportive therapies and monitoring, should lead to a stabilization phase with the
goal of reversing deterioration and, ideally, improving the child’s
clinical condition before embarking on transportation. Proactive
management should be instituted to avoid problems in transit.
A systematic ‘ABC’ approach, including assessment, optimization,
preparation for transportation, and frequent reassessment of the
airway, breathing, circulation, neurological status, temperature,
and blood glucose is recommended. The child is transferred onto
transport equipment that can provide continuous therapy and
monitoring throughout the journey.

Airway and breathing
Respiratory compromise can be the cause or the result of multisystem dysfunction in children. It is fundamental that the airway
and breathing be assessed in the context of the full clinical picture.
A classic example is the child with meningococcal disease and septic shock, where respiratory failure is rarely an early presenting
feature. It is widely accepted that early intubation and ventilation
(after 40–60 ml kg−1 of resuscitation fluid and the commencement
of a peripheral or intraosseous inotrope infusion) is advantageous
in many respects: reducing the risk of hypoxaemia secondary to
fluid overload and pulmonary oedema, and facilitating central
venous and arterial catheter insertion. It also reduces the work of
breathing, which can account for 40% of cardiac output and oxygen
consumption, and maximize oxygen delivery to other vital organs,
enhance cardiac output via reduction in left ventricular work, and
facilitate temperature control measures that may reduce global oxygen consumption further. However, excessive ventilation, impairing venous return to the heart and hence cardiac output, and
further reducing cerebral blood flow through hypocapnia, must be
avoided. In other situations, the decision to intubate for transport
may not be straightforward. There will inevitably be a lower threshold for intubation and ventilation for transportation than in routine
intensive care practice recognizing the importance of securing airway and ventilation before departure on the grounds of safety. Pre-
departure clinical data should include SpO2 capnography, airway
pressures, ECG, arterial blood gas analysis, and chest radiograph
to confirm the correct position of a tracheal tube. Reliable tracheal
tube fixation is essential and sedative and neuromuscular blocking
drugs should generally be given to intubated children during transportation to minimize the risk of accidental extubation, facilitate
controlled ventilation with the transport ventilator, and decrease
awareness and anxiety. It is recommended practice to insert an orogastric or nasogastric tube to decompress the stomach of intubated

1285

1286

1286

PART 10

paediatric anaesthesia

children. Pneumothoraces require draining before departure.
Positive pressure ventilation or flying at altitude can rapidly expand
pneumothoraces causing significant respiratory and cardiovascular
compromise. A one-way flutter (Heimlich) valve in place of a bottle
and underwater seal system for chest drains is the preferred option
during transportation.

Box 74.1 Physiological criteria for PICU referral
◆

• Chest wall recession
• ‘See-saw’ breathing
• Stridor

Circulation
Hypovolaemic or shocked children do not tolerate the g-forces
associated with transport. It is important that hypovolaemia
is reversed with adequate fluids before transportation and, if
required, an inotrope infusion started. Preparing an inotrope
infusion in an ambulance is difficult so there should be a low
threshold for doing this before departure. Children with ongoing
haemorrhagic shock should not be transported until the bleeding has been controlled. It is advisable to have a minimum of two
securely fixed intravenous cannulae. The requirement for central
venous and arterial cannulae depends on the clinical condition
but they are not required for transport per se. Non-invasive blood
pressure monitoring technology in modern transport monitors provides reliable readings despite effects of movement and
vibration. However, regular use will be a significant drain on the
battery life of the monitor if an alternative power source is not
available in the vehicle. Arterial lines should be easily accessible
for inspection as bleeding can be profound if they become disconnected. Maintenance fluid requirements remain unchanged
during transportation and are best administered by syringe
driver. A urinary catheter is usually inserted and hourly urine
output monitored.
Infants presenting with congenital heart disease may require a
prostaglandin infusion to maintain patency of the ductus arteriosus
for duct-dependent systemic circulations (e.g. coarctation of the
aorta, critical aortic stenosis, or interrupted aortic arch) or duct-
dependent pulmonary circulations (e.g. pulmonary or tricuspid
atresia).

Referral to a transport team
Referrals should be made as soon as it is evident that the child is critically ill and needs transportation to a tertiary service for surgery or
intensive care. Children often compensate and appear ‘well’ in the
early stages of critical illness, then rapidly deteriorate when their
compensatory mechanisms start to fail. A ‘physiological’ approach
to criteria for PICU referral is given in Box 74.1. The referring hospital team is responsible for the resuscitation, stabilization, and
transport of children with time-critical pathologies where mobilizing a remote specialized paediatric intensive care retrieval team
would introduce unacceptable delays in getting the child to definitive emergency surgery. This should be undertaken by the most
senior staff available, following widely accepted advanced life support principles (European Resuscitation Council 2015; Advanced
Life Support Group 2016) and other available guidelines (Brierley
et al. 2009; National Institute for Health and Care Excellence 2010).
Preparation should take place in an appropriate location equipped
for instigating intensive care (usually ICU, HDU, operating theatre,
or recovery area). The receiving PICU or the transport service can
guide management and decision-making throughout this process
by telephone or video conferencing link.
Most critically ill children that present to general hospitals in
the United Kingdom are ‘retrieved’ by a specifically trained and

Deteriorating airway:

◆

Respiratory distress:
• Rate greater than 60 beats min−1
• Chest wall recession
• Sa O2 less than 94% or Pa O2 less than 8 kPa (with O2)
• PCO2 greater than 6 or less than 3.5 kPa

◆

Shock:
• Heart rate greater than 180 or less than 80 beats min−1
• Absent peripheral pulses
• Cold peripheries
• Capillary refill greater than 2 s
• Systolic blood pressure less than 70 + (age in years × 2) mm Hg

◆

Deteriorating level of consciousness

◆

Recurrent or resistant seizures

◆

Burns greater than 10%

◆

Multiple trauma

◆

Severe metabolic acidosis.

equipped team from the regional PICU or a centralized retrieval
service. However, one has to consider the inevitable situations
where cases are so time-critical that they require primary transfer
by the referring team. This includes not only intracranial emergencies, but also intra-abdominal catastrophes (e.g. volvulus or intussusception) and burns where there is a 4 h window to perform
potentially life-or limb-saving escharotomies (Paediatric Intensive
Care Society 2015).
In traumatic brain injury, where the child has no emergent surgically remediable lesion, the child should be retrieved by the PICU.
Where there is a time-critical surgical lesion, then the fastest
way of getting the child to the neurosurgeon is the right one. This
depends on geography, mode of transport (road or air, fixed-wing
or rotary), and available suitable landing sites (which often depend
on daylight and weather). For the larger, more widespread regions,
the distances are such that if the neurosurgical centre’s transport
team comes out and back, then this may take at least twice the time
it would take for a primary transfer, as has been shown in one study
in the United Kingdom (Tasker et al. 2006). Each hospital should
consider how this eventuality can best be addressed and have a
‘game plan’ prepared before the event actually occurs (Department
of Health 2006; Jenkins et al. 2010; Paediatric Intensive Care
Society 2015).

Background to paediatric transport
In the developed world, centralization of paediatric intensive care
services in large PICUs rather than in multiple GICUs results in
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improved survival for critically ill children (Pollack et al. 1991;
Pearson et al. 1997; Shann and Pearson 1999).
This centralization has resulted in increasing numbers of critically ill children who present to a general hospital (the ‘referring’
hospital) that require subsequent inter-hospital transport to the
tertiary services in the ‘receiving’ hospital (American Academy of
Pediatrics 2000). The initial resuscitation and stabilization is undertaken by the local team at the referring hospital, often with real-time
support by telephone or video link from the PICU. The transport
episode can be undertaken by the referring hospital team or a specialist retrieval service, which is either independent of, or integral
to, the receiving PICU. Several groups have reported higher-quality
care delivered during transport with fewer critical incidents when
the transport episode was undertaken by specialist transport teams
compared with ad hoc teams assembled by the referring hospital
(Macnab 1991; Kanter et al. 1992; Barry and Ralston 1994; Edge
et al. 1994; Britto et al. 1995; Hatherill et al. 2003; Vos et al. 2004).
In response to these findings, the UK Paediatric Intensive Care
Society published a standard-setting report in 1996 recommending that critically ill children admitted to a local hospital should
receive the best available assessment, resuscitation, and stabilization by senior local clinicians, followed by transportation to a
regional PICU by a specialized transport team (Paediatric Intensive
Care Society 1996). Subsequent to further developments and experience, these have been revised in 2010 and 2015 with input from
bodies representing stakeholder staff groups in general hospitals
(Paediatric Intensive Care Society 2015).
The model of using a specialized transport team functioning as
an ‘intensive care bed on the move’ is now accepted as the ideal
throughout the developed world. Specialized teams have training
and experience in both paediatric intensive care and transportation,
using dedicated transportation equipment, and should function
without leaving either the PICU base or referring hospital short-
staffed (Paediatric Intensive Care Society 2015), and published
quality indicators support the ongoing use and development of specialized retrieval services (Lutman et al. 2008; Ramnarayan 2009).
With the majority of inter-hospital transport episodes in critically ill children now being undertaken by specialized paediatric
intensive care teams, it was feared that referring hospital staff, particularly general anaesthetists, would become deskilled and lose
confidence in managing critically ill or injured children. However,
when looked at longitudinally over time, there is evidence that
referring hospital teams have not become deskilled and continue
to perform the majority of initial stabilization procedures, including intubation and ventilation, insertion of central venous lines,
and initiation of inotrope therapy, before the arrival of a specialist
retrieval team and that these skill levels have not decreased since
the inception of dedicated transport teams; in fact they may well be
increasing (Ramnarayan et al. 2003; Lampariello et al. 2010).
Inter-hospital transport delivered by specialized teams involves
a time period for the team to mobilize and travel to the patient. In
view of this, there are a number of time-critical pathologies that
may necessitate rapid transport by a referring hospital team. The
classic example is the expanding intracranial haematoma requiring
urgent neurosurgical intervention. Referring hospitals, therefore,
need to maintain a high-quality transport capability. Referring hospital teams are often assembled around an anaesthetist as the central figure (The Association of Anaesthetists of Great Britain and
Ireland 2006, 2009).

Planning for inter-hospital transport by
the referring hospital
Inter-hospital transport, regardless how infrequent an occurrence, should not be organized on an ad hoc basis. In the event
that a referring hospital is required to undertake inter-hospital
transport of a critically ill or injured child, it must have contingency plans in place to ensure the provision of high-quality care
equivalent to an ‘intensive care bed on the move’ (Warren et al.
2004). This is a significant challenge for hospitals that undertake this activity infrequently. A senior doctor and nurse should
have clinical responsibility for procuring the necessary transport
equipment and medical supplies, development of basic transport
protocols, and auditing transport activity. However, there must
be ‘board-level’ hospital management responsibility for the provision of such facilities and measures (Paediatric Intensive Care
Society 2015). Careful planning will ensure that the hospital is not
left short of staff when a transport team is mobilized. This necessitates the availability of two transport personnel, usually one doctor and one nurse, in addition the ongoing requirements of the
hospital. The logistics around staff availability are often dictated
by the size and resources of the hospital. From a nursing perspective, this requires staffing of an extra ‘transport bed’ in the ICU or
ED. Medical staffing is often achieved by a system of ‘second on-
call’ or cross-cover within a hospital. The issue of supervision of
trainee doctors during transport is important. An ambulance or
indeed an aircraft in the air is the extreme of geographical isolation for a trainee doctor. Adequate training and experience and a
robust means of communication with the supervising consultant
are essential.
Advance planning requires prior liaison with the local ambulance service to determine the type of equipment and modes of
transportation available. An increasingly popular option is to purchase a custom-built transport trolley, which must be compatible
with the loading and fixation systems in the local ambulances.
These can be used for inter-hospital transportation of critically ill
patients of all ages. Other solutions are based around packaging the
child and equipment onto an adult-sized vacuum mattress, which
can then be fixed onto any stretcher on a road, helicopter, or fixed-
wing ambulance.
Liaison with the pharmacy department is helpful in selecting
which drugs to carry and how best to store them.

Referring hospital transport personnel and training
A transport team assembled by a referring hospital will usually
comprise an experienced doctor and nurse. Ideally the doctors
should be senior members of staff or senior trainees, with several
years of experience in anaesthesia and intensive care medicine, or
other equivalent discipline (Royal College of Anaesthetists 2009;
The Association of Anaesthetists of Great Britain and Ireland
2006, 2009).
Nurses have independent professional responsibility towards the
child and, ideally, should have intensive care training.
Critically ill children should be transported by individuals
capable of providing the appropriate level of intensive care and to
manage possible complications and adverse events that can occur
in transit. There currently are no agreed international standards
for, or certification of, transport personnel. Doctors performing
transport should be able to determine diagnostic and therapeutic
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priorities in critically ill children and be skilled in airway management including endotracheal intubation, venous and arterial cannulation, and chest drain insertion, and should be able to manage
the transport of critically ill children with a variety of conditions
including respiratory failure, shock, and traumatic brain injury. It
is prudent that all transport personnel should have advanced life
support knowledge and skills (such as those gained on EPLS or
APLS courses) and have undergone a specialist transport-training
course that includes elements of team training and non-technical
skills, now often taught using simulation. Ongoing training and
continuous professional development can be achieved through
refresher courses, audit, debriefing, and the reporting and discussion of critical incidents and adverse events that have occurred
during transportation.

Transport equipment
The team should carry all the necessary equipment and drugs for
ongoing resuscitation and stabilization during transportation.
Equipment and drugs can be packed in wheeled transport kit bags
with multiple, labelled, and well-padded compartments to allow
rapid access to the contents. All equipment and drugs should
be inventoried on laminated checklists. Transport equipment
should be checked and serviced regularly. A battery usage and re-
charging log can be useful to ensure the battery-operated equipment does not fail in transit. The transport bags are restocked
after each transport episode using the checklist and sealed ready
for immediate use. Guidelines on the requirements for transport
equipment have been published (Warren et al. 2004), stating that
equipment should:
◆

◆
◆

Facilitate paediatric resuscitation and stabilization in the transport setting
Be durable and portable
Be readily secured to the trolley, vacuum mattress, or vehicle for
transportation

accessible positions and an adjustable patient restraint system.
The power cables for electrical equipment can be connected
together to allow mains-charging via one lead. An inverter, converting ambulance 12/24V DC to 240V AC, is usually available as
a factory-fitted option. The trolley oxygen supply should be easily switchable from trolley-mounted cylinders to the ambulance
oxygen supply.

Transport drugs
Drug bags (or boxes) should be well padded to protect glass
ampoules, and should contain the full range of commonly used
resuscitation, anaesthesia, sedation, and vasopressor drugs. Box 74.2
lists the minimum recommended range; other drugs may need to be
added depending on the patient diagnosis (e.g. mannitol or hypertonic saline for a child with a head injury).

Box 74.2 Minimum recommended transport drugs

Resuscitation
◆

Adenosine

◆

Amiodarone

◆

Atropine

◆

Calcium gluconate

◆

Dobutamine

◆

Dopamine

◆

Adrenaline (epinephrine)

◆

Noradrenaline (norepinephrine)

◆

Sodium bicarbonate 8.4%

Anaesthesia, sedation, and analgesia

◆

Include a self-contained power supply or battery back-up

◆

Ketamine

◆

Connect to ambulance power and oxygen supplies

◆

Midazolam

Be electronically compatible with flight electrical systems and
avionics.

◆

Morphine

◆

Propofol

It is fundamental that personnel who undertake transport, even
(or indeed especially) where this is infrequent, should maintain
familiarity and competence with all items of equipment, from
being able to locate an item of equipment in the bags quickly to
safe operation of the ventilator, patient monitor, and infusion
pumps. Several strategies can be used: yearly update and competency checks, using the transport set-up for internal hospital
patient transfers, or using transport equipment in daily practice
(e.g. the monitor or infusion pumps).

◆

Rocuronium

◆

Suxamethonium

◆

Thiopental

◆

Miscellaneous
◆

Cefotaxime

◆

Furosemide

◆

Hydrocortisone

Transport trolley/stretcher

◆

Ipratropium nebulizer

Several generic transport trolleys are available on the worldwide market. They are often transport certified (crash-tested) by
the manufacturer with various configurations of user-mounted
equipment. It is important to ensure that the trolley is fitted
with a fixation system that is compatible with the local transport
(ambulance) vehicles. Typically, they incorporate a metal pole
or shelf system to secure the ventilator, pumps, and monitor in

◆

Magnesium sulfate

◆

Mannitol

◆

Phenytoin

◆

Salbutamol (intravenous)

◆

Salbutamol nebulizer
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Transport ventilators
A selection of portable mechanical ventilators is required to deliver
the range of tidal volumes required for infants and children of all
ages. They should have disconnection and high-pressure alarms,
variable FIO2 , respiratory rate, duty cycle, tidal volume, and end-
expiratory pressure. There are a number of commercially available
transport ventilators of varying degrees of sophistication. Ideally, a
simple, gas-driven ventilator will be easy to use and not be reliant
on a power supply that may fail. More sophisticated, portable, battery-powered ventilators can replicate most of the commonly used
ICU modes of ventilation. They have become more popular after
the recent improvements in battery technology and the increasing availability of ambulance or trolley-mounted inverters making
power failure in transit a rare occurrence.

Oxygen supply
The amount of oxygen that the team should take with them will
depend on the amount available in the ambulance or aircraft. The
rate of oxygen consumption can be estimated from the predicted
minute volume of the patient and the amount of gas required to
drive the ventilator (as specified by the manufacturer). Hand-
ventilating usually consumes considerably more oxygen than
a mechanical ventilator. The required amount can be calculated
using a nomogram for cylinder size and duration of transport
episode (Lutman and Petros 2006). The commonly used, steel
construction, oxygen cylinders (sizes D, E, and F) have a capacity
of 340, 680, and 1360 litres, respectively. Lightweight aluminium
cylinders (e.g. ZD with integral regulator) can be pressurized to
much higher levels than standard steel cylinders, thereby increasing the amount of oxygen which can be carried by the transport
team. ZD and D cylinders, both approximately 2 litres in volume,
have a compressed gas capacity of 605 and 340 litres of oxygen,
respectively.

Suction apparatus
Battery-powered suction apparatus is usually available in the ambulance or aircraft or can be carried by the transport team. Venturi
suction systems rapidly consume oxygen supplies and should be
avoided. Foot-or hand-pump mechanical suction systems are useful as an emergency back-up.

Infusion pumps
Intravenous infusion pumps should be robust, compact, lightweight, have a simple user interface, visible and audible alarms, and
a long, predictable battery life.

Patient monitor
The patient monitor should be robust, portable, battery powered
(with the option of being powered by 12/24V DC or 240V AC in
transit), and have a clear illuminated display with a wide viewing
angle. There are an increasing number of transport monitors available, some combined with a portable transport defibrillator/pacer.
Modern portable monitors can be used from neonates to adults
and offer ECG, pulse oximetry, non-invasive blood pressure, temperature, capnography, respiratory rate, and multiple simultaneous
invasive pressure measurements. Most monitors now incorporate
sophisticated software/hardware solutions to minimize effects
of movement and cold extremities on pulse oximetry and blood

pressure measurement. Non-invasive blood pressure monitoring
on transport monitors is now sufficiently accurate and reliable that
invasive blood pressure recording is no longer indicated for transport of the critically ill child. Most monitors now also have data
storage with download or printing capabilities to facilitate accurate
data recording in transit. It is important that patient alarms are visible, red being ideal, and audible because of high ambient noise in
transport vehicles. It is worth noting that the major power usage
of a monitor is by the non-invasive blood pressure, end-tidal CO2
and sophisticated high-resolution colour screens. Modern battery
technology and the availability of AC power sources in transit circumvent the risk of power failure on long journeys.

Additional equipment
Additional equipment includes a document folder containing the
recording chart, audit form, information for parents, infusion and
resuscitation drug charts, a mobile telephone, warm protective
high-visibility clothing for staff, and a sharps disposal box.

Modes of transportation
The mode of transportation can be by road or air—either helicopter
or fixed-wing. The choice depends on pre-existing local arrangements, familiarity and competency of staff in the various modes of
transport, the severity of illness of the child, urgency of the transportation, availability of vehicles, distances involved, proximity of
the hospitals to airfields, time of day, weather conditions, and the
amount and type of equipment to be carried. All modes of transport should have easy access for patient loading, adequate lighting
and heating, space for the transport team at the head and side of
the patient, an adequate supply of oxygen, integrated power source
(either 12/24V DC or 240V AC), suitable storage space, and acceptable levels of noise and vibration. There should be restraints for the
staff, patient, trolley, and equipment. An effective communications
system both internal and external to the vehicle is essential.

Road transportation
Road ambulance transport is rapidly organized and ‘door to door’
and is therefore usually more time-efficient for distances less than
75 miles (120 km). The ambulance can stop at the roadside to facilitate clinical procedures and divert to the nearest hospital if a serious complication arises en route.

Air transportation
Air ambulance transportation takes longer to organize and, if
the landing sites are not integral to the respective hospitals, will
require secondary road transportation. The slower and more complicated loading and unloading of patients on exposed airfields and
helipads can increase the risk of critical incidents and expose the
patient to adverse weather conditions with the risk of hypothermia.
Helicopter transport is a realistic option for distances further than
75 miles (120 km) and fixed-wing transport for distances of greater
than 150 miles (240 km). Transport personnel will usually travel
as ‘medical passengers’ concentrating on patient management.
However, an understanding of how to load the patient, set-up and
mount equipment in the aircraft, and the emergency in-flight aircraft procedures is very important. This can be covered by pre-flight
briefings at the time or by ‘medical passenger’ orientation courses
run by providers. Helicopters and small fixed-wing air ambulances
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are not pressurized whereas larger fixed-wing air ambulances and
commercial aircraft have pressurized cabins. It should be borne in
mind, however, what is meant by ‘pressurized’.

Altitude physiology
Pressurized aircraft usually fly with a ‘cabin altitude’ of up to 8000
feet (2500 m). Atmospheric pressure decreases with altitude from
approximately 760 mm Hg (101 kPa) at sea level to 565 mm Hg
(75 kPa) at 8000 feet (2500 m). This will have an effect on enclosed
gas spaces, mechanical ventilation, and patient oxygenation.
Enclosed air spaces can expand by up to 35% at standard cabin
pressure. Clinical sequelae of this can include ear, sinus, and dental pain; expansion of pneumothoraces and tracheal tube cuffs;
and gaseous abdominal distension requiring decompression with a
nasogastric or orogastric tube.
The ambient oxygen fraction remains at 21% at 8000 feet (2500
m). As atmospheric pressure decreases, the Po2 in dry air decreases
from 21 kPa at sea level to 16 kPa at standard cabin pressure. The
reduction in the partial pressure of oxygen becomes clinically significant for children with high oxygen requirements at sea level and
when FIO2 cannot be readily increased during transportation (e.g.
those breathing spontaneously on high-flow face-mask oxygen or
ventilated with 100% oxygen). To compensate, children on high-
flow face-mask oxygen can be electively intubated and ventilated
before transportation and for children requiring 100% oxygen at
sea-level, the effective cabin altitude of pressurized aircraft can be
reduced to near sea-level and military helicopters can fly as low as
500 feet (150 m), weather permitting (Barry and Leslie 2003).

Transport considerations
Isolation and the unfamiliar environment
The transport team is isolated from assistance and working in a relatively unfamiliar environment. Use of a mobile phone en route to
communicate with the receiving hospital, including other tertiary
specialists besides intensive care, is mandatory.

Movement and vibration
In transit, passengers are subjected to various types of movement including acceleration, deceleration, head-up and head-
down tilt, and vibration. Generally, in level flight, helicopters
travel nose-down and fixed wing aircraft nose-up. With the
patient positioned with their head towards the front of the
vehicle, acceleration will cause venous pooling in the legs and
reduced cardiac output. Normal baroreceptor compensation is
obtunded in patients with septicaemia, hypovolaemia, central
nervous system injury, and under the effects of sedative drugs.
Acceleration can be minimized by the ambulance driver or pilot
and is usually clinically insignificant. Deceleration can be more
unpredictable (e.g. emergency braking). It usually involves
greater forces and may be clinically significant. It will cause an
increase in venous return and intracranial pressure, which may
be exacerbated by a head-down orientation (e.g. sharp braking
while travelling downhill). The effects of these forces can be
minimized by sympathetic driving and using a police escort to
clear road junctions. Other important strategies include appropriate patient positioning (e.g. head-up tilt on landing), adequate fluid resuscitation, and the use of appropriate inotropes in

shocked patients and optimizing other treatment strategies (e.g.
for raised intracranial pressure). In wider aircraft, it is possible to place the patient across the line of travel thus minimizing
these positional and inertial forces.
Motion sickness can affect the patient and transport team members and is made worse by excessive head movement and reading in
transit. Antiemetics (e.g. antihistamines, ondansetron) are usually
effective treatments.
Movement and vibration can also cause displacement of tracheal
tubes, chest drains, and intravascular cannulae.

Communication
Effective communication between the referring/transport team,
ambulance service, and receiving team is important at all stages of
transportation. Most retrieval services have a dedicated telephone
‘hotline’. Referrals should be made direct from the referring to
receiving team at a senior medical level. The PICU or transport
consultant can remain in regular contact by mobile phone with
the referring team and the transporting team during transit to
give additional advice and to receive clinical updates. The transport team should then also be able to access advice in transit from
colleagues in other tertiary specialities such as neurosurgery and
cardiology.

Patient packaging
The ambulance environment can be challenging and confined.
There is limited space, in the back of an ambulance, to perform
procedures such as intubation or venous cannulation. The child’s
head, tracheal tube, and ventilator tubing should be securely fixed,
while ensuring easy, rapid access for airway management. Pressure
areas require additional padding. An extension line attached to a
peripheral intravenous cannula is useful for administering drugs
or fluid without the need to unfasten seatbelts or expose the child.
The transport environment can be hostile. Infants, with a large
surface area-to-weight ratio, large head, thin skin, and neuromuscular block preventing shivering are at risk of hypothermia on airport runways in winter. The use of a vacuum mattress, insulation
blankets, chemical warming packs (which can be placed directly
against the skin of an infant without causing thermal injury), a hat,
and warm ambient temperature within the vehicle is sufficient to
maintain body temperature in infants with a body weight of more
than 5 kg. Babies weighing less than 5 kg are usually transported
by intensive care teams using a portable ‘Baby Pod’ or incubator to
maintain body temperature.
All equipment, syringe pumps, and the monitor must be secured
and readily visible to the team while seated. Equipment can be
mounted on a commercially available transport trolley, which can
be used for inter-hospital transportation of critically ill patients of
all ages. These must be compatible with the loading and fixation
systems in the local ambulances. Alternatively, the child and equipment can be secured within an adult-sized vacuum mattress that
can then be fixed onto any stretcher on a road, helicopter, or fixed-
wing ambulance.
Emergency drugs, fluids, and airway and ventilation equipment
(including a self-inflating resuscitation bag–valve–mask system)
must be immediately available. Completing a pre-departure checklist will avoid accidental omissions in the stabilization process or
inadvertently leaving equipment behind (see Table 74.3).
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Table 74.3 Pre-departure checklist
Patient

Item

Airway

Airway patent
Chest X-ray—correct tracheal tube position
Tracheal tube secured and suctioned

Breathing

On transport ventilator—settings checked
Arterial blood gases OK
End-tidal CO2 and SaO traces OK
2
Nasogastric and orogastric tube in situ and draining

Circulation

Heart rate/perfusion/blood pressure OK
Vascular access patent/secure/accessible
Urinary catheter in situ
ECG and non-invasive blood pressure OK
Invasive pressure zeroed/traces OK

Neurology

GCS documented
Pupil reaction documented

Temperature

Warming measures in situ
Core/peripheral temperature monitor

Fluids/infusions

Blood sugar documented
Maintenance fluid running
Sedation/neuromuscular block running
Other required drugs running

Logistics

Item

Communication

Receiving PICU informed of estimated time of arrival/
clinical condition
Ambulance informed of clinical condition/any requirements
Relatives briefed/information leaflet/map/contact number
Documentation-notes, X-rays/CT scan, lab results,
Team—comfort stop and refreshments

Patient packaging

Name bracelets × 2, check details correct
Padding: Gamgee®/harness/vacuum mat/gel pads
Vacmat secured to ambulance trolley
Monitor/pumps/ventilator secured to ambulance trolley
Invasive lines transducers padded and accessible
Scan patient: head to toe/monitor/ventilator/pumps

Equipment

Monitor/ventilator/pump alarms set and activated
Bags closed and secured
Oxygen sufficient/accessible/T-piece connected to cylinder
Suction apparatus checked/accessible
Emergency bag: bag–valve–mask/suction/drugs/fluids/torch
Mobile phone accessible

Avoiding adverse events in transit
The child should only be transported when their clinical condition has been optimized, the benefits of transfer outweigh the risks,
and the parents have consented to the transportation (Warren et al.
2004). Transferring a critically ill child between trolleys, around the
hospital, and into and out of vehicles with the associated switching between oxygen and power supplies are risk factors for critical

incidents. Despite optimum stabilization and preparation, children
may deteriorate in transit and the transport team must recognize
this early and respond effectively. Published series (Kanter et al.
1989) highlight the critical incidents that can occur during transportation of children, which can be classified as physiological deterioration or equipment problems. Staff performing patient transport
should have regular audit and risk management meetings to discuss
any adverse events or critical incidents that have occurred.
During transportation, the transport team should adopt a routine of
regular assessment and recording using a systematic ‘ABC’ approach.
The position, patency, and fixation of the tracheal tube are confirmed.
Capnography is essential to monitor airway security in the intubated
child, particularly during periods of maximal risk such as loading and
unloading from vehicles when clinical observation is difficult. Small-
diameter tracheal tubes (<5.0 mm internal diameter) are prone to blockage by secretions. This can be avoided by humidifying inspired gas using
a heat and moisture exchanging bacterial filter and by regular tracheal
suction. Adequacy of ventilation is assessed by the ‘triple-check’: observing chest movement, the airway pressure gauge on the ventilator, and
the capnograph trace (Barry and Leslie 2003). The ventilator settings,
connections, and oxygen source should be inspected and recorded
regularly. The well-known mnemonic, ‘DOPES’ is a useful method of
troubleshooting airway and breathing problems: consider Displacement
or Obstruction of the tube, Pneumothorax, Equipment problems, and
gaseous Stomach distension (European Resuscitation Council 2015).
Assessment of circulation includes evaluation of heart rate,
peripheral and central pulses, capillary refill, blood pressure, and
central venous pressure if monitored. Intravenous access sites
should be inspected regularly for signs of blockage or extravasation.
Neurological status is assessed by evaluating pupil size and reactivity and fontanelle pressure, where appropriate. Seizure activity,
which is masked by neuromuscular block, should be suspected by
the sudden occurrence of tachycardia, hypertension, or pupil dilatation. Body temperature and blood glucose in infants can decrease
during transportation and should be monitored regularly.
It is advisable to carry back-up equipment in the event of a ventilator, monitor, or infusion pump failure. Inexpensive, compact, battery-operated end-tidal CO2 and SpO2 monitors are commercially
available. Several ‘golden rules’ of transport have become standard
teaching (see Box 74.3).

Documentation
Documentation, like communication, is central to high-quality
inter-
hospital transportation. Each referring hospital should

Box 74.3 Golden rules of transportation
◆

Boring transfers make good transfers

◆

No form of transportation is ideal for every patient

◆

Any hospital is a better hospital than an airplane or ambulance

◆

If it is possible for a sick child to become sicker, he/she probably will

◆

Big problems are simply small problems you have not anticipated

◆

Nothing lasts forever: oxygen cylinders, batteries

◆

Plan ahead.
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develop documentation best suited to their needs. It should include
a comprehensive medical and nursing record from the time of
initial presentation of the sick child until the child arrives in the
receiving PICU. Thorough documentation facilitates debriefing,
audit, and risk management. Movement and vibration can inhibit
and reduce the quality of hand-written records. Information stored
in the monitor memory should be printed if possible and attached
to the observation chart. A recent development, inspired by the
aviation industry, is the use of Standard Operating Procedures to
guide the whole process of patient resuscitation, stabilization, and
transportation and ‘Emergency Action Cards’ outlining the team
management of rare or complex activities (e.g. equipment or oxygen failure, or rapid sequence induction in the back of an ambulance). The required documentation is described in Box 74.4.

Debriefing, audit, and risk management
Routine debriefing of the team after each transport episode will
support the team members and identify any shortfall in the quality of the service. The responsible senior doctor and nurse should
audit and review all transport episodes examining the justification
for referring hospital team transportation, clinical standards, communication, documentation, critical incidents, and outcome. It is
beneficial if the receiving paediatric intensive care retrieval teams
are involved in this important process.

Family-orientated care
This is an extremely distressing time for parents and family that
is exacerbated by the news that their child requires transportation
to a different hospital. Most PICUs have booklets for parents and
some have websites containing much of this useful information to
inform the parents about the need for transfer and what to expect
when they arrive in the PICU. It is becoming more common to get
informed consent from parents for the transfer. Parents often want
to accompany their child during transportation. Considerations
include the available space within the vehicle, the distance to be
travelled, the availability of alternative transport, and the severity of
Box 74.4 Documentation of paediatric transportation
◆

Patient characteristics/location data—patient and referring/
receiving doctor and hospital

◆

Rational for transportation

◆

Advice given by PICU

◆

Treatment during resuscitation, stabilization, and transportation

◆

Clinical observations

◆

Operational data—mode of transport, personnel, and timings

◆

Pre-departure checklists

◆

Drug infusion and resuscitation charts

◆

Standard Operating Procedures

◆

Emergency Action Cards

◆

Adverse events in transit

◆

Transport consent form

◆

Parent information

illness of the child. It is usual for a parent to accompany a conscious
child. If the parents are not travelling with their child, alternative
transportation should be arranged.

Special circumstances
Occasionally it is not possible to fully stabilize a child before transportation because of an evolving surgical pathology such as intracranial haemorrhage or the need for advanced intervention, for
example, balloon atrial septoplasty for transposition of the great
arteries or support such as extracorporeal life support. Difficult
decision-making should be undertaken by senior staff in discussion with the receiving PICU. Avoiding unnecessary delay is more
important than speed when dealing with time-critical pathologies.
Cardiac arrest or death occurring in transit is fortunately rare.
A decision must be made, in discussion with the PICU team, about
the duration of attempted resuscitation and whether to proceed
towards the PICU or return to the referring hospital. It may appropriate to divert to another appropriate hospital en route.

Safety
Transport team and patient safety is of prime importance. Accident
rate data are widely available (Kahn et al. 2001; Lutman et al. 2008).
Safety issues should be addressed in team training, Standard Operating
Procedures, and risk management activities. The use of tail-lift or
ramp and winch systems is important when loading heavy transport
trolleys into ambulances. Most inter-hospital transport episodes do
not warrant use of lights and sirens, and speed limits should generally
be adhered to (Hunt et al. 1995; Brown et al. 2000; Kahn et al. 2001).
A police escort is advisable for negotiating traffic congestion at
a steady speed. The patient and all equipment should be firmly
secured to the trolley and ambulance. The wearing of seat belts
should be mandatory at all times while the ambulance is moving.
Airfield and aircraft hazards include propellers, rotor blades, fuel,
noise, and severe weather conditions. It is usually mandatory to
wear high-visibility clothing when working on airfields or helicopter landing pads. Approaching an aircraft can be dangerous. The
transport team should always seek permission from a crewmember, ideally the pilot, before approaching the aircraft. Fixed-wing
aircraft should not be approached when the engines are running.
Helicopters should only be approached from the front and sides to
avoid the tail rotor that is often difficult to see.

Medical indemnity and personal insurance
Professional indemnity for the team is usually provided by the
employing hospital or health authority. Personal professional medical defence indemnity cover is also recommended. Arrangements
for providing life insurance for transport personnel vary widely.
Sources of insurance cover include personal life and disability,
hospital insurance, and ambulance service insurance policies.
Individuals need to confirm the terms and conditions of their personal life policies, especially for air transportation. Some national
and international organizations and societies provide insurance
cover for their members while undertaking transport duties (e.g.
Paediatric Intensive Care Society, The Association of Anaesthetists
of Great Britain and Ireland, and the Intensive Care Society).
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Ethics, consent,
and safeguarding
in paediatric anaesthesia
Alistair Cranston, Jillian McFadzean,
and Robert Wheeler
Child protection and safeguarding
in anaesthesia
Background
The terms ‘child protection’ and more recently ‘child safeguarding’ are often used interchangeably. Safeguarding is a wide concept
embracing measures to promote children’s welfare generally and
the implementation of measures to improve safety and prevent
abuse. Child protection refers to that part of the safeguarding process where intervention is necessary if it is believed that a child is at
risk of significant harm.
Anaesthetists may encounter children in a variety of settings who
are at risk of harm or who have been harmed. This may include
resuscitation, care of an injured child in the intensive care or theatre setting, and, occasionally, in the conduct of a forensic examination under anaesthesia. Often there will be a professional colleague
involved in the care of the child who has a wider knowledge of the
subject, but not always. An anaesthetist may be the first to discover
signs that may lead to a suspicion of physical or other abuse and so
a background knowledge of the subject and knowing how to raise
and pursue concerns is essential.
In England and Wales, the overall responsibility for child protection lies with the Department for Education which issues both
statutory and advisory guidance to local authorities to aid in the
production of procedural guidelines to be followed by practitioners in that local authority area. Similar systems exist in Scotland
(via the Scottish Executive) and Northern Ireland. In England and
Wales, the legislative framework for the child protection system
is the Children Act 1989, amended and revised in the Children
Act 2004. (Readers should note that there are differences in the
legal framework in different regions of the United Kingdom and
further afield.)
Legislation has been in place for well over a century to deal with
child cruelty but in recent times, high-profile child abuse deaths,
such as that of Victoria Climbié in 2000, and the subsequent inquiry
by Lord Laming (Department of Health 2003) have highlighted
the incidence of such abuse and the importance of awareness and

action on the part of healthcare professionals and other agencies
in its detection and prevention. The importance of involvement of,
and training for, health professionals has been reinforced in a major
review of child protection in England and Wales commissioned by
the Department for Education (2011b).
In England, in 2010, there were approximately 11 million children of whom some 350 000 were categorized as ‘in need’, requiring the provision of one or more additional services and 65 000
were ‘looked after’, that is, subject to some form of local authority
care. Some 39 000 of these were subject to a child protection plan
(Department for Education 2011a). Of the 5000 child deaths in
England each year, some 150 to 200 will have preventable factors.
Child maltreatment is usually categorized as physical, sexual, or
emotional abuse or neglect. Although physical and sexual abuse is
often highlighted, in fact neglect and emotional abuse may be far
more widespread than is generally appreciated (National Society
for the Prevention of Cruelty to Children (NSPCC) 2011).
Enactment of legislation to protect children from maltreatment
places obligations on all healthcare institutions and professionals
who work with children to act in the best interests of children at all
times. The responsibilities of health professionals, institutions, and
local authority bodies are set out in the document ‘Working Together
to Safeguard Children: A guide to inter-agency working to safeguard
and promote the welfare of children’ (Department for Education
2015). This is the main reference document for all professionals
involved in safeguarding children. It defines Local Safeguarding
Boards, sets out roles and responsibilities of practitioners in different agencies, guides inter-agency working to safeguarding children,
and summarizes evidence-based approaches to child protection
procedures. The importance of understanding risk factors and recognition of the risks for and indicators of abuse is stressed. Effective
communication with children, families, other health professionals,
and agencies is emphasized as well as involvement in planning to
meet the needs of children at risk or who are vulnerable. In 2012, the
General Medical Council issued a document setting out the responsibilities of all doctors in respect of the protection of children and
young people (General Medical Council 2012).
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Child protection training
Training for professionals working with children is of key importance and levels of training and expected competencies are set
out in an intercollegiate document, last revised in 2014 (Royal
College of Paediatrics and Child Health 2014). Currently, most
anaesthetists will be expected to maintain ‘level 2’ competencies
as set out in the document. Within a department, at least one
individual, but more in larger departments of paediatric anaesthesia, will need training to ‘level 3, core’ standard (Royal College
of Anaesthetists and Association of Paediatric Anaesthetists of
Great Britain and Ireland 2010). The range of competencies
described apply to many health professionals, from those who
will rarely encounter children to those who are child protection experts. Much of the training at level 2 can be delivered in
e-learning packages, although this should be supplemented by
local teaching, ideally with relevance to anaesthesia. It is recognized that anaesthetists do not, in general, have the same degree
of contact with children as do paediatricians, some surgeons, and
others; hence, level 2 competencies are appropriate. The role of
the ‘anaesthetic safeguarding lead’ trained to level 3 will be to
act as a source of knowledge and to assist in training for colleagues and liaison with other child protection team members.
Training for these individuals will require the delivery of some
specific materials targeted to the role. Some specific practical
guidance for anaesthetists was developed by the Royal College
of Paediatrics and Child Health together with the Association
of Paediatric Anaesthetists of Great Britain and Ireland (2007).
A recent revision of this guidance, including a section on anaesthesia for forensic examinations, has been published by the Royal
College of Anaesthetists (2014).

Child safeguarding and the anaesthetist
Anaesthetists may be in contact with children who are at risk of,
or who have suffered, abuse in a number of settings. Commonly
this will be during resuscitation from or investigation of serious
injury or in the intensive care setting. Rarely, anaesthesia may be
requested for forensic examination procedures. In such situations,
others with expertise in child protection matters will be involved.
Occasionally, however, an anaesthetist may be the first to suspect
abuse, for instance, during a scan for head trauma or when unexplained injuries are noted during anaesthesia for an unrelated procedure. An awareness of the possibility of abuse is of paramount
importance but confident interpretation of physical findings or
other signs may be very difficult. Inconsistencies in the medical
history, unexplained injuries, or those inconsistent with the purported mechanism of injury must be considered as suspicious. The
National Institute for Health and Care Excellence (2009) has produced guidance on when to suspect abuse and a useful summary
of those injuries often associated with abuse was published in 2010
(Maguire 2010). Much useful information about injuries associated
with abuse is available via the website of the Welsh Child Protection
Systematic Review Group (http://bit.ly/1GZdL8J).
Given the nature of the contact that anaesthetists generally will
have with children and their carers, other aspects of child maltreatment such as emotional abuse or neglect will rarely be suspected.
However, unusual behaviour by children or inappropriate attitudes
or interactions by parents or other carers may indicate the possibility of difficulties and should not be ignored. It may be necessary to

broach concerns with others involved in the care of the child such
as a general practitioner or social worker.
The discovery of unexplained or suspicious findings does not
necessarily mean that a child has been abused and most anaesthetists in this position will not be confident to make a definitive
interpretation. In this situation, it is important to know how to seek
assistance and essential not to ignore potentially important signs.
Any concerns should be acted upon without fear of embarrassment
or censure should they subsequently prove unfounded.
In most hospital settings, there will be a child protection team
or designated paediatrician with responsibility for safeguarding
matters, or both, and it is advisable to seek their views if there are
suspicions of abuse injuries. It is also sensible to consult colleagues
in the theatre setting, particularly those with level 3 training so
that the findings may be confirmed and discussed. An inspection
of the child’s injuries by a more experienced colleague is acceptable and helpful but this cannot constitute a formal examination for
child protection purposes. It is important to understand that such
an examination, making photographs, or otherwise investigating
the injury can only occur after specific consent for this has been
obtained, either from a parent, the child if competent, or if necessary, the appropriate legal body. At this stage, a clear and unambiguous documentation of the findings including a note of other
individuals consulted must be made. This should describe the findings and indicate that further investigation is necessary but should
not pre-judge the cause of any injuries. A common theme in reports
and enquiries into cases of child maltreatment is the lack of clear,
legible, and attributable written records. It is of great importance to
pay particular attention to good note keeping.
If concerns persist about the nature of the findings then an interview with the child’s parents or guardian is conducted. This would
generally be led by a paediatrician or designated member of the
safeguarding team but may include the anaesthetist in some circumstances. The interview is formal but non-confrontational and
seeks an explanation for the findings and to convey, if necessary,
the need for further examination and investigation of the child to
determine how the injuries might have been sustained.
If this interview fails to resolve concerns as to how the injuries
were sustained or if there are no satisfactory explanations then
further action will be necessary. In the first instance, this would
involve a referral to the local authority child-protection team (or
rarely to police) who is then responsible for deciding what action
to take. Although in the hospital setting this would usually be made
by the safeguarding team, anyone with concerns may make such a
referral. If there are worries that the child is in immediate danger
from further harm then it may be sensible to keep the child in hospital (effectively a ‘place of safety’) while arrangements are made for
their continuing care. It must be remembered that healthcare professionals have no authority to enforce this and cannot physically
prevent a parent removing their child. If this does happen and the
child is considered to be in immediate danger, then the police have
emergency powers to intervene and should be informed.
Implicit in the nature of a referral to the local authority team is
the sharing of important and often sensitive information with others. The nature of the information and concerns about confidentiality may be troubling under some circumstances and may lead
to some difficulty in understanding what to reveal and to whom.
What is clear, however, is that sharing information with other relevant bodies and individuals is a duty and one that is supported
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by the legal authorities in situations where the best interests of a
child are concerned. The common law duty of confidentiality in the
special relationship between doctor and patient is not absolute and
disclosure of information can be justified in such circumstances.
The principle of information sharing set out in ‘Working Together
to Safeguard Children’ (Department for Education 2015) is that
information sharing is necessary to keep children safe. Generally,
personal information should be disclosed to third parties only with
the consent of the subject of that information but consent may be
dispensed with if seeking it may place the child at increased risk of
harm. Such an approach is also in keeping with the guidance for
doctors regarding confidentiality (General Medical Council 2009).
It is stressed that good practice is to involve families and children,
where appropriate, in decisions about their care and to seek consent
to share information, but that the overriding concern is to act in
the best interests of a child and this may mean proceeding without
consent. Where doubt exists, it may be helpful to seek advice from
a senior colleague in the child protection team. All information
shared should be accurate, up to date, and necessary for the purpose for which it is shared and only revealed to people who need
to have it. The reasons for a decision about whether or not to share
information should be recorded. Doctors should not fear criticism,
or worse, if they are acting in what they believe genuinely to be a
child’s best interests. Not to pass on information that could help in
the prevention of harm is a failure of duty to that child.

Child protection procedures
After a referral to the local authority child-protection team, a brief
assessment is made to determine whether the child is in need, or at
risk, the nature of any services that may be required, and the necessity to undertake a detailed assessment. This will usually involve the
use of the ‘Common Assessment Framework’, a key component in
the ‘Every Child Matters’ programme (Department for Education
and Skills 2004). This is a standard form, common to all services,
based on discussions with the child, family, and other practitioners.
It helps to record and share information and is used to determine
what might be needed to help in responding to the needs of a child
and his or her family.
If it is determined that a child needs further support then he or
she will be designated as a ‘child in need’ under section 17 of the
Children Act 1989. This places upon the local authority a duty to
safeguard and promote the welfare of that child. In general, this section of the Act applies when a child is not considered to be at risk
of actual harm and additional services are usually delivered in the
setting of the family.
If a child is judged to have suffered or to be at risk of ‘significant
harm’ this may lead to proceedings under section 47 of the Act.
Such proceedings will determine whether to place the child on a
Child Protection Plan and how the needs of the child can be met.
In addition, the involvement of the child’s parents and other family
members in their care and the necessity for legal action against any
individuals will be considered. ‘Significant harm’ is the term used
to define a threshold that justifies compulsory intervention in family life in a child’s best interests. There are no absolute criteria upon
which to decide whether significant harm is present but often this
results from a compilation of events, acute and longstanding, that
interrupt or damage a child’s physical and psychological well-being.
Additional to these processes are a range of powers available to
local authorities and others (NSPCC, police) to take emergency

action immediately to remove a child from a harmful environment.
An emergency protection order under section 44 of the Children
Act 1989 requires a court order but a police officer may use a police
protection order under section 46 of the Act without recourse to a
court in the first instance.

Summary
Child maltreatment is not uncommon. Anaesthetists should be
aware of the key features that may indicate child abuse and be
trained, to a level appropriate to their practice, in the principles of
safeguarding and child protection. This will include maintaining
competencies commensurate with their involvement in the care
of children and a working knowledge of local and national service
provision, guidance, and legal requirements in relation to the welfare of children.

Ethics and paediatric anaesthesia
From the Hippocratic Oath, 2500 years ago, to the present day,
doctors have applied ethical principles to clinical practice relevant
to the culture or society they live in. Society has weaved into, and
moulded, these principles, and governments have added to (and
sometimes interfered with) the debate. As we stretch the scientific
boundaries in medicine, ethical dilemmas are prevalent, complex,
and high profile with individual cases attracting media speculation
and attention. The ethical issues around the beginning and end of
life, together with access to medical care, have dominated moral
debates in the last 50 years. The developments in technology have
often advanced at a faster rate than our understanding of the consequences of that technology and the ethics that surround it. It is
unquestionable that rapid scientific advances have conveyed huge
benefits to the health of many people, allowing them to live longer,
healthier lives. However, it has come at a cost, and sometimes a
compromise on the quality of a life, and we need to increasingly
question as doctors whether in some cases we should be embarking
on a particular treatment pathway. In medicine, we aim to restore
health, sustain life, and prevent disease. With children, their family, and the doctor there is a special triangular relationship created
to try to achieve these goals. The rationale for treatments, present
and future, is that decisions should be in the interests of the child.
Absolute agreement in decision-making between a doctor and
parent or child may not be achievable or practical especially if it
concerns value but there is an obligation to seek as much common
ground as possible, and sometimes acknowledge those differences
in a sincere, honest, and transparent way. In this section of the
chapter, we will provide a brief overview of the ethical framework
which underpins our decision making and practice. Following this,
we will consider some specific scenarios that cause ethical dilemmas for paediatric anaesthetists.
Teaching in medical ethics is introduced early in the modern
medical curriculum, emphasizing how fundamentally important it
is to apply moral thinking and basic ethical principles to decision
making at the very start of training to be a doctor. The four underlying ethical principles which patients have a right to expect in their
relationship with a doctor are maleficence (do not harm), beneficence (do good), justice, and respect for autonomy (Beauchamp
and Childress 2001; Hope et al. 2008). The final principle, the
respect for autonomy, is probably the commonest ethical principle
that has a practical application for a paediatric anaesthetist on a
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daily basis because it underpins consent. Autonomy describes the
rights of the individual parent or patient to process, rationalize, and
express their views during decision-making for treatment plans,
without coercion. The process of consent attracts considerable
interest in paediatric practice, because there are many patients who
do not have the capacity to take part in decision-making. Because
society views most family relationships to have inherent value, the
parents have the right to give consent and make decisions for their
children. The doctor and the parents are advocates for the child,
and have a duty to act in their best interests. Increasingly, and correctly in our view, there is a growing recognition that these rights
are accrued gradually by children, rather than the all-or-nothing
situation with adults. Children and young people often understand
more than we think they do, and 4-and 5-year-olds can express
meaningful views on their care if age-appropriate techniques are
used (Curtis et al. 2004).
Children can often be in a more fearful state if they are excluded
from decision-making. These rights have a legislative framework
within United Nations Convention on the Rights of the Child and
the Council of Europe, both of which strongly emphasize that children should be listened to (Lansdown and Karkara 2006) and their
views considered when decisions are made about them in all areas
of their lives. The concerns children have need to be taken seriously
and their right to self-determination under the age of 18 years needs
to be evaluated based on their maturity rather than the arbitrary
age definitions within the law. The interests of an individual child
must be considered in their own right, but also as part of a family
and community. There is a growing recognition that children can
effectively contribute to health policy giving reasoned, articulate,
and informed recommendations when consulted (Department of
Health 2002; Lansdown and Karkara 2006). They need to be given
the opportunity to take responsibility for their lives and health, and
adults need to appreciate the benefits that come from direct engagement with children and young people on these important issues,
and how it enhances society, and advances our understanding and
development.
As doctors who work with children, we also have a duty to consider the overall welfare of the child, and intervene swiftly if there
is a suspicion of abuse. This issue will be dealt with later in this
chapter under safeguarding.

Refusal of consent

Consent

This fortunately does not happen often, but an example of this area
of contention where an anaesthetist may be involved has been the
refusal of blood transfusions by Jehovah’s Witness parents. While
there needs to be a respect for the autonomy of parents, and tolerance of religious beliefs, the overwhelming consideration is to act
in the best interests of the child. It could be argued that if a blood
transfusion is necessary to save the life of the child, there is a moral
obligation to give that transfusion. The doctor may have to justify
not giving the blood transfusion if the child died or came to serious
harm. All efforts should be made to explore the issue beforehand
with the parents if time allows, or to discuss the decision-making
afterwards, but ultimately this type of case can end in the courtroom. In the United Kingdom, most cases of this type have ruled to
give the blood transfusion, but not in other jurisdictions.

For any procedure to go ahead, consent must be obtained, and the
first hurdle to cross in paediatric practice is establishing who has
parental responsibility if the child is not competent to give consent
(Hope 2008). The decision is taken by a competent adult, usually
the parent or guardian of the child, who has a duty to act reasonably, and make that decision in the best interests of the child. For
most minor patients there will be a gradual maturity and ability
to understand and interpret complex issues as we have discussed
before. Even if a child does not have the maturity to make a fully
competent decision they should be involved as much as possible in
the decision-making process even if they do not have the final say,
or sign the form. Children can become fearful and un-cooperative
if they are excluded from the decision-making process. It is part of
a doctor’s role in caring for children to help them make good decisions and support their fledgling attempts to contribute to them,
however small that contribution is. The legal implications around
consent will be considered in detail later in the chapter.

The way in which we deal with refusal by a patient under the age
of 18 years is interesting, and is probably a good example of where
the law takes precedence over the ethical principles involved. It
would seem logical that if a minor was assessed to be competent to
make decisions they should be able to refuse them, even if we do
not agree with them. This is how we treat competent adults where,
although decision making may be seen as ill informed or illogical,
the ultimate right to self-determination is paramount. However, in
the case of young people, even if decision making is thought to be
competent, the law heavily favours treatment to avoid serious harm.
Within our society, it would seem that the assent of the medical profession or the parents, or both of these, outweighs the dissent of the
minor patient. Alternatively, it could be considered as a situation
of competing rights: of the minor, doctor, parents, and sometimes
even society. It is an anomaly ethically that is understandable, but
an anomaly no less. It may be a remnant of paternalism in our practice where we are not able to rationalize or bear the thought that
a child may choose not to do something that we think is in their
best interests, particularly a decision which may have devastating
or fatal consequences. We have taken the view with other potentially vulnerable groups in the past, such as mentally ill patients or
pregnant women, where the law has strongly ruled to treat when
doctors have brought refusal of consent cases to the court. In the
present day, it would be hard to argue that pregnant women are not
competent to refuse treatment, and even harder to argue it on ethical grounds, so perhaps in the future there will be a change in the
way cases of refusal of treatment by a competent minor are handled
by the courts. It is also at odds with the age of criminal responsibility
that is less than 18 years, where a minor in this case may be found
responsible for a crime, but have no accompanying rights. As in all
cases of dispute, it is important to explore the reasons for that dispute and seek advice. Societies across the world almost universally
recognize the age of adulthood as 18 years. In general, there is an
underestimation of how much a young person approaching adulthood can be involved with decision-making. It would be of huge
benefit to empower this group of often poorly represented young
people if the legislation improved (Aynsley-Green et al. 2000).

Refusal of parental consent

Confidentiality
The relationship between a doctor and a patient is unique, and
the fact that the information divulged during each consultation is
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confidential is at the heart of the doctor–patient relationship. Even
though the patient is a child the same rules apply, and if the child
is considered competent, as described previously, then the doctor
has a duty to maintain the confidentiality of the competent minor
even if a parent demands to know the content of a consultation.
There are notable exceptions to this, for example, if a crime is being
committed, where the doctor has a duty to pass on the information.

Unavailability of parents
If a child has not reached competence to consent, authorization is
needed by the parent or legal guardian before a procedure being
carried out. In exceptional circumstances, the local authority may
be the legal guardian. Consent in this situation may be obtained
over a telephone, with a witness recording the call. It is quite common with the high number of day-case procedures in paediatric
practice for the child to be accompanied by someone other than the
parent and it is important to establish who the adults are accompanying the child at the beginning of an anaesthetic consultation. If
the child requires an emergency procedure in the absence of a parent, the anaesthetist has a duty to provide emergency treatment that
is in the child’s interests until the parents are located.

Under-age mother
It is not unknown for the mother of a baby to be under the age of
16 years. In those circumstances, there is a need, similar to the previous discussion of patients under the age of 16 years, to establish
whether the mother is competent to give consent. There is a general
acceptance that close family members, particularly the maternal
grandparents, would be present during discussions about treatment
plans, but this can be fraught with problems and conflict between
family members, and potentially a young father of the baby. It is
advised to seek legal advice to establish who has parental responsibility in these circumstances.

Ethical dilemmas for the paediatric
anaesthetist
The child refuses
Over the years, there have been changes in the behaviour and expectation of the public. A generation ago, it may have been uncommon
to have a child refuse to have a procedure performed in hospital if it
was requested by a doctor or a parent, but in modern practice, this
situation is increasing. It is distressing for all involved. There may
have been an expectation that a child would automatically respond
to an adult giving a command such as ‘lie down’ without any questions or dissent. In the few cases where this did not suffice, physical
restraint may have been used to achieve the end-point of a successful induction of anaesthesia. It is difficult to justify any role for the
anaesthetist using physical restraint if you consider the previous
narrative of the growing recognition and acceptance of the rights
of the child, and it could be viewed as assault. The anaesthetist may
even be asked by a parent to use restraint, but the duty of care is to
the child. There is no duty of care to the parents, only an obligation to listen and consider their wishes. Investigating and exploring
why the child is refusing to have the procedure serve the interests of
the child. These reasons will be wide, and range from deep-rooted
fear to triviality. It must always be balanced against how urgent the
procedure really is but few will fall into the emergency category. It is

important, together with the surgeon, to discuss with the child the
consequences of not having the surgery, which will vary, depending on the age and understanding of the child. In all situations such
as this, there will be multifactorial reasons for the refusal and the
dynamics between the child and parents/guardians will be central to
finding a solution. Communicating with the child and the parents
with insight and compassion is central, with forward planning strategies to try to prevent this happening again in the future.

Non-therapeutic interventions
This can be a difficult area for paediatric anaesthetists. Children
will be scheduled, from time to time, for a procedure that may have
limited therapeutic value to them, or appear unnecessary. Examples
could include male circumcision, or cosmetic procedures such as
correction of prominent ears. There may be very good social, cultural, or religious reasons for these procedures to convey benefit
but they need to be balanced against the potential harm to the child
from having the procedure carried out. It can be difficult ethically
to justify such procedures. The rights of the child are paramount,
and the concept behind the parents providing consent by proxy is
that they protect those rights, by acting in their child’s best interests. The argument that the child is not likely to be harmed by the
procedure so making it acceptable is limited. However, this is usually not a type of practice the anaesthetist can tackle alone, or single
out a family as an example, but rather raises the issue in a multidisciplinary forum presenting all sides of the conundrum, trying to
change practice through consensus within the constitution. Society
values parental views and often favours preserving family relationships, giving parents a unique role in evaluating what is best for
their child.

Children in research
There would be little controversy in saying that research in children
is very important, and helps us understand the difference between
them and adults, progresses our understanding of how to focus
treatment for disease with drugs or other interventions, and prevents poor health in the future. As children are more vulnerable,
and the potential for causing pain and distress higher, the research
question must be expected to lead to a significant benefit in their
health. There has been a paucity of good quality clinical research
in children in the recent decade compared with adults because of
these difficulties, in addition to issues of consent. It may be easier
to obtain consent if the research is likely to convey a benefit to the
child in question, but it is obviously important for the researcher to
make sure that clear information is presented to the parents, and in
some cases the child, to convey the risks and benefits before obtaining consent. Despite all the obstacles, it is important to take all
possible opportunities to carry out objective high-quality clinical
research in children that ultimately may benefit future generations.

Prematurity and surgery
The consequences of extreme prematurity (22–27 weeks of gestation) have been extensively investigated, and neurological impairment is strongly associated with gestational age, with greater
impairment being associated with decreasing gestational age. The
pivotal age where a higher proportion of babies can survive without significant disability appears to be between 24 and 25 weeks
(Moore et al. 2012). These small babies can present for procedures
and the anaesthesia and operation may carry substantial risks. It is
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extremely important that the anaesthetist is involved with the planning of the case and the discussion of those risks with the parents
together with the surgeon, neonatologist, and other members of the
multidisciplinary team rather than be presented with the patient on
the emergency board.
Anaesthetists are responsible for their own judgement and practice and their central role of being the patient’s advocate during surgery makes their contribution invaluable. If they feel a procedure
carries too large a burden or risk they must voice their concerns.

Children with ‘do not attempt resuscitation’
or treatment-limitation orders
The number of children with complex or chronic conditions who
have a treatment limitation order or a do not attempt resuscitation
order being scheduled for procedures under anaesthesia is increasing in number. The child may have multiple medical problems and
be considered at high risk of harm from the anaesthesia or the
procedure itself. It is important to balance these risks against the
perceived benefits to the child of proceeding with the operation. It
may be a quality of life issue, or the likely benefits may be equivocal; but how a life is valued is in itself a value judgement, and the
doctor’s view may not be the same as that of a parent. In a situation
such as this, the parents are very likely to have a strong view that
should be seriously considered. If there is a reasonable possibility
that the child may suffer a life-threatening event under anaesthesia,
this must be explained and discussed with the parents beforehand.
However, having a treatment limitation order and a procedure are
ethically compatible with continuing, as long as the benefit expected
from the procedure is thought to outweigh the burden of that treatment. It is perfectly defendable ethically to provide anaesthesia to
place a feeding tube if that was the only means to provide nutrition.
The parents’ understanding of the treatment limitation order may
be completely different from the doctor’s expectation and this must
be fully explored and documented before the procedure. An order
such as this does not override clinical discretion and judgement,
and they may not be followed if the child suffers a cardiac or respiratory arrest from a reversible cause, such as a blocked tracheal tube.

Parental presence
There has been a metamorphosis in practice over the years in the
United Kingdom in the attitude to a parental presence at the induction of anaesthesia and it is now common to have the parents present with the child at this time, and then in the recovery area when
the child wakes up after the procedure. It is beneficial to most children to have their parents present at these moments. There is more
controversy around whether parents have a right to be present during an emergency, such as a cardiac arrest. It is difficult to argue
that their presence has an ethical basis as they convey no tangible
benefit to the child by being there, but parents may argue that it is
their right as a parent to be present at such a crucial life-or-death
moment. There is no correct or incorrect solution to this high-
tension scenario but if it is thought to be beneficial for the parents
to witness such a scene, it is important that a member of staff can be
devoted to them to try to communicate what is happening at such
a distressing time. While it is preferable not to get into conflict with
parents at this time, if the team leader felt that the parents’ presence
was hampering the ability of the team to give the best possible treatment to the child, she or he should be able to take the final decision.

End of life care
Paediatric anaesthetists in many departments play an important
role in contributing to end of life, or palliative, care providing
expertise in the pharmacological control of symptoms. This is an
active approach to care from the decision being made for palliation
until the end of a child’s life. It is an attempt to enhance the quality
of that life, empowering the child, and the family’s ability to fulfil whatever plans they may have. We increasingly understand the
importance of creating memories for the child and for the family of
that child. It is crucial that a short life is valuable, and has meaning,
even if it is tragically short (Hain 2015). We should not underestimate the importance of this process or the role an anaesthetist may
have in helping achieve this.
Ethical dilemmas often occur in clinical practice, and they should
be debated within teams, hospitals, and societies. How we deal with
them defines us as individual doctors and people, and helps us to
make better decisions and promote lifelong learning about our
teams and ourselves.
Clinical Ethics Committees, which have been created in many
large hospitals, have a growing role in helping clinical staff with
difficult ethical questions. They promote transparent, honest, and
inclusive decision-making. They can offer mediation where communication has become difficult between the doctor and the parents. They help examine why communication has broken down,
offer practical and reasonable support, help define goals, reconcile
entrenched views, and sometimes offer an alternative or second
opinion. In times of conflict, support from an ethical team may
make a favourable or tolerable outcome more likely for all concerned. Finally, listening to children and young people, and truly
valuing what they say, is a fundamental human right. It enhances
our understanding of each other, and provides an essential contribution to achieving good outcomes in our clinical practice.

Consent for children’s anaesthesia
What is consent and why is it needed?
‘Choice’ has achieved high priority in our society. It appears that
politicians believe that citizens’ choices in education, transport
structure, and healthcare provision must be constantly and publically acknowledged.
The necessity for ‘choice’ reflects the fundamental role of autonomy in our society; that is, the right of every citizen to influence
their own destiny. In healthcare terms, this has two important
consequences. First, that a patient must agree, in advance, to being
physically touched before any intervention can ensue. Second, that
a patient must agree, in advance, before any of the confidential
information that they impart when dealing with their doctor can
be further disclosed.
These two agreements can occur only after a formal conversation, disclosing information about the matter itself, its benefits,
risks, and alternatives, has occurred. The patient (or person with
parental responsibility) must have the mental capacity to engage in
the conversation, and be able to make the appropriate decision. The
final agreement, in both cases, is known as consent.
In the great majority of cases, it is consent for anaesthesia that is
uppermost in the anaesthetist’s mind, and rightly so. However, at
this early stage, it should be noted that the rules of consent encompassing, as they do, capacity, correct disclosure, and appropriate
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recording, are equally applicable to both clinical interventions and
to confidentiality. Consent is the legal key that makes both physical
intervention and sharing of information lawful.
From this point in the text, the discussion will be of consent to
clinical intervention … but forget its application in confidentiality
at your peril.
The standard of clinical management that patients receive is
judged against several yardsticks:
The most straightforward of these is that clinicians should
not touch patients without their consent. The need for consent
for the otherwise unwanted touch is self-evident. Unwelcome
attention from another person, who tries to touch you against
your wishes, is repellent. There are times when such touches are
unavoidable—packed like a sardine on the London Underground
or jostling fellow shoppers (and their trolleys) in the Christmas
Eve supermarket, there is little choice but to resign yourself to
being touched.
However, in less frenetic circumstances, there is an absolute
understanding that we are entitled to choose who touches us, and
when. The patient who is lying on her hospital bed, when suddenly
confronted with a surgeon who puts his hand on her abdomen,
without first asking if he may do so, would justifiably complain that
her treatment fell below the reasonable standard she was entitled to
expect. Such behaviour is simple rudeness, irrespective of the legal
context. However, the legal context is suddenly placed into stark
relief when a patient complains that an intimate procedure (such as
the insertion of a suppository while she was asleep) was performed
without consent; and further still when such an examination was
irrelevant to her clinical presentation.
These latter actions move the lack of consent into the arena of
professional disciplinary regulation, civil litigation, and potentially
criminal prosecution. The medical defence organizations’ case
reports are a testament to this frequent and devastating error of
judgement.
A second standard that clinicians must attain is that they should
supply the patient with enough information to make an informed
decision as to whether they wish to undergo the proposed intervention. This is entirely separate from the need to ensure that patients
are not subjected to an unwanted touch.
Doctors often fail to appreciate how little patients understand
about the consequences of intervention. How many patients appreciate that epidural anaesthesia could result in urinary and faecal
incontinence, or failure to move their legs? Or that misdirection of
a subclavian needle may lead to a thoracotomy, to arrest the haemorrhage thus caused?
While training ensures that anaesthetists are acutely aware of
these hazards, the patients are not. The process of consent, with
disclosure of risks and side-effects, is designed to allow patients an
insight into the risks that they and the anaesthetist jointly face.
It is very unusual for cases where patients claim that they were
not provided with valid disclosure (and thus that their consent
was invalid) to reach court. However, when this happens, English
courts do not rely on expert witnesses to set the standard for what
the appropriate disclosure should have been. This is in contradistinction to the great majority of clinical negligence cases, where
a medical expert will be asked to set the standard of care (Bolam
v Friern Barnet Hospital Management Committee 1957), against
which the defendant doctor will be judged.

This gives an insight into the importance that the judiciary sets
on disclosure for consent. They put themselves in the shoes of the
‘reasonable’ patient, and enquire what such a person would want
to know, before giving consent in the particular set of clinical circumstances. This position was articulated in 1998, and remains the
standard for disclosure of risk (Pearce v United Bristol Healthcare
NHS Trust 1999) (a decision now confirmed by the Supreme Court
in Montgomery v Lanarkshire Health Board (Scotland)[2015]
UKSC 11). See ‘What should be disclosed?’.

Treating children
From the legal perspective (in England, Wales, and Northern
Ireland), a child is someone who has not yet reached 18 years of
age. Legal synonyms include ‘minor’ and ‘infant’. The latter is
instructive, as it is derived from the Latin: infans, unable to speak.
This reflects the legal rules that prevent children from speaking for
themselves in court, although this impediment has been at least
partly addressed over the last two decades. Nevertheless, it begs
a fundamental question, as to whether children can provide their
own consent, or whether they depend upon their parents to provide
it for them.
People under 18 years can be considered in three broad groups:

Children under the age of 16 who lack capacity
This is the simplest group. Although presumed to lack capacity,
some will be able to demonstrate their competence to provide independent consent for treatment (see later).
For those who cannot, a person with parental responsibility has
the right to provide consent where necessary. The child’s mother
(the woman who gave birth to the baby, rather than the person who
provided the egg from which he or she was conceived, if different)
has parental responsibility automatically. The child’s father gains
parental responsibility automatically if married at the time of the
birth registration, or if the parents marry subsequent to the birth.
Since 2003, unmarried fathers also gain parental responsibility
automatically when they register the birth. Alternatively, parental
responsibility can be acquired by the unmarried father, either with
the agreement of the child’s mother, or by application to a court.
Parental responsibility is passed to adoptive parents on legal
adoption. It may be shared with guardians appointed by parents
or with local authorities, and is linked to various legal orders
(Bainham and Gilmore 2013).
The person with parental responsibility who provides consent
for a child’s treatment must act in the child’s best interests in so
doing. These are usually self-evident, and the agreement between
parents and clinician is reached after full disclosure of the relevant
information.
This agreement is not invariable. In a case concerning a child
with biliary atresia [Re T (Wardship: Medical Treatment) 1997], the
clinicians wished to perform a liver transplant, and considered the
prospects of success to be good. The parents refused their consent,
on the grounds that the surgery was not in the child’s best interests.
The Court of Appeal held that the assessment of the child’s best
interests went wider than the narrower medical best interests, and
that T’s connection with his family held great weight in this regard.
Accordingly, the court refused to enforce the hospital’s request that
the mother would bring T in for surgery. The judgement could be
criticized, in failing to differentiate between the interests of the
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child and those of his mother. However, the case provides an example of the balancing act performed by courts.

Children under 16 who can demonstrate their capacity
Depending on their maturity and the intervention that is proposed,
children from a young age may be able to provide independent
consent. A 4-year-old may be able to consent to a blood pressure
measurement; a 6-year-old to a venepuncture; and a 10-year-old
to an anaesthetic for the treatment of an early stage appendicitis.
No one is suggesting that the parents should be excluded from this
process: such an exclusion would be quite wrong. It is for the family
as a whole to decide what part the child’s potential capacity should
play in the consenting process. However, the involvement of children in this process will strengthen the therapeutic relationship,
and is to be encouraged.
A child’s previous experience is of great importance. It is submitted that after the very recent diagnosis of leukaemia, a 15-year-old,
who has been healthy up to this point, may be so horrified by the
dissolution of his comfortable and well-organized life as to be incoherent, entirely incapable of consenting for the anaesthetic necessary
to insert a tunnelled central venous catheter. Contrast this child with
a 10-year-old on the same ward, suffering relapsed leukaemia. He has
already undergone three line insertions and two removals. He knows
(effectively) everything there is to know about the anaesthetic for
central venous catheter placement. Now facing his fourth insertion,
he will very likely be competent to provide independent consent.
Therefore, it is important objectively to determine whether a
child of 15 years or younger has capacity to provide independent
consent for the proposed intervention.
For this assessment, the Gillick test is used, derived from a
landmark case where it was established that a child with capacity
to provide consent should be allowed to do so, independently of
her parents. The test requires that the child has sufficient understanding and intelligence to enable them to understand fully what
is involved in a proposed intervention (Gillick v West Norfolk &
Wisbech AHA 1986). Thus, if a child can understand:
◆

that a choice exists

◆

the nature and purpose of the procedure

◆

the risks and side-effects

◆

the alternatives to the procedure

… and is able to:
◆

retain the information long enough

◆

weigh the information

◆

arrive at a decision

◆

be free from undue pressure

then she would be deemed competent for the proposed intervention. It will be seen that competence rests on intelligence, maturity
and experience—and not on age.
During the Gillick case, an additional set of guidelines were suggested by Lord Fraser, specifically for doctors who assist with reproductive decision-making by children under 16. It should be noted
that these do not replace the Gillick test, nor are they synonymous
with it (Wheeler 2006).
Gillick provides a high threshold for consent, consistent with
public policy. It would be highly undesirable to allow incompetent

children to provide consent for interventions that they could not
fully understand. The fact that a child has to ‘prove’ their competence places a barrier to children that is never experienced by
adults, whose capacity is presumed. One can only speculate how
many adults would ‘pass’ the test in the Gillick case.
The Gillick-competent child does not enjoy an equal right to
refuse treatment. Only those cases in which the refusal of life-saving
treatments in these children is at issue have reached the court.
However, given this opportunity, courts have resolutely denied the
(otherwise) competent minor the right to choose death. A 15-year-
old girl [Re M (Medical Treatment: Consent) 1999] refusing her
consent for a life-saving heart transplant had her refusal overridden
by the courts. M’s reason was that she ‘would rather die than have
the transplant and have someone else’s heart … I would feel different with someone else’s heart … that’s a good enough reason not to
have a heart transplant, even if it saved my life.’
The court authorized the operation, as being in her best interests.
In another case [Re L (Medical Treatment: Gillick
Competency) 1998], a 14-year-old girl with serious scalding
required a blood transfusion. She was a Jehovah’s Witness, and
refused the treatment. The court found that even if she had been
Gillick competent, her grave condition would have led the court
to authorize the transfusion. As it was, the girl was unaware of the
manner of death from anaemia, and was basing her views of on
those of her congregation, rather than on her own experiences. For
these reasons, she was judged incompetent to make this decision
for herself.
It is crucial to remember that the vast majority of Gillick-
competent children who refuse treatment are refusing relatively
trivial procedures. You would be entitled to rely upon their parents’ consent if necessary, but it is a matter for clinical judgement
whether the procedure could be deferred, to allow the child further time to consider, and be reconciled with what is likely to be
an inevitable outcome. The problem of refusal in Gillick-competent
children is dealt with in the same way as for the 16-and 17-year-age
group, in the following section.

People of 16 and 17 years of age
People of 16 and 17 years of age are presumed to have the capacity to provide consent for anaesthesia. This was made possible
by a law enacted in 1969 (Family Law Reform Act 1969), which
recognized that the decisions that teenagers were taking, irrespective of the law, contrasted sharply with the age of majority at
the time (21 years). The new law reduced the age of majority to
18 years, and introduced the presumption of capacity for 16-and
17-year-olds.
What the new law did not do was extend this right to consent for
research, or interventions that do not potentially provide a direct
health benefit to the individual concerned. However, if competent
along ‘Gillick’ lines, a young person may be able to provide consent
for these activities.
Young people of 16 and 17 years are thus able to provide consent
for treatment in the absence of their parents. However, the parental
right to provide consent for treatment lasts until the end of childhood. This has the effect of providing a ‘safety net’; allowing a 16/
17-year-old the opportunity of consent for herself; or deferring to
her parents, if she sees fit. Once the child reaches adulthood on
her 18th birthday, her parents’ right disappears. For the rest of her
life, she alone can provide consent: directly, in person, or in some
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circumstances, by a proxy method. If parents and a child of this age
disagree, it is wise to exercise caution.
If a 16/17-year-old wishes to exercise his right to consent, and
his parents oppose the decision, then you would be entitled to rely
on this consent. However, it would be important to understand the
basis for their disagreement. For instance, if you suspected that
the young person was not competent, you should challenge the
presumption. This can simply be done by establishing whether he
understands the relevant information; can retain the information,
believe it, weigh it up, and communicate his decision. If he can,
then he has capacity. However, it is still wise to tease out where the
problem lies, as this is a most unusual situation, and it would be in
the young person’s best interests to resolve the issue before anaesthesia, if that is feasible.
The problem, reversed, is of a young person who refuses treatment, but who is accompanied by a parent who provides consent.
Valid parental consent will make the procedure ‘legal’, but as with
the situation of consent withdrawal, you will have to make a clinical
judgement as to whether proceeding with the treatment against the
young person’s wishes is both practicable, and in their best interests. In summary, it is recommended that an elective procedure
should be abandoned until the dispute is resolved.

A withdrawal of consent
A child with capacity (or a person providing consent on behalf of
a child) may withdraw consent at any stage (Department of Health
2009). In practical terms, the withdrawal needs to be made without ambiguity. What happens next is largely dependent on whether
the patient is about to undergo general anaesthesia, or a procedure
under local blockade; in paediatric practice, the former situation is
the most likely (Nair et al. 2012).
Withdrawal of consent is seen in starkest relief when it occurs in
the anaesthetic room, before a general anaesthetic is administered.
For elective surgery, if a competent child indicates that they have
changed their mind, the clinical situation must be reviewed. He
or she should be moved out of the anaesthetic room, and taken to
a quiet location in the theatre complex. Here, their capacity can be
assessed. It should be noted that a child who was competent to consent for surgery may have been rendered incompetent by premedication. However, if they still have capacity, and despite being aware of
the consequences of not receiving the intervention still refuse to proceed, the withdrawal must be honoured, and the procedure cancelled.
Alternatives to the original procedure could be offered; perhaps a
lesser procedure or conservative management may be agreed upon. In
children whose parents withdraw consent in the anaesthetic room, the
procedure should be cancelled and completely re-discussed, unless a
simple misunderstanding is identified which can be rapidly rectified.
If an emergency procedure is required within the next few minutes to save a child’s life or limb, or prevent irremediable harm, the
best interests of the child will overcome the child’s (or their parents’) lack of consent, and the procedure should be performed on
the basis of necessity, without consent. In the situation where there
is no choice but to provide an anaesthetic and start surgery, then
reluctantly, it may be necessary to restrain the child or the parents,
and proceed. This is an experience that few paediatric anaesthetists
will have to endure. It should be noted that in reality, the amount
of resistance that a child of any age puts up is usually inversely proportional to their malaise and discomfort. In the gravely ill, refusal
is rare.

There are those who are gravely ill, but need urgent rather than
emergency treatment. If a 16/17-year-old in this category refuses
treatment for the preservation of their life, such as the transfusion of blood [Re P (Medical Treatment: Best Interests) 2004],
or feeding [Re W (A Minor) (Medical Treatment: Court’s
Jurisdiction) 1992] (in anorexia), courts invariably choose to
override the child’s autonomy, and provide an order which allows
lawful provision of the treatment against the child’s wishes. This
either upholds the parental wishes for treatment, or overrides
parental refusal. These cases are rare, but the timescale within
which the decision needs to be made usually allows sufficient time
for the court to be contacted, providing the anaesthetist with the
necessary authority to proceed.

What should be disclosed, and by whom?
Judges now feel able to put themselves in the position of claimant
patients, asking themselves whether, in the circumstances of the
case, they would regard the disclosure as adequate. The courts do
not feel the need to ask an expert doctor’s view on this matter. They
consider themselves, as reasoning citizens, amply equipped to set
the standard. Thus, the stage is set for the ‘reasonable patient’. This
patient is a fictional creation of the court, imbued with all of the
characteristics of the claimant patient, but whose sense of reasonableness is provided by the court:
If there is a significant risk which would affect the judgement of a reasonable patient, then in the normal course it is the responsibility of a
doctor to inform the patient of that significant risk, if the information
is needed so that the patient can determine … what course he or she
should adopt. (Pearce v United Bristol Healthcare NHS Trust 1999)

This leaves open to question what a ‘significant risk’ entails.
However, if you apply your personal criteria to the phrase, you are
likely to consider that some of the unintended harms that flow from
anaesthesia could be construed as ‘significant’. The great difficulty
is that there exists a gap between what you, as an experienced clinician, and what an average patient might foresee as the result of an
anaesthetic complication.
As previously noted, how many citizens, whom you might
encounter walking down your local high street, will be aware of the
risks of epidural techniques, or central venous access?
To address this imbalance created by the doctor’s professional
knowledge, the General Medical Council makes it clear that the
duty to disclose is onerous:
You must tell patients if an investigation or treatment might result in a
serious adverse outcome, even if the likelihood is very small. (General
Medical Council 2008)

The risk may be tiny, but of great importance when deciding
whether or not to have anaesthesia and surgery, which may be
elective.
Statistics are a valuable form of description when articulating
risk to patients. In one case, the court confirmed the importance
of comparative statistics when describing alternative procedures that a patient might want to consider in deciding which
intervention to which they should consent. Faced with a choice
between a catheter cerebral angiography and an MR angiogram,
the patient was not informed of the comparative risks of stroke
(Birch v University College London Hospital NHSFT 2008). The
court held that the patient, as a result, could not provide properly
informed consent.
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However, although risk needs to be articulated, is there a numeric
risk threshold; how common does a risk have to be before we disclose it to the patient (Wheeler 2012)?
The concept of a numeric threshold for disclosing risk is outdated
from the legal point of view. There is no reference whatsoever to a
threshold either from the General Medical Council (2008) or the
Department of Health (2009) other than to give information about
all significant adverse outcomes. It is submitted that doctors should
follow the lead of the courts, because the formula from the General
Medical Council that identifies what needs to be disclosed has
been provided for our use. It is better because it provides an assurance that patients will not be ‘ambushed’ by a serious complication
which the doctor could foresee, but of which the patient remained
oblivious until it was too late for her to avoid it.
As it is very clear that every significant risk should be disclosed,
there is no doubt that the person best placed to disclose is a person who is familiar with the procedure, as he or she has performed
it many times. Some anaesthetists prefer to delegate this duty to
trainees. It is recommended that the consent for anaesthesia, and
the disclosure that makes it valid, should be taken by the person
who is about to perform, or at least who is capable of performing,
the anaesthetic.
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CHAPTER 76

Pre-hospital care for
the anaesthetist
Nicholas Crombie, G. Boukes Eindhoven,
and Bert Dercksen
Pre-hospital care
History of pre-hospital care
Care of casualties at the scene of injury has been recognized for
thousands of years. In the New Testament, the story of the Good
Samaritan tells of a passer-by finding a beaten and injured stranger
on the road:
A man was going down from Jerusalem to Jericho, when he was
attacked by robbers. They stripped him of his clothes, beat him and
went away, leaving him half dead. ... A Samaritan, as he travelled, came
where the man was; and when he saw him, he took pity on him. He
went to him and bandaged his wounds, pouring on oil and wine. Then
he put the man on his own donkey, brought him to an inn and took
care of him.1 (Luke 10: 30–34, New International Version)

This example illustrates care of a casualty at the scene with subsequent use of transport to convey the casualty to a place where
further resources, assistance, and shelter are available. This early
tale has had a profound effect on pre-hospital care, with the phrase
‘Good Samaritan’ still in widespread use today.
During the intervening years, many advances in care of the casualty have been documented, often during times of war. In 1792,
Dominique-Jean Larrey was appointed Surgeon Major of the
French army and during the sacking of the city of Spire noted that:
The wounded were left on the field, until after the engagement, and were
then collected at a convenient spot, to which the ambulances speeded as
soon as possible; but the number of wagons interposed between them
and the Army, and many other difficulties so retarded their progress
that they never arrived in less than 24 or 36 hours, so that most of the
wounded died for want of assistance. (Larrey 1814, pp. 27–28)

Over the following years, he developed a horse-drawn ambulance
service which was staffed with dedicated officers. There was great
detail provided regarding equipment, uniform, and staffing, as well
as regarding the ambulances themselves:
The frame ... resembled an elongated cube, curved on the top: it had
two small windows on each side, a folding door opened before and
behind. The floor of the body was moveable; and on it were placed
a hair mattress, and a bolster of the same, covered with leather. This
floor moved easily on the sides of the body by means of four small
1

Scripture taken from the Holy Bible, NEW INTERNATIONAL VERSION®,
NIV® Copyright © 1973, 1978, 1984, 2011 by Biblica, Inc.® Used by permission.
All rights reserved worldwide.

rollers; on the sides were four iron handles through which the sashes
of the soldiers were passed, while putting the wounded on the sliding
floor. These sashes served instead of litters for carrying the wounded;
they were dressed on these floors when the weather did not permit
them to be dressed on the ground. (Larrey 1814, p. 81)

The next real advance in care came with the introduction of the
modern vehicle. Motorized ambulances had taken the place of the
horse-drawn carriage around 1900, but little else had changed.
Captain G.H.R. Gosman, Medical Corps, United States Army, was
undoubtedly the first to point out in 1910 the great possibilities of
aeroplanes to transport patients. The Department of War denied
his plea for funding his plans. In 1912, a French surgeon, Emile
Raymond, suggested using biplanes to spot casualties on the field
during World War I. The use of a hot air balloon for casualty evacuation was investigated the following year by Gautier. During the
Korean War in the 1950s, helicopters were used to evacuate injured
soldiers from the battlefield to military field hospitals, and in spite
of few significant advances in medicine since the conclusion of
World War II, the death rate of injured personnel fell from 4.5% to
2.5% (Edwards et al. 2010). Efforts were made to further improve
this statistic during the Vietnam War with the inclusion of a trained
medic on board the helicopter providing fluids, haemorrhage control, and basic airway management.
At the same time, civilian ambulances were beginning to move
from a transportation to a treat and transport model with the introduction of defibrillators and pharmaceuticals (Briggs et al. 1976).
In 1991, the ‘chain of survival’ was introduced by Cummins et al.
(1991). The concept of the life support chain implies early recognition and call for help (early access), early Basic Life Support by
laymen, early defibrillation, and early initiation of advanced care
and treatment. In this concept, the importance of an early (pre-
hospital) start of life-saving measurements was emphasized.

Current pre-hospital care
Modern pre-hospital care in Europe is now being delivered by
a variety of state, private, charitable, and voluntary providers.
The organization of pre-hospital care is diverse and depends on
national or regional requirements and regulations. In the United
Kingdom, the vast majority of cases are dealt with by the National
Health Service ambulance trusts through emergency and urgent
care pathways. Through a combination of rapid-response vehicles
and ambulances, delivery of a level of pre-hospital care is provided
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to the entire population. In most European countries, a two-tier
model is in use. Basic pre-hospital medical care is provided by
emergency medical technicians (EMTs) or paramedics. If advanced
care such as sedation, anaesthesia, surgery, or special paediatric
care is required, emergency medical services physicians may be
assigned. In the Netherlands and some other European countries,
specialized registered nurses may be involved in providing some
levels of this advanced care.
Across Europe and many other areas of the world, helicopter emergency medical services (HEMS) offer varying levels of
pre-hospital emergency medical coverage. These services may be
paramedic-or doctor-led models of care. The cost-effectiveness
of helicopter-based delivery of pre-hospital care has been frequently questioned (Taylor et al. 2010). Much evidence, however,
is based upon historical and North American models which differ from European operations in terms of crewing and funding.
Current operations with advanced paramedics and pre-hospital
specialist doctors who possess significant experience in trauma
and pre-hospital medicine can deliver targeted evidence-based
care followed by rapid transport to the most appropriate hospital
(Biewener et al. 2004). By way of example, an air ambulance crew
dispatched to a patient with chest pain in a rural area may diagnose
a myocardial infarction and transfer that patient directly to a hospital offering percutaneous coronary intervention overflying several
hospitals where this service is not available. This service may therefore decrease the time from symptoms to definitive intervention by
several hours.
Until recently, pre-hospital emergency medicine has been limited
to enthusiastic doctors drawn from all specialities but predominantly from anaesthesia, surgery, emergency medicine, and general
practice. In Europe, formal training, education, or assessment differs, resulting in a wide variation in knowledge and skills with subsequent uncertainty by paramedic staff about what level of support
may be available (Hyde et al. 2012). One of the biggest variations
between existing practitioners is the provision of advanced sedation and anaesthesia—this is currently restricted to anaesthetists
and some experienced emergency medicine physicians with training in the pre-hospital environment. In some countries, pre-hospital training has become a recognized sub-speciality and a formal
curriculum and assessment programme has been developed which
is now establishing a standard of advanced practitioner operating
within a firm national framework.

Principles
The role of pre-hospital care has evolved with time. Until recent
decades, the initial focus of care was to remove the casualty from
the scene of injury with rapid transfer to medical care (‘scoop and
run’) with minimal interventions at scene or en route to hospital. As the understanding of trauma pathophysiology grew, more
emphasis was placed upon the delivery of immediate medical care
before and during transfer. At the same time, pre-hospital services
developed and more equipment became available, resulting in
scene times lengthening as efforts were made to treat casualties at
the site of the incident (Birk and Henriksen 2002). Over time it
became clear that the pendulum might have swung too far in the
direction of treatment at scene (‘stay and play’) when often casualties were developing coagulopathy, hypothermia, and being denied
definitive care by prolonged times in the pre-hospital phase. This

point was brought into the public arena during the enquiry into the
death of Diana, Princess of Wales on 31 August 1997. During the
investigation it emerged that more than 1.5 hours elapsed between
the emergency services arriving at the incident and the Princess’
arrival at the Pitié-Salpétrière Hospital (Metropolitan Police 2006).
This comprised treatment for 57 min on scene and 40 min in the
ambulance, despite the distance between the accident site within
the Alma tunnel and the hospital being just 4 miles. She subsequently died from a partial rupture of her left pulmonary vein
(‘Coroner’s Inquests into the death of Diana, Princess of Wales and
Mr Dodi Al Fayed’ 2008).
The decision to effect a rapid removal and transfer to hospital has
the advantage of reducing time for deterioration in basic physiology
to occur (Gonzalez et al. 2009). This includes the development of
hypothermia, acidosis, coagulopathy (termed the ‘lethal triad’), and
associated continuing blood loss. This approach is often appropriate in the urban setting where transfer times to hospital are short
and risks associated with pre-hospital interventions are offset by the
ability to perform them in the setting of a fully equipped emergency
department (Smith et al. 1985). In this environment, the pre-hospital
focus can be limited to immediate threats to life such as control of
catastrophic haemorrhage, the management of airway compromise
with support of respiration, and prompt departure from scene while
ongoing circulatory support is provided en route to definitive care.
This is known as the CABC approach to resuscitation (where the
first C stands for catastrophic haemorrhage). However, as times
spent effecting transfer from scene increase, so too do the effects of
uncontrolled secondary injury (Seamon et al. 2007).
Complex triage and incidents which occur at long travel times
away from hospital present difficulties as the effects of secondary
injury become more pronounced. By way of an example, uncontrolled hypoventilation in a patient with head injury may result in
progressive hypercarbia and subsequent potential rise in intracranial pressure. It should be noted that uncontrolled hyperventilation
in these patients also has its disadvantages: hypocarbia may result
in cerebral vasoconstriction. In cases such as these, the ability to
perform a smooth rapid sequence induction (RSI) and maintain
anaesthesia might be considered time well spent on scene if that
patient was then subject to controlled mean arterial blood pressure,
normocarbia, and reduced chances of coughing and straining during transfer. This type of targeted intervention can greatly improve
the physiological condition of patients on arrival to definitive care
(Davis et al. 2006).
The range and nature of interventions therefore depend upon
the level of skill of the practitioner, the equipment, monitoring,
drugs, and assistance available at the scene. A RSI of anaesthesia
performed by a HEMS consultant, assisted by a specialized paramedic or nurse, with full monitoring including side-stream capnography might well be associated with improved patient outcomes
when compared with a non-anaesthetist assisted by an unskilled
assistant using only basic monitoring equipment. In interventions
that are not carried out in a smooth and controlled manner, further
secondary injury can occur as a result of those interventions (Davis
et al. 2003).
The current model accepted in pre-hospital practice is to perform only those interventions that are within the practitioner’s
regular skill set and that are necessary to provide the physiological
stability required to transfer the patient to definitive care with the
minimum of deterioration en route.
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Mechanism of injury
Pre-hospital practice differs from almost every other branch
of medicine in that decisions to perform major invasive procedures may have to be made over the space of a few minutes without any investigations, imaging, or consultation with colleagues.
Interventions such as thoracostomy, cricothyrotomy, and amputation of a limb are all procedures that may be carried out by pre-
hospital physicians based only on recognition of clinical signs
and symptoms and the mechanism of injury. Evacuation of a cardiac tamponade through a clamshell thoracostomy is a resuscitation procedure appropriate in a small subgroup of patients which
should be completed within less than 10 min of a witnessed cardiac
arrest based on history and the briefest of examinations (Davies
2011). It is essential that the mechanism is understood and applied
to all trauma patients to ensure that injuries are found and appropriately treated. Often there is an enormous amount of information
to be gathered, including personal and team safety, approaching
the scene of a road traffic collision by assessing the resting position
of vehicles, looking for points of bodywork damage (principle of
‘reading the wreck’), identifying activated safety devices (airbags),
ascertaining likely transmitted and rotational forces sustained by
the occupants, and estimating distances travelled after impact. This
scene survey may only take 30 s but may allow an experienced practitioner to accurately predict likely injuries and actively treat them
before they exert a pathophysiological effect. This understanding is
also very important at the point of handover from pre-hospital to
hospital teams where the receiving physicians may not fully appreciate the course of events leading up to the patient’s arrival in the
emergency department (Bond et al. 1997).
Understanding the mechanical forces of trauma is of utmost
importance. It is however, beyond the scope of this chapter to
provide an extensive discussion on the details of mechanism, but
blunt forces sustained in trauma can be broadly classified into
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acceleration, deceleration, rotational, and direct force. Acceleration
and deceleration often cause internal injuries as solid organs are
sheared from their supporting structures, as well as injuries to the
cervical, thoracic, and lumbar spine. Rotational forces commonly
cause cervical spine injuries and, depending on their force, may
cause shear injuries within tissue. The brain is particularly susceptible to these forces. Direct force may cause injury at the point of
impact such as contusions or fractures, or may be transmitted to
areas away from the point of impact through the skeletal system
(Smith et al. 2010). An example of this is a fall from height in which
the patient lands on their feet—as well as fractured calcanea one
might expect the femoral heads to impact within the acetabula
causing pelvic disruption, possibly involving the sacroiliac joints, as
well as compression fractures of the lumbar and thoracic vertebrae.
The wave of deceleration force may also result in traumatic tears to
the liver and spleen, and possibly a ruptured diaphragm. It is with
this expectation that the patient should be approached, rather than
concentrating on the visible injuries to the feet and ankles.

ABCD principle
Baker et al. (1980) formulated a classification of immediate, early,
and late trauma-related deaths. In this trimodal distribution, the
immediate deaths occur at the scene within minutes after getting
injured, the early deaths occur within hours as a result of hypoxia
and haemorrhage, and the late deaths occur in hospital days to
weeks after the incident as a result of trauma-related complications.
See Figure 76.1. A more recent study (Gunst et al. 2010) suggests a
change from trimodal to bimodal caused by a large reduction of the
late deaths group.
Modern pre-hospital trauma systems focus mainly on the first
and second peaks in the tri-or bimodal distribution but accepting the fact that the first group (immediate deaths) are frequently
beyond help by the time emergency services arrive.
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Figure 76.1 The trimodal model of mortality following traumatic injury.
Reprinted from The American Journal of Surgery, Volume 140, Issue 1, Baker, C.C. et al. Epidemiology of trauma deaths, pp. 144–150. Copyright © 1980, with permission from Elsevier.
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It is accepted that in order to reduce the number of early trauma
deaths, aggressive correction of vital functions is necessary. The
traditional history–examination–investigation–diagnosis model
is rarely appropriate in this patient group. Instead, a rapid identification of immediately life-threatening injuries and associated
treatment must be provided within a timespan often of only a few
minutes.
In the early 1980s, the Advanced Trauma Life Support (ATLS)
course was developed in the United States.
The ATLS is based on three concepts:
1. Treat the greatest threat to life first.
2. The lack of a definitive diagnosis should never impede the application of an indicated treatment.
3. A detailed history is not essential to begin the evaluation of a
patient with acute injuries.
A similar standard approach to treatment is delivered by the
European Trauma Course. These and other systematic management plans for emergency care have led to the widespread uptake
of the CABCD approach to evaluate and treat the injured patient.
Based on the likely physiological course of a trauma casualty, the
following areas should be addressed in turn as part of a seamless
and simultaneous assessment and treatment.
C: Catastrophic haemorrhage
A: Airway continuity
B: Breathing abnormalities
C: Circulatory problems as a result of hypovolaemia or cardiac
failure.

Typical monitor functions might include 3-lead and 12-lead
electrocardiographs with the ability to print captured recordings,
pulse oximetry, non-invasive blood pressure (NIBP), and waveform capnography. In addition, defibrillation and cardiac pacing
may be integrated into the device. Dependent upon usage, invasive
blood pressure channels and temperature monitoring may also be
included in the specification. The device should be portable with a
weight that permits carriage on foot over considerable distances.
The limited monitoring and diagnostic equipment readily available
results in much reliance on the use of clinical signs and symptoms
linked to an understanding of mechanisms of injury and likely
diagnoses to guide treatment.

Ventilators
Ventilators should be robust, simple to operate, and use the minimum amount of compressed gas to preserve cylinder endurance.
Pre-hospital ventilators fall into one of three categories:
◆

◆

◆

Simple resuscitation ventilators that produce a fixed regular tidal
volume delivering either 50% or 100% oxygen
Intermediate ventilators which allow more manipulation
of parameters including PEEP, inspiratory:expiratory ratio,
and inspired oxygen fraction which are suitable for on-scene
anaesthesia
Advanced ventilators allowing significant control of multiple
parameters which are appropriate for transfer of intensive care
patients and children.

Drivers and pumps

Special considerations of pre-hospital
practice

Syringe drivers and volumetric pumps are increasingly found in
immediate medical care practice. Bulk, weight, and complexity
have historically weighed against their use in favour of bolus techniques of fluid and drug administration. In recent years, however,
small, reliable, effective battery-operated devices have become
available. In a growing number of countries they have now become
part of the standard configuration of advanced pre-hospital teams.

Equipment

Environment

D: Disability.

One of the significant challenges of pre-hospital practice is the
dependence upon the equipment carried on the vehicle used to
access the scene. The range of equipment is often limited to two
or three manufacturers and may be purpose-designed for the
environment or adapted from existing designs. There are many
specific requirements for pre-hospital equipment and choosing
the best design depends greatly on the predicted usage. Unlike
planned transfers between hospitals which involve specific equipment carried for the task, pre-hospital equipment must reflect a
balance of weight and complexity against ease of use and reliability in the pre-hospital environment. Moreover, electrical equipment carried in helicopters and aeroplanes needs to be certified
for aviation usage.

Monitoring
Monitoring equipment will normally be splash-resistant and
battery-operated. Displays will need to be viewable in bright direct
sunlight and low ambient light; battery changes should be able to be
performed without loss of function and so dual batteries may be an
advantage; and buttons and keypads should be usable while wearing gloves. Reliability should be tested after impact, in a wide range
of ambient temperatures and conditions such as dust and moisture,
and also in the presence of electromagnetic interference.

A significant step in the transition from hospital or practice-based
practice into the pre-hospital environment is recognizing and preparing for the change in ambient working conditions that may
be encountered. The majority of clinical staff work in conditions
of steady temperature, light, humidity, and cleanliness with easy
access to refreshment and rest areas. This is in sharp contrast to pre-
hospital medicine in which none of these factors can be provided
with any degree of reliability.

Temperature
Across Europe, pre-hospital practitioners operate in temperatures
ranging from −40°C in northern Scandinavia to +40°C in southern Spain and Greece. This can only be achieved with the use of
substantial levels of personal protective equipment (PPE) which is
discussed later in this chapter.
Of equal importance is the effect that this ambient temperature
has on the patient in the pre-hospital environment. Cold temperatures are often combined with precipitation, winds, wet ground,
and cold or frozen surfaces which result in massive heat loss
through the processes of convection, conduction, and radiation
(Kornfält and Johansson 2010). This heat loss can result in rapid
and significant hypothermia which can exacerbate underlying
coagulopathy. The focus of pre-hospital care is to prevent further
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heat loss rather than to attempt rewarming. The equipment used
to perform rewarming effectively is often bulky and dependent on
significant amounts of electrical power which may not be readily
available. Instead, removal of wet clothing, wrapping in thermally
insulating material, the delivery of warmed fluids if appropriate,
along with short exposure times is often the most effective way of
limiting hypothermic insult.
High temperatures are less of a problem with regard to patient
management, but may pose a significant threat to the pre-hospital
practitioner in terms of dehydration and heat exhaustion. Physical
work with little shade for prolonged periods of time can rapidly
cause loss of physical and mental performance.

Light
In a similar way to extremes of temperature, light can interfere with
pre-hospital practice. Sun in the presence of lying snow can create
very high levels of ambient light which may interfere with the use
of visual displays on monitors and cause eye strain.
Darkness can pose many hazards in terms of personal safety,
team functioning, patient assessment, and treatment. High-
visibility clothing is essential for all staff working in low light, but
this can make identification of individuals difficult, especially in a
complex or crowded scene. Patient assessment can become more
difficult, with subtle signs such as uneven chest wall movement
or misting of an oxygen mask becoming impossible to detect. The
use of torches can help, but their efficacy is often limited to a small
task-focused area such as cannulation (Lockey et al. 2005). Fire and
rescue services often provide scene floodlighting from purpose-
designed vehicles.

Humidity
A relative humidity of 30–70% is often described as the zone of
comfort. In a pre-hospital environment, air humidity can be very
high. In a humid environment, growth of microorganisms and
fungi is promoted. This can lead to allergic reactions, headache,
irritation of the airways, and shortness of breath for the healthcare
provider. High humidity in combination with high temperature can
lead to heat stroke and collapse because of the inability to sweat.

Cleanliness
A considerable problem for pre-hospital practice is that of infection prevention and control. Unlike the clean working environment of practice-based colleagues, many foreign materials such
as ditch or canal water, mud, oil, bodily fluids, and other scene-
related contaminants are usually present to some degree in most
pre-hospital trauma and equipment may be heavily contaminated
during routine use. The introduction of single-use consumables,
cleaning schedules for vehicles and equipment, and evidence-based
wound care are all helping to reduce sources of pre-hospital infection (McDonell 2008). Although prevention of contamination is
preferable, the prophylactic, pre-hospital use of antibiotics (e.g. in
patients with open fractures) is sometimes advised where administration does not prolong scene times (Gosselin et al. 2009).

Personal protective equipment
The primary role of PPE is to protect the user from environmental or related harm. The nature of PPE may vary widely depending on the type and location of work within pre-hospital care but
should allow the user to carry out the functions required of them
without hindrance. Pre-hospital practitioners should be highly visible at all times, protected from sharp or mechanical injury as best
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as possible, insulated from the effects of water, extremes of temperature, electrical current, and able to avoid contamination of
their skin and mucous membranes by bodily fluids and noxious
chemicals or gas. This suggests that a minimum of fire-retardant,
high-visibility clothing with water resistance incorporated into the
fabric, eye and ear protection, helmet, examination gloves, and
steel-capped insulating boots are required for safe practice. Further
items are added dependent upon specific need. As the working
environment becomes more hostile, more PPE is usually required.
The drawback is that the user will be progressively more remote
from their patient: thermal or reinforced gloves lack tactile sensitivity, bulky clothing may hinder movement, and hearing protection
may mask subtle changes in respiratory noise.
It follows that good quality and appropriate PPE is of paramount
importance for the safe and efficient care of trauma patients at the
scene of injury while protecting the pre-hospital team from potential harm (Krzanicki and Porter 2009).

Isolation from support
Knowledge
The pre-hospital practitioner may often work in complete isolation.
Specialist advice, reference literature, and additional treatment
options may be totally inaccessible at the scene of injury or during transportation. As practice has evolved in line with governance,
the variation of independent practice based on individual experience and skills has waned, with standardized operating procedures
offering a more reproducible, reliable, and evidence-based service.
Other than small and portable aide memoirs and checklists, there
are limited sources of diagnostic or treatment information available. Furthermore, in most cases time is limited and decisions have
to be taken in a short time span. It is for these reasons that much
emphasis remains on understanding of patterns and mechanisms
of injury, the prediction of likely injury, and reliable management
techniques to allow stable transfer to definitive care.

Equipment
The availability of blood in the military pre-hospital teams has had
a dramatic effect on survival after polytrauma, but this has yet to
become widely available within routine civilian practice (Barkana
et al. 1999). Prolonged incidents (e.g. complex extrication) and incidents involving multiple casualties may rapidly deplete resources
available at the scene of the incident and resupply may not be easy
or even possible. Rationing of resources such as fluid therapy, oxygen delivery, and personnel is therefore a necessary and important
aspect of pre-hospital practice. It is for this reason that in major
incident planning, triage of casualties ensures that the maximum
number of patients are treated effectively with the resources available at any given time.

Major incidents
A major incident is any emergency that requires the implementation of special arrangements by one or more of the emergency services and will generally include the involvement, either directly or
indirectly, of large numbers of people. For specific health purposes,
a major incident may be defined as ‘Any occurrence which presents
a serious threat to the health of the community, disruption to the
service, or causes (or is likely to cause) such members or types of
casualties as to require special arrangements to be implemented by
hospitals, ambulance services or health authorities’.
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Common examples may be single events such as a railway collision or an aeroplane crash, multiple isolated events such as widespread rioting, or a steady drain on resources such as an outbreak
of influenza or severe winter weather. Major incidents may affect
one or more public services—rioting may severely affect the fire
and police services but if few injuries occur it may leave the health
services operating under relatively normal conditions. Most major
incidents, however, involve all emergency services and it is vital
that any pre-hospital practitioner understands what role they will
play in the organization of such an event.
Within many European countries, established major incident
plans exist which allow the fundamental principles of major incident
management to occur: command and control. With respect to an isolated major incident, the site will be treated as a crime scene with the
police having control of the outer cordon to minimize disturbance of
the area. Meanwhile, the fire service will retain responsibility for the
incident itself and the safety of all personnel within the inner cordon.
Any practitioners wishing to access a major incident will therefore
require identification and correct PPE to pass the cordons.
In the United Kingdom, within the incident, health command rests
with a ‘Silver’ ambulance incident officer and ‘Silver’ medical officer.
These are non-clinical roles and provide an overview of the process
of casualty triage, extrication, treatment, and transport to receiving
hospitals. Further personnel will be allocated pre-defined roles to
manage the various stages of treatment. At the site of patient contact, a ‘Bronze’ officer will oversee the initial triage and extrication
of casualties to a casualty clearing station where immediate medical
treatment is provided while awaiting transfer to hospital. It is often
the casualty clearing station that most doctors are deployed to, while
those within the ‘bronze’ area will be mostly paramedics or rescue
teams. If the incident is likely to have adverse effects on the regional
health service structure, a ‘Gold’ command may be set up remote
from the incident to coordinate resources across the area. In other
European countries, stepped organizations similar to this ‘gold/silver/bronze’ system are used although the nomenclature is different.
Established triage systems are in use and initially rely on the
most basic of observations to identify those that need immediate
or delayed treatment. Once initial triage has occurred and those
with life-threatening injuries have been identified, a secondary
triage system applies further classification to prioritize casualties
according to physiological disturbance (Aylwin et al. 2006). Little
provision is made for anything other than immediate stabilizing
treatment on scene. The limitations of personnel and equipment
mean that resources are directed towards those with the greatest
chance of survival and away from those unlikely to survive. The
allocation of limited resources is based on a strategy to maximize
the number of survivors. This shift in focus from routine pre-
hospital work can be a difficult adjustment to make and post-event
stress can be a common feature among even the most experienced
practitioners (Alexander and Klein 2001; Fullerton et al. 2004).

Specific interventions
Haemorrhage management
Management of haemorrhage is widely recognized as one of the
principal goals of trauma control. There are many ways of describing haemorrhage, classifying shock, and estimating blood loss in
trauma patients. These guides provide a useful snapshot of the condition of the patient, but do little to reflect the dynamic nature of

Table 76.1 Progressive blood loss and associated signs (estimated fluid
and blood losses for a 70 kg man based on patient’s initial presentation)
Class I

Class II

Class III

Class IV

Blood loss (ml)

Up to 750

750–1500

1500–2000 >2000

Blood loss
(% blood volume)

Up to 15%

15–30%

30–40%

>40%

Heart rate (beats
min−1)

<100

>100

>120

>140

Blood pressure
(mm Hg)

Normal

Normal

Decreased

Decreased

Pulse pressure
(mm Hg)

Normal or
increased

Decreased

Decreased

Decreased

Respiratory rate
(breaths min−1)

14–20

20–30

30–40

>35

Urine output
(ml h−1)

>30

20–30

5–15

Negligible

Central nervous
system/mental status

Slightly
anxious

Mildly
anxious

Anxious,
confused

Confused,
lethargic

immediate trauma. In the pre-hospital arena, the guiding principle
is to prevent secondary injury and this applies firmly to the management of haemorrhage (Hodgetts et al. 2006; Beekley et al. 2008).
Haemorrhage can occur internally as well as externally, and may
vary from a catastrophic major arterial haemorrhage to a slow
ongoing bleed into a hidden area such as the retroperitoneal space.
Regardless of the origin of the haemorrhage there is a loss of circulating volume and therefore oxygen-carrying capacity within the blood.
Taken in isolation this may result in an initial mild tachycardia but at
the scene of an incident with the attendant stresses, this variation in
heart rate could also be explained by high levels of fear, anxiety, and
pain. Therefore the pre-hospital practitioner should look towards
mechanism of injury, likely sources of bleeding, and available treatment strategies rather relying purely on non-specific clinical signs.
As bleeding continues, however, the symptoms and signs become
increasingly clear and should direct the practitioner towards the
presence of developing hypovolaemia or shock (Table 76.1).

‘Blood on the floor and four more’
When presented with a patient exhibiting symptoms and signs
that could be attributed to hypovolaemic shock, great care must
be taken to ensure that all available methods of arresting ongoing
haemorrhage are used. In order to achieve this in a timely and efficient manner, the prompt review of sites where bleeding may occur
is an important task. The casualty should be inspected closely for
external haemorrhage (‘blood on the floor … ’). To be performed to
an adequate standard the casualty must be stripped and fully examined where possible as clothing such as motorcycle leathers or padded jackets can conceal significant volumes of blood.
The other areas that may accommodate blood (‘ … and four
more’) are the chest, the abdomen, the pelvis, and the long bones of
the limbs (Battlefield Advanced Trauma Life Support 2001).
A systematic review of the chest looking for signs of injury, bruising, deformity, or poor expansion should be carried out as soon as
possible. The ribs should be examined for any displaced fractures
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or flail segments, and the chest wall, neck, and back tested for the
crepitus of surgical emphysema. Auscultation, percussion, and
ultrasound should be performed where possible. Auscultation and
percussion are often hindered by ambient noise (Hunt et al. 1991).
A similar examination should be carried out around the abdomen, noting the forces that may have acted upon the patient.
Assessment of signs such as guarding may be hindered by the conscious level of the patient, but a thorough examination will make it
quicker to detect the presence of increasing distension.
The pelvis is a common source of major blood loss in trauma, which
occurs when the pelvic ring is disrupted with associated damage to
the intraosseous and intrapelvic vessels. Any high-mechanism force
to the lower half of the body may result in pelvic injury, and it is commonly seen in road traffic collisions (Dalal et al. 1989). Motorcyclists
may suffer serious disruptions when riding into the side of a car that
pulls out of a junction; a motorcycle fuel tank dented where it meets
the seat may suggest a substantial injury. Upon impact, the motorcycle
rapidly decelerates although the rider continues to move forwards in
the sitting position. This effectively results in the tank driving backwards into the pelvis opening it as would a wedge (de Peretti 1994).
Another group of patients susceptible to pelvic injuries are heavy
goods vehicle (HGV) drivers who collide with an immovable object,
or another stationary HGV. Due to the configuration of most vehicles,
the driver sits at the very front of the vehicle with little material to
absorb the considerable impact. As a result of this, the dashboard is
often pushed backwards and into contact with the knees of any occupants with considerable force upon impact. This compressive force is
then applied to the femurs which transmit it up into the acetabula and
then on into the pelvic ring which may then sustain various fractures.
Lastly, fractures of the long limb bones may result in substantial
blood loss and care should be taken to evaluate each limb looking
for signs of swelling or deformity (Lieurance et al. 1992). Upon fracture, bleeding may occur into the surrounding tissues in the case of
a closed fracture, or externally in the case of an open fracture.
Prompt and effective management of haemorrhage is a vital core
component of pre-hospital emergency medicine as ongoing loss
of blood will result in immediate cardiovascular compromise in
terms of both oxygen delivery and loss of clotting factors, resulting in a worsening coagulation profile. As blood loss continues, the
delayed effects on end-organ function as a result of hypoperfusion
with increasingly deranged acid–base balance and rising lactate
becomes significant. The immediate and delayed effects of haemorrhage account for a significant proportion of the morbidity and
mortality after trauma (Blow et al. 1999).

‘The first clot is often the best clot’
Control of haemorrhage is very dependent upon the source of
bleeding, the skill of the operator, and equipment available, but the
fundamental principles remain the same—reduce blood flow to
the bleeding point and encourage a stable clot to form at that same
point. Simple wounds such as lacerations of vascular tissue or
peripheral arteries such as the radial may be easily managed by elevation and direct pressure with a dressing. More significant blood
loss from larger wounds or less accessible bleeding points may
benefit from a pressure dressing and haemostatic agent (see next
paragraph). Larger wounds still, or those involving large arteries,
may not be amenable to management at the bleeding point and use
of a tourniquet or surgical technique might be necessary (Rossaint
et al. 2010). Once the haemorrhage is controlled, the coagulation

pre-hospital care for the anaesthetist

that occurs will often be fragile—clotting factors can be rapidly
diluted and consumed in polytrauma. If hypothermia occurs, this
can further reduce the effectiveness of clot formation. It is therefore of paramount importance that dressings are not removed or
tourniquets released for inspection of the wound until the patient
reaches a place where formal surgical haemostasis is available.
Haemostatic agents are now readily available and can broadly be
divided into those with active ingredients derived from aluminiosilicate minerals (zeolites) and from crustacean shells (chitosans).
These materials can be presented in granule form for direct application to a wound, or bound to a dressing to facilitate the application
of direct pressure. They act to promote the production of a stable
clot and have been extensively tested in active military service
(Granville-Chapman et al. 2011).
The use of tourniquets has been debated for many years, but
recent military experience has proved their worth beyond doubt.
In cases of substantial bleeding from a limb, application of a modern tourniquet device, often incorporating a windlass for accurate
application of pressure, can significantly reduce bleeding and allow
dressing of a wound with haemostatic agents. As with haemostatics,
once applied tourniquets should not be released until the patient is
within a facility offering definitive care as any formed clot may be
dislodged causing further bleeding (Rossaint et al. 2010).

Hypotensive resuscitation
Until recently, the guidance of the American College of Surgeons
through the Advanced Trauma Life Support (ATLS) programme
was that signs of bleeding and hypotension should be treated by
up to 2 litres of warmed crystalloid solution. This strategy has been
shown to increase uncontrolled haemorrhage through a combination of increased mean arterial pressure and dilution of clotting factors (Cotton et al. 2006). The focus of circulatory management has
instead shifted to permissive hypotension, also termed hypotensive
resuscitation. This strategy requires the use of small boluses of fluid
to achieve a targeted end-point of a systolic pressure of 80–90 mm
Hg (often defined as the presence of a radial pulse) in blunt or penetrating trauma, or 100 mm Hg in trauma with head injury.
This strategy has been widely adopted because of the evidence
of reduced blood loss and transfusion requirements, and survival
in animal studies although there are limited high-quality human
trials (Morrison et al. 2011). There is increasing interest in prehospital administration of blood products, with several randomised
controlled trials underway to establish whether early intervention
with packed red blood cells and plasma confers patient benefit
(RePHILL, PAMPer, COMBAT).

Access
Vascular access can be a significant problem for pre-hospital
practitioners—a triad of hypovolaemia, hypothermia, and high
sympathetic drive is present to some degree in many patients
encountered. These combine to cause considerable difficulty in
securing a venous cannula, especially in stressful adverse circumstances such as the confined physical space and darkness of a night-
time road traffic collision entrapment.
Alternative devices are available to specialist practitioners including large-bore central vein cannulae and the increasingly popular
intraosseous needle devices. These products can secure intraosseous access within a matter of seconds either through the firing
of a hollow needle into a bone such as the sternum, or by using a
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powered drill to drive a needle into a long bone such as the tibia or
the humerus. The time to circulation for drugs administered in this
way is very similar to direct venous access, and the advantage of
being able to site these needles by a landmark technique provides a
reliable method to fall back on should standard cannulation techniques fail. The technique is in fact so easy to learn and use that in
some parts of Europe it has become first choice in gaining access to
the circulation in, for example, resuscitation scenarios.

Advanced analgesia
Provision of analgesia is a requirement for any patient in pain.
The humanitarian aspect to this is obvious, but the physiological
response to pain is also well documented. Uncontrolled pain causes
an increase in sympathetic tone which can alter several physiological systems: oxygen consumption may be increased; increases
in heart rate and blood pressure can worsen existing myocardial
ischaemia; hyperventilation may exacerbate chest injury; and
together they may cause reduced cerebral perfusion as a result of
hypocapnic-induced vasoconstriction and reduction in oxygen
delivery to brain tissue. Pain also increases anxiety and may reduce
patient compliance during complicated procedures such as extrication from a vehicle or building.
The first and one of the most powerful methods of providing analgesia is reassurance. The effect of the appearance of the emergency
services at an incident should not be underestimated and early
contact with a patient in a calm and professional manner can often
reduce the anxiety associated with pain. Continued calm and confident explanations of what is happening around the patient can significantly reduce pain scores before any analgesia is administered. In
the case of paediatric patients, engaging with any available parents
or carers is important. The injured child will often look to them for
emotional prompts and if they are seen to be calm and in control
of their anxiety the child will usually respond in a similar manner.
Another key concept in providing excellent pre-hospital analgesia
is immobilization of injured tissues. The manipulation of fractures
and damaged tissues can be extremely painful during movement of
patients, and the application of splints may greatly facilitate patient
handling. Various splints may be used dependent upon the site and
nature of injury—simple box splints and straps are of use in sprains
and soft tissue injuries but often lack the rigidity required to fully
immobilize fractures. Vacuum splints are relatively simple devices
which allow air to be sucked out of a plastic bag containing polystyrene beads. As the air is withdrawn, the bag forms a firm moulded
splint around the injured part. Larger vacuum splints are often
used as whole-body immobilization for infants and small children.
Advanced splint devices can apply traction to a fractured femur, or
compression to a fractured pelvis, significantly reducing pain with
the added benefit of reducing internal haemorrhage.
Often, when considering the application of splints or for short
periods of movement such as the extrication of a patient from a
confined space, a short period of analgesia is all that is required.
One effective method of providing this is through the provision
of 50% nitrous oxide in oxygen (Entonox®). This gas is dealt with
extensively in Chapter 14 but for the purposes of pre-hospital analgesia it provides a safe and reliable method of inducing short periods of analgesia. There are two issues relevant to its use in trauma
patients, however, which need to be addressed before it is offered to
a patient. Firstly, a careful history and examination and assessment
of the mechanism of injury should be undertaken to ensure no

contraindications exist. Secondly, Entonox® should be stored above
its pseudo-critical temperature of −6°C to avoid the nitrous oxide
returning to the liquid phase. If this occurs, administration will
initially deliver a high fraction of oxygen with little clinical effect,
followed by a high fraction of nitrous oxide with the risk of delivering a hypoxic mixture. Often in pre-hospital practice these cylinders are stored in vehicles which, during winter, may often become
colder than −6°C when unused. Short journeys to the scene of an
incident may allow little time for adequate rewarming and so care
must be taken in cold environments that cylinders are stored in
warmed buildings until needed.
Morphine or other opioids such as fentanyl or sufentanil are
indicated for moderate to severe pain and according to country
and region may be given by paramedic staff. Used in conjunction
with non-pharmacological methods as previously described, they
are a safe and effective form of analgesia and are presented either
in intravenous, oral, transmucosal (nasal), or transdermal forms.
Difficulties may arise, however, when injuries are severe or when
the patient falls outside of the criteria set out by regional or national
regulations for administration.
Pre-hospital doctors, suitably qualified nurses, and advanced
paramedics operating under a patient group directive are able to
administer ketamine to provide further analgesia, procedural sedation, or anaesthesia. Ketamine is a dissociative anaesthetic with
pharmacological properties that make it highly suitable for the pre-
hospital environment. In intravenous or intraosseous doses
of 0.5 mg kg−1 it provides excellent analgesia without causing respiratory depression or loss of airway reflexes. Further doses up to
1 mg kg−1 offer a smooth continuum into sedation while preserving
respiratory and cardiovascular stability. It is often suggested that in
order to avoid emergence phenomena of hallucinations and delirium
the patient should be recovered in a quiet, calm, and dark environment with the minimum of physical stimuli. This is, however, difficult to achieve in the pre-hospital environment and management
of these phenomenon is instead often managed using small doses of
midazolam (0.03 mg kg−1) before emergence. The physiology, pharmacology, and effects of ketamine are fully described in Chapter 15.
In addition to non-pharmacological and intravenous methods
of analgesia, some pre-hospital practitioners advocate the use of
regional anaesthesia for specific indications such as femoral nerve
blocks for femoral fractures. The success of these blocks in pre-
hospital practice is variable and without peripheral nerve stimulators or handheld ultrasound devices should generally be avoided.
Simple blocks that can be achieved through landmark techniques
such as digit, wrist, or ankle blocks, however, can be an effective
method of managing localized pain before transportation. After
arrival at the hospital, peripheral nerve blocks may hinder physical
examination while sensory and motor neurones are blocked. With
the range of interventions available, spending time on scene performing regional anaesthesia is rarely justifiable.
There is considerable interest in alternative methods of delivering
analgesia, especially in paediatrics. Nasal administration of fentanyl and diamorphine is well established, and fentanyl ‘lollipops’ are
now in use.

Advanced airway interventions including rapid
sequence induction of anaesthesia
Induction of anaesthesia in hospital, but in particular out of
the controlled clinical environment of the anaesthetic room, is
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Box 76.1 Training requirements for pre-hospital anaesthesia
The individual will require skills in both anaesthesia and working in the pre-hospital environment. Competence should be
defined by these skills rather than by the primary specialty of the
individual.
A 2-year acute care common stem (ACCS) training programme provides individuals with 6 months of training in emergency medicine and acute medicine, and 1 year in anaesthesia
and critical care medicine.
The ACCS programme, or equivalent training, should be
regarded as the absolute minimum required by an individual
practising pre-hospital anaesthesia. However, specific training
for working in the pre-hospital environment is also essential.
Having achieved competence in pre-hospital RSI, the practitioner and assistants will need to maintain their skills by
undertaking the procedure regularly. The precise number of
drug-assisted tracheal intubations required to maintain competence has not been defined, but an average of at least once a
month would seem reasonable. Unless an individual is working
in a very busy pre-hospital programme, it is likely that RSI competence will be achieved only with regular in-hospital RSI experience or simulator experience.
All pre-hospital organizations should provide a clinical governance structure that ensures that each practitioner is competent. The individual undertaking pre-hospital RSI should keep
a log of all procedures and be included in a clinical governance
structure that incorporates regular review of cases managed
by that individual in addition to an adverse incident reporting
system.

considered to be a high-risk procedure because of the relative
lack of support, equipment, and familiarity of the environment. It
therefore follows that induction of anaesthesia outside hospital in
uncontrolled public areas, subject to environmental factors such
as noise, temperature, and ambient light, with relatively unskilled
assistance, limited equipment, and basic monitoring is extremely
hazardous. RSI should only be attempted by appropriately trained
and equipped practitioners.
There has been much debate around the subject of the benefits,
risks, and practice of pre-hospital anaesthesia and these debates
continue to cast much doubt on when and if it should occur.
What is clear is that anaesthesia induced out of hospital by a team
which lacks appropriate experience and governance often results
in significant morbidity and delays transfer to definitive care. The
Association of Anaesthetists of Great Britain and Ireland (AAGBI)
has produced clear guidance on the requirements for pre-hospital
anaesthesia, and these are outlined in Box 76.1.

Teamwork
The provision of pre-hospital anaesthesia is a team exercise led by
a suitably qualified doctor. At least one other member of the team
must act as a trained assistant in a similar fashion to the operating
department practitioner. This is often an advanced paramedic who
may have undertaken training in assisting in RSI. As paramedics
are trained in tracheal intubation it may be that the doctor administers drugs and assistance while the paramedic manages the airway, or vice versa. Either way, in the pressure of the pre-hospital
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environment it is essential that both team members are working
to a standard operating procedure which clearly sets out the indications, preparation, equipment, and technique for RSI, with clear
failed intubation pathways to follow.

Pharmaceutical agents
There is wide variation between providers in which pharmaceutical agents are used, which in part reflects how a lack of standardized pre-hospital training has allowed significant differences in
practice to develop. Induction agents are commonly ketamine and
thiopental with etomidate still available but declining in popularity because of the growing evidence of adrenal cortex inhibition
after a single dose. Propofol is used in European countries but concerns exist over the profound hypotension that may occur in shock.
Neuromuscular block is commonly achieved with either suxamethonium (succinylcholine) or rocuronium. Maintenance of anaesthesia is commonly provided by boluses of analgesia (morphine or
fentanyl), sedative (midazolam), and long-acting neuromuscular
blocking agent (e.g. pancuronium, rocuronium) as required. Some
providers that operate considerable time distances from hospital
may opt to achieve maintenance with infusions; this has advantages of steady levels of sedation (e.g. propofol) and paralysis (e.g.
rocuronium) but with the added complexity of infusion lines and
battery-powered devices.

Equipment
The airway equipment available for pre-hospital use is limited by
what can reasonably be carried by the practitioner as patients may
only be accessible by foot. By the nature of indications for pre-
hospital anaesthesia, there is rarely an opportunity to take a history
or assess a patient’s airway beyond immediate visualization of the
face, jaw, and neck. Taking into account the lack of opportunity for
formal assessment, the possibility of facial injuries and bleeding,
the assumption that any trauma patient has a full stomach, and the
position of the patient, often on the floor, it is important that failed
airway algorithms are clear, practised, and adhered to. These differ
from hospital-based practice in that equipment may be limited, and
allowing a patient to spontaneously breathe and regain consciousness would rarely be appropriate.

Indications
Reflecting on an intervention that carries significant chance of
harm or death to the patient if unsuccessful, the indications for performing it need to be clear and well defined. In broad terms there
are three main groups of indications:
1. For immediate safety (e.g. risk of compromise to the airway in
facial trauma, inadequate spontaneous ventilation, risk of vomiting, regurgitation and aspiration)
2. To reduce the severity of secondary injury (e.g. control of ventilation and prevention of hypercarbia in turn limiting intracranial pressure rise in acute head injury)
3. For humanitarian reasons (e.g. significant injury).
Box 76.2 reflects commonly accepted indications.

Safe working practices in the pre-hospital environment
Safe induction of anaesthesia relies on good communication and
understanding between team members. Within the anaesthetic
room, the anaesthetic practitioner and assistant will usually operate
within a controlled and familiar environment along a predictable
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Box 76.2 Indications for pre-hospital RSI
◆

Airway obstruction (actual or impending)

◆

Anticipated airway problem during transport

◆

Risk of aspiration

◆

Oxygenation with or without ventilatory failure

◆

Unconsciousness

◆

Severe haemorrhagic shock

◆

Major cutaneous burns (>40%)

◆

Humanitarian reasons: analgesia, planned surgical intervention

◆

Anticipated clinical course

◆

Transport/management considerations:
• Aeromedical evacuation
• Agitated/combative patient (GCS score ≤15)
• Anticipated clinical problems (e.g. the need to amputate
a limb).

sequence of events and actions. These working conditions require
a minimum of briefing, preparation, and planning as team members will be working well within their abilities and scope of practice.
The uncontrolled and unpredictable pre-hospital environment can
severely test levels of concentration, situational awareness, and focus
at the point of induction and intubation. A thorough understanding
of human factors and crew resource management is essential to compensate for multiple distractions and uncontrolled variables while
maintaining a safe and reproducible technique. It is now accepted
that the use of challenge–response checklists which are read out and
positively responded to, are a crucial part of preparation (Fig. 76.2).

Beginning intubation
Once the team have confirmed that basic and failed intubation
equipment, drugs, monitors, and briefings are all in place, the process of intubation may occur. It may seem that these procedures,
checklists, and briefings may delay the process and ultimately delivery to definitive care. In part this may be true, but the complexity,
noise, presence of distracting bystanders, and environmental considerations of pre-hospital anaesthesia make a practised, reproducible, and methodical approach essential.
Boxes 76.3–76.15, Tables 76.2 and 76.3, and Figure 76.3 summarize the process of intubation in the pre-hospital environment.
Use of stethoscopes and other methods for assessing tube placement are unreliable with the noise normally associated with an
ongoing incident, and should not be relied on. It is for this reason
among others that immediate detection of exhaled carbon dioxide
is mandatory. These may take the form of colorimetric end-tidal
carbon dioxide detection devices that change colour in the presence
of carbon dioxide, or measured levels or waveform capnography.
Colorimetric devices are useful for the immediate confirmation
of tracheal placement of a tracheal tube, but provide no reliable
assessment of ventilation beyond the first breath. There are several
devices available that provide a simple digital measurement of carbon dioxide, or more complex devices that display side-stream or
mainstream capnography. Use of such devices is mandatory in pre-
hospital anaesthesia.

Figure 76.2 Challenge–response checklist: prehospital emergency anaesthesia.

Once induction and intubation has occurred, maintenance of
anaesthesia must be provided. Some pre-hospital providers carry
automated infusion devices such as syringe drivers. The speed and
limitations of primary pre-hospital interventions mean that most
providers continue to rely on bolus sedation techniques. A common strategy is to provide morphine (0.1 mg kg−1) and midazolam
(0.1 mg kg−1) in divided doses titrated to simple variables such as
heart rate and blood pressure. This has the advantages of requiring
minimum equipment to be carried, the absence of multiple infusion lines, and time saved in setting up the devices and infusions.
However, in Europe and areas with longer transfer times, infusions
of sedatives including propofol are in routine use.
A full review of the condition of the patient in a systematic manner is essential immediately after intubation. Injuries that may have

1317

Box 76.3 Access
◆

Confirm scene safety.

◆

360º access with patient on ambulance trolley is desirable.

◆

Move patient if necessary.

◆

◆

Anaesthesia in a confined space is hazardous (e.g. patient still
trapped in vehicle). Consider airway adjunct (i.e. laryngeal
mask airway) to relieve airway obstruction/respiratory distress
until access is optimized.
Do not anaesthetize a patient in a confined space unless there
is no alternative

Box 76.4 Patient optimization: pre-oxygenation (1)
◆

◆

◆
◆

All efforts must be made to pre-oxygenate the patient to prolong the time before life-threatening desaturation occurs after
induction of anaesthesia if problems occur. Adjuncts, sedation,
and assisted ventilation may all be required. Do not abandon
patient optimization unless there is no feasible alternative.
High-flow O2 via tight fitting facemask with reservoir bag
while preparing for RSI.
Manual manoeuvres may be required to hold the airway open.
Insert airway adjuncts (oro-or nasopharyngeal, or both) as
required to achieve best possible airway opening.

Box 76.7 Preparation
The equipment that is prepared should be organized in a standardized layout on a ‘kit dump’. This includes drugs, airway devices
and adjuncts, bougie, suction, adequate oxygen, a breathing and
ventilation system, and monitoring equipment. An example of a
kit dump list is shown in Table 76.2.

Box 76.8 Ventilator
◆

Ensure ventilator turns on

◆

Set to 100% oxygen (no air mix)

◆

Tidal volume: 6–8 ml kg−1

◆

Respiratory rate: 12 breaths min−1

◆

Check capnograph function.

Box 76.9 Personnel
Ideally, four people are required although given operational constraints this may not be achievable at all times.
Intubation will be performed by an appropriately skilled
operator.
Other crucial tasks to be completed by the team will include:

◆

Suction as necessary.

◆

Cricoid pressure/laryngeal manipulation

◆

Support ventilation if required with bag and mask.

◆

Administration of drugs

In some patients the supine position for pre-oxygenation may
not be the best choice. Consider using the position where the
patient is most comfortable and can maintain their airway
themselves (e.g. severe maxillofacial injuries).

◆

◆

◆

In most patients, a head-up position will improve the efficacy
of pre-oxygenation.

Box 76.5 Intravenous access
◆

Secure large-bore i.v. access (two lines are preferable).

◆

If i.v. access is not possible, site i.o. access.

◆

◆

◆

Box 76.10 Patient optimization: pre-oxygenation (2)
◆

◆

• Either midazolam 1 mg i.v. (repeat to effect)
• Or ketamine 20 mg i.v. (repeat to effect).

Box 76.6 Monitoring
◆

◆

Minimum monitoring standards apply as per AAGBI
recommendations.

◆

Attach ECG, SpO2 , and NIBP (2–3 min cycles).

◆

Capnography is mandatory (see Box 76.8).

Monitoring the patient.

When MILS is performed, remove the front of the cervical
collar.

Confirm correct placement with saline flush (especially if cannula not sited by you). Attach free-running crystalloid infusion.
If patient too agitated for adequate pre-oxygenation, administer sedation:

Manual in-line stabilization (MILS) as indicated by clinical
condition and history

◆

All efforts must be made to pre-oxygenate the patient to prolong the time before life-threatening desaturation occurs after
induction of anaesthesia if problems occur. Adjuncts, sedation,
and assisted ventilation may all be required. Do not abandon
patient optimization unless there is no feasible alternative.
Continue pre-oxygenation via bag with reservoir and mask
for at least 1 min in addition to the time spent with a Hudson
mask in situ. If the condition of the patient allows continue
preoxygenation of the patient using oxygen at 15 litres min−1
via a tight-fitting non-rebreather mask for at least 3 min. If
SpO2 is less than 95% after 60 s or there is poor respiratory
effort/apnoea, assist with bag–valve–mask (BVM) ventilation.
Ensure that mask is tight fitting and airway unobstructed (use
manual manoeuvres, adjuncts, and suction as necessary).
Attach capnograph to BVM to ensure adequate ventilation
during this phase and to establish baseline CO2 trace.
During this time, complete the challenge–response checklist,
see Figure 76.2.
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Box 76.11 Intubation

Box 76.14 Attach ventilator
Ventilate with bag and mask for as little time as possible.

◆

Ensure all of team are ready.

◆

Identify correct anatomical position and apply cricoid pressure.

◆

Administer induction agent STAT.

◆

Flush line with running i.v. infusion.

◆

Administer neuromuscular blocking agent STAT.

◆

Secure all lines, tubes, and tubing.

Wait for 30 s before commencing attempt at intubation.
Fasciculations may occur if suxamethonium is used, but not if
rocuronium is used.

◆

Administer:

◆

◆
◆

◆
◆

◆

◆

Inflate cuff until air leak disappears.
If the trachea cannot be intubated on the first attempt (usually
as a result of a poor view of the cords), undertake the ‘30 s
drills’ as described in Box 76.12.
Inability to intubate the trachea within three attempts despite
performing the 30 s drills mandates using the failed intubation
drill, see Figure 76.3.

These are to be undertaken if the trachea cannot initially be
intubated.
They must be completed within 30 s. A properly pre-
oxygenated patient should not desaturate within this time.
Reposition yourself.

◆

Reposition the patient.

◆

Suction as necessary.

◆

• Midazolam 0.1 mg kg−1 in divided doses
• Rocuronium 0.6 mg kg−1 (if suxamethonium used at
induction—not required if rocuronium used at induction)

This attempt must last no longer than 30 s (timed by team
member).

◆

◆

• Morphine 0.1 mg kg−1 in divided doses

Intubate the trachea.

Box 76.12 30 s drills
◆

Box 76.15 Transport

Reduce downward cricoid pressure in favour of BURP—
backwards, upwards, and right pressure to counter the opposing forces exerted by the laryngoscope.
Try an alternative laryngoscope blade.

• Metaraminol 0.5 mg i.v. repeated to effect
◆

◆
◆

Thiopental (small doses titrated to effect) may be useful if the
(head-injured) patient remains very hypertensive.
Adjust ventilation to maintain end-tidal CO2 at 4.5–5.0 kPa.
If there is evidence of imminent coning, ventilate to end-tidal
CO2 of 4.0–4.5 kPa.

◆

Avoid further hyperventilation completely.

◆

Alert the receiving hospital.

been undiagnosed before anaesthesia may become apparent. These
may take the form of occult pneumothorax which is converted to
a tension pneumothorax under positive pressure ventilation, undiagnosed haemorrhage which presents as a substantial hypotension
with the vasodilation and reduction in endogenous catecholamines
after induction, or injuries that may not have been observed in a
previously agitated or combative patient. Full documentation of the
procedure must be made and Box 76.16 shows an example of the
minimum data required from a UK air ambulance service.
Transfer to definitive care after anaesthesia and intubation must
be controlled and prompt. As with in-hospital patient care, close
Table 76.2 Intubating kit
Equipment

Notes

Bag and mask attached to oxygen

Box 76.13 Confirm tube position

Laryngoscopes

For adult patients, begin with a size 4
Mackintosh blade. Have an alternative
laryngoscope available
Check size, patency, cuff, and presence of
22 mm attachment. Lubricate cuff

◆

Watch for chest movement

◆

Auscultate in both axillae and over the epigastrium

◆

Attach catheter mount, filter, and capnograph

Tracheal tube

◆

Confirm presence of end tidal CO2

Gum elastic bougie

Use bougie for every pre-hospital RSI

Remove cricoid pressure only on the instruction of the
intubator

20 ml syringe

To inflate cuff

Suction device

Positioned to the right of patient’s head

Catheter mount and filter

Assembled

◆

◆

Secure tube

◆

Repeat NIBP while securing tube.

Tube tie
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Table 76.3 Pharmaceutical agents for rapid sequence induction
Indication

Drug

Intravenous/intraosseous dosage

Notes

Pre-treatment

Fentanyl

1–3 μg kg−1

Midazolam

10–30 μg kg−1

Ketamine

200–400 μg kg−1

Pre-treatment is designed to reduce swings in blood pressure and
intracranial pressure, to allow pre-oxygenation to occur and to allow
preparation for anaesthesia to occur safely

Ketamine

1–2 mg kg−1

Provides cardiovascular stability. May cause increased salivation

Thiopental

1–4 mg kg−1

May cause precipitous drop in blood pressure so careful dose titration is
required. Commonly used for isolated head injury and status epilepticus

Etomidate

150–300 μg kg−1

Cardiovascularly stable but associated with adrenocortical suppression

Propofol

1–2 mg kg−1

Not used in UK pre-hospital practice because of significant reductions in
mean arterial blood pressure after administration

Rocuronium

0.6–1.2 mg kg−1

Medium-acting non-depolarizing neuromuscular blocking agent which is
gaining popularity as a first-line treatment

Suxamethonium
(succinylcholine)

1–2 mg kg−1

Short-acting depolarizing neuromuscular blocking agent

Morphine

100 μg kg−1

Usually given in titrated doses with midazolam

Midazolam

100 μg kg−1

Usually given in titrated doses with morphine

Propofol infusion

1.5–4.5 mg kg−1 h−1

Not common in UK practice

Pancuronium

20 μg kg−1

Long-acting non depolarizing relaxant

Rocuronium

150 μg kg−1 or 300 μg kg−1 h−1 as infusion

See ‘Neuromuscular block’

Induction of
anaesthesia

Neuromuscular
block

Maintenance

STEP 1
Maintain cricoid pressure
Insert oropharyngeal airway
Maintain oxygena on with 1- or 2-person mask technique
Reduce cricoid pressure if ven la on is difficult
Consider waking the pa ent up
If the pa ent is not suitable to be woken up OR SO2 falls
to less than 90% proceed to STEP 2

STEP 2
Insert LMA (max. 2 aempts)
Remove cricoid pressure
Oxygenate and ven late
If ven la on is possible, con nue from stage 'Aach
ven lator' as above
If oxygena on or ven la on or both fail, proceed to STEP 3

STEP 3
Perform surgical airway
Con nue from stage ‘Confirm tube posi on’ as above

Figure 76.3 Failed intubation drill.

attention must be given to patient safety. Positioning is often managed through the use of a vacuum mattress, spinal board, or scoop
stretcher with straps, neck collar, and head blocks. However, great
care must be taken to ensure that there are no articles left between
the patient and the stretcher; these may take the form of medical
devices such as infusion-giving set caps, environmental debris such
as gravel or glass, or other items such as mobile telephones. These
may all cause significant pressure necrosis which is a particular
issue in the presence of relative hypotension.
Monitoring of physiological variables must be continuous, visible, and with the benefit of audible and visual alarms. The visual
alarm is especially important when the background noise of sirens
or ambient helicopter cabin noise is considered. It is also worth
considering that reliability of NIBP and pulse oximetry is very
variable in these environments and often the presence of end-tidal
carbon dioxide must act as a surrogate marker for the adequacy of
circulation.
When preparing for departure it is worth considering a pre-
departure checklist to ensure that all equipment used on scene is
retrieved, and all equipment and drugs that might be required en
route is carried. The possibility of vehicle breakdown or adverse
weather necessitating aircraft diversion should always be considered when assessing supplies of oxygen and pharmaceutical agents
available.

Thoracostomy
Lungs are particularly sensitive organs to trauma. Pneumothorax
can be considered in blunt, penetrating, blast, and diving-related
injuries. Any injury where a rib fracture is suspected should alert
the pre-hospital practitioner to the possibility of underlying lung
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Box 76.16 Data to be recorded after rapid sequence induction
◆

Indication

◆

Estimate of weight

◆

Pre-RSI observations: heart rate, NIBP, SpO2 , respiratory

◆

Pre-RSI neurology: GCS score and gross neurology

◆

Pre-oxygenation duration

◆

MILS used or not

◆

Cricoid used or not

◆

Blade size and type

◆

View obtained

◆

Bougie used or not

◆

Size of tracheal tube and length at teeth

◆

Position confirmed with:
• capnography
• auscultation

◆

Post-RSI observations: heart rate, NIBP, SpO2 , respiratory rate

◆

Adverse events or none

◆

All drugs and times each bolus given.

injury. In the pre-hospital environment, diagnostic techniques are
often limited to observation, auscultation, percussion, and manual
palpation when circumstances permit and measurement of pulse
oximetry. More recently, handheld ultrasound devices have been
developed which will clearly demonstrate the presence of a small
pneumothorax but these are not currently widely available.
Therefore, the practitioner is often faced with a likely diagnosis
based upon observed mechanism, basic examination techniques,
and limited monitoring devices. In circumstances where a patient
with a possible pneumothorax is awake and alert, this can be supplemented by the symptoms being experienced. These may include
shortness of breath, pleuritic pain, and dyspnoea. However, in a
polytrauma patient with a reduced level of consciousness, these
symptoms may not be readily communicated. If intubation and
ventilation of such a patient is being considered, the presence of a
small pneumothorax becomes an important diagnosis to make or
exclude.
If a pneumothorax is suspected, there is a balance of risks to
consider when deciding how to proceed. The risks of leaving the
pneumothorax untreated or partially treated are those associated
with tension pneumothorax and inadequate ventilation (especially
in head injury). These risks present an immediate and delayed morbidity and potential mortality. The risks associated with decompressing a suspected pneumothorax are operator dependent but
include immediate bleeding, damage to structures and causing a
pneumothorax if one did not exist, and delayed risks of infection as
this is often performed in unclean conditions.
If, based on mechanism and injury pattern, a pneumothorax
might be present in an otherwise stable patient ready for transfer
to a nearby hospital, it might be perfectly reasonable to observe the
patient and ensure that the suspected diagnosis is clearly handed
over on arrival. However, if the likely course of events is that the

patient will require pre-hospital intubation, then being faced with
an uncontrolled tension pneumothorax during transfer would
swing the balance in favour of decompressing the chest before or
immediately after intubation.
There are two common methods for formal decompression of
a simple pneumothorax: finger thoracostomy and tube thoracostomy. In addition, an immediate but temporary procedure in
patients suffering from a tension pneumothorax is a needle decompression. After acute decompression a tube thoracostomy needs to
be performed.
Needle decompression is an emergency procedure during which
a large-bore cannula (commonly a 14 or 12 G venous cannula) is
inserted through the second intercostal space in the mid-clavicular
line. This technique is one that is intended to allow the release of
extrapleural gas under pressure via the cannula. It is associated with
several complications, the most significant of which are the failure
of the cannula to reach the pleural cavity and subsequent dislodgment or kinking of the cannula. It is, however, currently the only
technique available to the majority of paramedics.
Finger thoracostomy is a technique that allows manual examination of the pleural cavity along with decompression of a pneumothorax. The technique is commonly described as forming a 2.5–5 cm
incision along the upper border of the sixth rib in the mid-axillary
line to the depth of the sub-cutaneous fat. This is followed by blunt
dissection with a forceps until the pleural cavity is reached. A finger is then inserted into the track to open it up, allow the escape
of gas and assess for inflation of the lung. Once this is achieved, a
dressing which allows one-way gas flow is applied to create a seal
permitting escape of further gas. Should ventilation become difficult or signs suggest a recurrence of the pneumothorax, a finger can
simply be reinserted into the existing hole to re-form the pathway.
Extreme caution should be exercised when performing this procedure as there is a significant risk of rib fractures around the site of
thoracostomy. Insertion of a gloved finger may result in fragments
of rib piercing the glove and skin of the operator with an associated
chance of blood-borne infection.
Tube thoracostomy is an extension of the finger thoracostomy
technique in which a chest drain is inserted into the hole to allow
formal drainage. The time spent performing the insertion and
securing the tube, along with the chance of damaging underlying
structures during insertion, mean that in most cases finger thoracostomy is often the preferred technique. Occasions that might
warrant a tube thoracostomy include an obviously damaged chest
wall when finger thoracostomy would be impossible, or in the case
of significant haemothorax to minimize the spread of external
haemorrhage and risk to attendants.

Handover
On arrival in hospital, it is of great importance that what has happened to the patient during and immediately after the incident is
relayed clearly to the waiting emergency department team. It is
often poorly appreciated that the course of the patient through the
hospital is frequently determined well before that patient arrives.
Structured handovers are used to maximize the information passed
in a concise manner. One such structure is ATMIST:
A: Age and gender of patient
T: Time of incident and key timings thereafter
M: Mechanism of injury/illness
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I: Injuries observed and suspected from mechanism
S: Signs and symptoms
T: Treatment given.
In addition, other key information that has been learnt during the
pre-hospital phase such as co-morbidities, allergies, and social circumstances should be clearly passed on to the receiving team as the
patient may no longer be in a position to give these details.

Ongoing developments
Areas of current interest in trauma and medical pre-hospital care
relate to evolving technologies in terms of materials and electronics.
Temperature regulation is recognized as being a major contributor to secondary injury. The benefits of therapeutic hypothermia
after non-traumatic cardiac arrest are well documented, as are the
harmful effects of hypothermia in trauma with regard to physiological effects such as tissue perfusion and coagulation. It is beyond
the ability of most pre-hospital services to actively cool or warm
patients because of the significant amounts of power required to
perform this. Much research and development is being directed
towards reduction of heat loss, however, with pocket-sized fluid
warmers, materials which limit conduction, convection and radiation heat loss, and more accurate means of measuring core temperature. While this development continues, the basic techniques
of protecting the patient from the environment, minimizing scene
times, and good technique in packaging patients in dry and insulative materials for transfer must not be forgotten.
Another area of interest is diagnostic equipment that is durable
and portable. Handheld ultrasound is becoming readily available
and may be used to guide the pre-hospital clinician as to likely
injuries, and assist in securing vascular access in hypovolaemic
patients. Uses are likely to include identification of pneumothorax
and pericardial tamponade which require on-scene treatment, but
may also distract practitioners into abdominal examinations that
will not ultimately affect the pre-hospital management.
In a similar way, point-of-care testing such as blood-gas analysers, haemoglobin assays, and suchlike are becoming available in
small portable devices. These may be of interest to isolated practitioners to assist in referral decisions, but are unlikely to find a place
in acute pre-hospital medicine.
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Anaesthesia for
medical imaging and
bronchoscopic procedures
Sebastian Brandt and Hartmut Gehring
Anaesthesia for neuroradiology imaging
and interventional procedures
In recent years, there has been significant progress in the field of
interventional neuroradiology. Indications, treatment options, and
the number of cases have all increased significantly and anaesthetists
are involved in a large number of interventions. For neuroradiological procedures, anaesthesia can represent a significant challenge for
the anaesthetist that should not be underestimated. The procedures
are often of long duration on elderly patients with a variety of comorbidities. The neuroradiological intervention units are often located
far away from the operating theatre so that in emergencies it can
be difficult to get help. In addition, the patient is often inaccessible
under sterile dressings. The anaesthetist with their anaesthesia workstation cannot remain close to the patient, but must instead adopt a
position at the foot or on the side of the patient and must take care to
ensure that the ventilation circuit and i.v. tubing (and the monitoring
cables) are not within reach of the rotating radiology unit (C-arms).
Neuroradiological interventions can be carried out either in an elective or an emergency setting and can be roughly categorized as purely
diagnostic (angiography), embolization, or recanalization interventions.
Table 77.1 provides an overview of the various types of endovascular neuroradiological intervention.

Radiation protection
As neuroradiological interventions are often time-consuming procedures, the cumulative dose of radiation received during surgery
can be considerable. One should also remember that the neuroradiological unit is designed to protect the operator as much as possible (such as through the use of built-in protective panels, etc.). The
design of the apparatus takes no consideration of an anaesthetist who
might also be present in the room. It is therefore of prime importance
for the anaesthetist to take their own personal radiation protection
measures. This includes wearing adequate protective clothing (with
thyroid protection), radiation protection glasses, and a personal
dosimeter (worn under clothing), using appropriate movable shields,
and (perhaps most importantly) maintaining as large a distance as
possible from the radiation source (think of the inverse square law).

Acute stroke
Recanalization can be achieved by a number of interventions: angioplasty, thrombectomy, stenting, intra-arterial lysis, and spasmolysis

Table 77.1 Examples of endovascular interventions in neuroradiology
Intervention: coiling, embolization

Intervention: recanalization

Use (1):
Tumour embolization: (meningioma,
glomus tumour, angiofibroma,
haemangioma)

Use (1):
Treatment of acute ischaemic
stroke: stenting, angioplasty,
mechanical thrombectomy, local
intra-arterial lysis

Use (2):
Endovascular treatment of acute
bleeding: intractable epistaxis
(e.g. hereditary haemorrhagic
telangiectasia), carotid blowout
(tumour, infection), carotid
cavernous sinus fistula (traumatic or
spontaneous), dural arteriovenous
fistula, arteriovenous malformation

Use (2):
Treatment of intracerebral
vasospasms (e.g. after subarachnoid
bleeding): angioplasty, local
intravascular spasmolysis

Risk:
Rupture of cerebral aneurysm (acute
subarachnoid bleeding)
Danger of acute intracranial bleeding
(cerebral aneurysm)

Risk:
Danger of acute ischaemic
stroke: stenting or angioplasty of
stenosis (supra-aortic or intracranial
vessels)

(e.g. vasospasm after subarachnoid haemorrhage). When (and
if) the patient with an acute stroke should be intubated before a
recanalization procedure often depends on the anaesthesia department’s protocols. The scientific literature on this subject is inconclusive, and more recent studies seem to indicate that avoiding
intubation has a positive effect on patient outcome (Jumaa et al.,
2010; Nichols et al., 2010).
There is a balance of risks. The patient with a decreased conscious
level is at risk of aspiration during the intervention and the movement of the microcatheter within the brain can lead to nausea,
vomiting, and acute cardiovascular reactions.
The intracranial navigation in an anaesthetized, immobile (and
even briefly apnoeic) patient is easier, making the interventions
shorter and safer, but this clearly has a cost in terms of anaesthesia
resources. There is also the risk of haemodynamic instability after
induction of anaesthesia.
Immediately after the intervention weaning can be complicated
to perform, so the option of postoperative ventilation must be
available.
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In order to decide which anaesthetic approach to use, a risk:benefit
assessment must be undertaken for the individual patient in cooperation with the other relevant specialities (e.g. neuroradiology,
neurology, and intensive care).

Embolization of intracranial aneurysms
and vascular malformations
With such procedures, one needs to distinguish between elective
and emergency interventions. Emergency interventions are generally for acute subarachnoid haemorrhage. In all cases, deep general
anaesthesia with tracheal intubation and invasive blood pressure
measurement is required as navigation of microcatheters within
small intracranial vessels is performed, and there is a great risk of
an acute subarachnoid haemorrhage if the aneurysm is perforated.
Navigation is often technically demanding; no movement of the
patient can be tolerated. Sometimes phases of apnoea are required.
The interventions often last several hours. If acute perforation
occurs, blood pressure must be lowered immediately to the lowest
acceptable value (consult immediately with the attending neuroradiologist), and consider emergency transport to the computed
tomography scanner or the neurosurgical operating theatre.

Pure angiography and extracranial interventions
If general anaesthesia is not needed for these patients, sedation and
analgesia may be appropriate. Nevertheless, a careful assessment of
the individual patient and their risk profile is needed.

Preoperative assessment
◆

Pre-existing conditions, medical history, medication, and intubation anatomy

◆

Coagulation history

◆

Neurological status

◆

Laboratory values

◆

Glycaemic status (patients after a stroke must have normoglycaemic sugar concentrations strictly maintained).

Anaesthetic management
◆

◆

◆

◆

◆

◆
◆

Standard monitoring for all patients (ECG, SpO2 , non-invasive
blood pressure, respiratory gases including end-tidal CO2). In
high-risk patients (e.g. those having intracranial interventions,
those who have had acute stroke), place intra-arterial pressure
monitoring—ideally before induction of anaesthesia—to help
avoid rapid changes in blood pressure.
If a difficult intubation is anticipated, consider inducing anaesthesia in a suitable location—such as the emergency department
or the operating theatre—rather than the intervention suite.
In patients at risk of aspiration, perform a rapid sequence induction of anaesthesia.
Establish at least two venous cannulae if there is no central access.
One access point is for vasopressors and antihypertensives.
Use total i.v. anaesthesia (TIVA) where possible—volatile anaesthetics increase cerebral blood flow.
Place a urinary catheter for longer interventions.
Patient warming: use equipment compatible with the radiology
suite. Consider a heated mattress—blankets alone are insufficient. Temperature can be measured via the urinary catheter.

Top priorities
◆
◆

◆

Work rapidly but safely (‘after injury, time is brain’!)
Normotension (allow neuroradiologists to specify target values),
normocapnia, and normoglycaemia
Coagulation management should be planned on an interdisciplinary basis and responsibilities should be agreed.

Anaesthesia for magnetic resonance
imaging
Magnetic resonance imaging (MRI) is a diagnostic imaging procedure where strong magnetic fields are used to produce images
with good spatial resolution and high soft tissue contrast. As such,
MRI is particularly well suited for imaging the brain and spinal
cord, abdominal parenchymal organs, lungs, and muscles and
tendons. The examination of the heart by MRI is also growing in
importance. A major advantage of MRI is that no ionizing radiation is used.

Special hazards in MRI
In addition to the general problems of an anaesthesia workstation
away from the operating theatre, there are a number of hazards
that are specific for MRI. In MRI, although there is no ionizing
radiation, a very strong magnetic field is omnipresent. A distinction needs to be made here between the effects of static and
alternating magnetic fields. The static magnetic field of a clinical
MRI scanner has a strength of between 0.5 and 3 tesla (T). For
research purposes, devices are also available where much stronger
magnetic fields (currently up to 11.7 T) are used. Very strong
magnetic fields can exert direct effects on the human body; this
includes stimulation of peripheral nerves. Devices that are currently used clinically, however, operate below the threshold for
peripheral nerve stimulation. For systems using 3 T or higher, it is
possible that a metallic taste will be noticed or that dizziness and
nausea will be caused by inner ear irritation. The main danger
in using MRI, however, is when ferromagnetic, paramagnetic, or
electrically conductive objects in the vicinity of the MRI scanner
interact in harmful ways with the human body. This can happen,
for example, if a ‘missile effect’ occurs. In such a case, a rogue ferromagnetic or paramagnetic object in the MRI room can act as a
projectile and injure patients or staff. If the object is large, such as
a bed, a person can also become trapped between the object and
the scanner.
A strong high-frequency field is generated (radio frequency, or
RF field) inside the scanner room. This is usually well shielded from
the outside world by using a Faraday cage. Electrically conductive
objects (e.g. objects made of metal or carbon fibres) interact with the
high-frequency field and can, under certain circumstances, become
hot. If the human body has contact with these objects, severe burns
may result. Ultimately, any piece of electrical and electronic equipment inside the scanner room that has not been extensively tested
and declared fit for MRI may malfunction or stop working. Also, the
quality of the magnetic resonance images obtained can be affected
by ‘image noise’ and artifacts if metallic or electrical devices not fit
for MRI have been used in the MRI scanner room.
During the examination, the MRI scanner produces a very loud
noise that can achieve levels of greater than 100 dB. Patients (even
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those under anaesthesia) and attending staff (radiologist, anaesthetist, nurses, etc.) need to be protected with adequate ear defences.

Anaesthesia in MRI
Anaesthetists will be involved in caring for patients undergoing
MRI when a sedation or general anaesthesia is required for the
examination. MRI examinations may require patients to lie absolutely still in the narrow MRI tube for up to 2 h. As such, anaesthetic management is required for the following patient groups:
◆

Children up to school age

◆

Patients with severe claustrophobia

◆

Patients with involuntary movement disorders

◆

Patients with severe pain

◆

Patients with learning disabilities

◆

Disoriented patients

◆

Critically ill patients with continuous monitoring, mechanical
ventilation, or both.

The attending anaesthetist must be competent to identify and manage critical situations that may arise at any time. They must be able to
carry out a change in procedure, for example, from a sedation to general anaesthesia with a protected airway. This requires them to have
completed specialist training with close supervision by a consultant.

Preparation
The patient (and staff!) must be checked thoroughly before entering the scanner room for the presence of any metallic or paramagnetic objects and implants. Intensive care patients are frequently
particularly problematic, as a variety of monitor cables, infusion
tubes, dressings, and so on, need to be assessed for MRI compatibility. In these patients in particular there is also the risk that some
information (e.g. about implants) may not be documented and can
often not be queried.
If the patient wears implants or has medical devices implanted in
their body, the attending radiologist is responsible for determining
whether a scan can be carried out, as they also have access to extensive Internet databases that they can refer to (such as http://www.
MRIsafety.com or http://www.magresource.com).
There are both American and European standards concerning
the classification of a medical device into magnetic resonance safety
categories (Table 77.2). The responsibility of the anaesthetist is to
ensure that all medical materials on the patient, and all anaesthesia
equipment to be used in the MRI room, are suitable. It is important to stress that a medical device which has been approved for
a certain field strength (e.g. 3 T) is not necessarily suitable for a
weaker magnetic field (e.g. 1.5 T). The approval for specific areas of
application can be referred to in the product information, and any
restrictions should always be followed. For instance, the use of a
certain device may be restricted to ‘out of the 5000 gauss-field line’.
Magnetic field lines are typically painted or taped onto the floor of
the scanner room. Details have to be checked beforehand with the
local magnetic resonance safety officer.

The anaesthesia workstation in the MRI room
The induction of and recovery from anaesthesia should ideally
take place in a dedicated area close to the scanner room. Here
the patient should be switched to an MRI-compatible monitoring

Table 77.2 Definitions of magnetic resonance (MR) safety
MR safety category

Definition

MR safe

Item poses no known hazard in all MR
environments

MR conditional

Item poses no known hazards in a specified MR
environment with specified conditions of use

MR unsafe

Item poses hazards in all MR environments

Data from ASTM F2503-E and DIN 6877-1.

system. Another advantage is that special, non-MRI-compatible
equipment (fibreoptics, defibrillator, difficult airway equipment)
for emergency situations can be used and stored here. All specialists involved should be aware of which items are MRI compatible
and which are not. An appropriate form of labelling is required.
Minimum requirements and desirable options for anaesthesia
work in the MRI room can be found in Table 77.3. The safety standards should be as strictly adhered to as they are in the operating theatre. This means that any compromise leading to an unauthorized
Table 77.3 Minimum technical requirements and desirable options
for anaesthesia care in a MR-environment
Minimal equipment

Options

MR-compatible anaesthesia Operable and monitorable wirelessly from the
machine
outside
Vapour
Ventilation modes for assisted ventilation
MR-compatible patient
monitoring
(ECG, SpO2 , blood pressure,
end-tidal CO2)

Operable and monitorable wirelessly from the
outside
Invasive pressure and temperature measurement

MR-compatible syringe
pump(s)

Operable and monitorable wirelessly from the
outside
Multiple pumps (e.g. for additional vasopressors)

Gas supply from wall
connection or MR-
compatible gas cylinders
(oxygen)

Additional compressed air, vacuum
Anaesthesia gas extraction

Video surveillance communications system
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use of non-MRI-suitable equipment must be rejected. For the
purposes of operating non-MRI-compatible syringe pumps from
outside the scanner room, excessively long syringe pump lines are
sometimes improvised by combining multiple lines. This practice is
not safe; volumes of drugs delivered cannot be accurately calculated
because of the high tube compliance. Just as unacceptable is the use
of highly extended ventilation tubes as this results in the creation of
unacceptably large dead-space volumes.

Anaesthesia management
Anaesthesia for MRI covers the entire range of anaesthesia services
provided by monitored anaesthesia care with or without sedation: with or without a preserved spontaneous breathing right up
to deep general anaesthesia with mechanical ventilation. Knowing
the precise requirements for the planned examination, the anaesthetist decides on the appropriate anaesthetic procedure based on
the individual patient’s risk profile. As an example, the radiologist
might desire brief periods of apnoea during imaging to avoid any
artifacts as a result of breathing movements (e.g. a cardiac MRI).
This would require deep general anaesthesia with a neuromuscular block. The anaesthetist must then decide whether they remain
in the scanner room or whether monitoring the anaesthesia from
outside the room is sufficient. In addition to the patient’s condition, spatial issues also play a role. Modern MRI-compatible patient
monitors and syringe pumps allow for wireless monitoring and
operation from outside the scanner room. In this scenario, video
monitoring of the patient in MRI is also desirable.
If the MRI scan is performed under sedation with preserved
spontaneous breathing, a continuous monitoring of end-tidal CO2
is recommended so that apnoea can be recognized in good time.
For general anaesthesia, a TIVA with propofol (sometimes in combination with an opioid such as remifentanil) is carried out in the
MRI room. However, if the option of volatile anaesthesia is available, a balanced anaesthesia can be provided—as long as this is not
contraindicated for the patient.
The heat balance of infants and young children can be disrupted
by MRI. Although children in the MRI room can become hypothermic as a result of cold exposure and the effects of the anaesthetic,
some 3 T MRI cases have been reported where hyperthermia has
been induced by the magnetic field. Unfortunately, accurate temperature monitoring cannot be performed with many of the standard MRI patient monitors. Active warming using patient warming
devices, as has long been established for surgical operations, is not
currently possible with MRI.

Management of critical situations
In critical situations, the risk is particularly high that metallic
objects are unwittingly or unknowingly brought into the scanner
room. Clear visual alerts and metal detectors at the door to the
MRI room can help to prevent this. If there is an incident or a critical situation in the MRI, the following decisions must be made as
quickly as possible:
1. Can the situation be managed with the help of the available
equipment (MRI compatible) in the MRI room? If not, an
immediate evacuation must be carried out.
2. Is there a life-threatening situation involving a person being
trapped by a large magnetic object (e.g. a hospital bed). If so,
press the ‘magnetic quench’ button immediately.

Serious incidents generally require an immediate evacuation.
Implementing this quickly and safely is not a trivial matter and
requires regular training of the staff involved (anaesthetist, anaesthesia nurses, technicians, and radiologists).
The ‘magnetic quench’ should only be activated if an individual’s
life is at risk because of the strong magnetic field and where the
situation cannot be controlled by other measures. During quenching, the liquid helium used to cool the magnetic coils is abruptly
evaporated. Restoration of the operation readiness of the MRI costs
€10 000 and takes a number of working days to complete.

The future
It is likely that both the number of anaesthetically supervised MRI
scans and the field strength of the scanners themselves will increase
over the coming years. In addition, the thresholds for magnetic
fields in the workplace will be reduced so far that the presence of
an anaesthetist in the scanner room shall no longer be possible.
A European Union directive on this already exists (2004/40/EC).
These facts and the currently developing area of ‘Interventional
MRI’ will present a range of new technical and clinical challenges
for anaesthesia in the future.

Anaesthesia for bronchoscopy
Diagnostic and therapeutic bronchoscopy can be implemented
using a flexible fibreoptic bronchoscope, a rigid bronchoscope, or
a combination of the two. By using a flexible fibreoptic bronchoscope, deeper regions within the bronchial-tracheal system can
be reached, but because of the small size of the working channel,
the spectrum of therapeutic and diagnostic procedures that can be
carried out is restricted. Through a rigid bronchoscope, however, a
multitude of instruments can be introduced and applied. Another
advantage for a rigid tube is that it can also be used for ventilation.
Although in most cases flexible bronchoscopy can be carried out
without any anaesthesiological care and using just local anaesthesia with mild sedation, rigid bronchoscopy requires a deep general
anaesthesia. Anaesthesia is always indicated for a bronchoscopy
wherever the patient cannot tolerate the procedure (children,
excessive restlessness, anxiety disorders), or where the patient is in
too poorly a condition to undergo a local anaesthesia and sedation.
Table 77.4 provides an overview of the common indications for
a bronchoscopy.
Table 77.4 Common indications for bronchoscopy
Procedure

Indications

Diagnostic

Bronchial and transbronchial biopsies (preferentially
ultrasound guided, e.g. EBUS)
Cytology (brush, lavage)
Source of haemoptysis, unexplained cough

Therapeutic

Extraction of foreign bodies
Reduction of obstructive tumours (e.g. laser, cryotherapy)
Dilatation
Palliative procedures (e.g. stenting, bronchial valves)
Control haemorrhage
Occlusion of fistulae
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The patient for rigid bronchoscopy
A high proportion of patients for whom diagnostic or therapeutic
interventions involving bronchoscopy are planned are also severely
disabled as a result of underlying disease and pulmonary comorbidities. Patients with suspected lung cancer are often afflicted with
an additional pulmonary impairment because of long-standing
nicotine abuse (chronic obstructive pulmonary disease, hypertension, coronary heart disease). Lambert–Eaton syndrome, a neuromuscular paraneoplastic syndrome, occurs in approximately 60%
of patients with small-cell bronchial carcinoma. In such patients,
a prolonged duration of action of neuromuscular blocking agents
can be expected.

The rigid bronchoscope
The rigid bronchoscope consists of a metal tube with an attached
eyepiece and a connector for a cold light source. In addition, there
are also connections for a ventilation tube. Ventilation can be carried out manually, or mechanically with the help of an anaesthesia ventilator, or using a jet ventilator. Often during a procedure
a flexible bronchoscope is inserted through the rigid endoscope
so that distal regions of the bronchial tree can be reached. For
diagnostic purposes, an ultrasound probe can also be fitted
to the tip of the flexible fibreoptic [endobronchial ultrasound
(EBUS)].

Anaesthesia procedure for rigid bronchoscopy
1. Monitoring (ECG, SpO2 , blood pressure, end-tidal CO2)
2. Anaesthesia induction after pre-oxygenation (e.g. with propofol or remifentanil)
3. Checking of mask ventilation
4. Neuromuscular block (short acting, e.g. with mivacurium or
suxamethonium)
5. Positioning of the patient
6. Introduction of the bronchoscope
7. Connection of the ventilation tube (100% FIO2 , high flow > 10
litres min−1)
8. Test ventilation and estimation of ventilation efficiency (end-
tidal CO2, tidal volume, chest excursions, noise)
9. Release for bronchoscopy
10. After completion of the intervention, removal of the rigid bronchoscope, termination of anaesthetic dosing, and introduction
of a laryngeal mask airway or a conventional tracheal tube
11. After awakening of the patient, removal of the laryngeal mask
and extubation.
An estimation of the efficiency of ventilation through the rigid
bronchoscope requires experience. The ventilators depict the tidal
volumes and end-tidal CO2 unreliably. As such, the most important method used for monitoring during a bronchoscopy is pulse
oximetry. If there is excessive leakage, application of cricoid pressure, or switching to a larger tube diameter can be of assistance.
Sometimes the leak might be from the bronchoscope itself (open
working channel, eyepiece not attached properly, constant suction
by the pulmonologist). When ventilation problems occur it is often
easier to ventilate manually rather than by mechanical ventilation.

During the intervention, it may be necessary to maintain a brief
phase of apnoea, but one must of course remember that a typical
pulmonary patient has only limited reserves. If a jet ventilator is
available, the procedure can be simplified. Before the intervention,
one should in any case set clear individual limits with the bronchoscopist for the patient’s lowest tolerable SpO2 levels and clearly
communicate when any falling saturation levels occur.

Anaesthesia procedure
The anaesthesia should be maintained using i.v., short-acting
anaesthetics (e.g. propofol and remifentanil) as inhaled anaesthetics are not suitable because of the leakages that tend to occur. Even
when choosing a neuromuscular blocking agent, briefly effective
and well-controllable substances should be preferred, such as
mivacurium and cisatracurium. Before ending anaesthesia one
must always check for any persisting neuromuscular blocking
action using a nerve stimulator. Patients with a ‘difficult airway’
always represent a particularly problematic challenge where the
procedure has to be planned very carefully. A fibreoptic awake
intubation may be considered, but is only of limited use wherever a rigid bronchoscopy is planned. Alternative respiratory aids
(e.g. intubating laryngeal mask airways, laryngeal tubes, etc.) and
emergency tracheotomy or cricothyrotomy sets must always be
within reach. For patients at risk of aspiration, the anaesthesia is
introduced by rapid sequence induction, which is followed by an
intubation using a rigid bronchoscope. The rigid bronchoscope,
however, provides no protection from aspiration. Depending on
the planned intervention and the patient’s condition, it can make
sense to monitor blood pressure using an invasive arterial catheter.
This also provides the benefit that blood gas measurements can
also be performed.

The anaesthesia workstation in bronchoscopy
When equipping the anaesthesia workstation in the bronchoscopy
laboratory, it must be considered that even rarely used emergency
equipment must be readily at hand. The complications listed in
Table 77.5 should all be manageable with the materials and equipment available.

Laser procedures
Laser procedures are often performed in order to eliminate narrowing and obstruction of the respiratory tract, such as that
caused by tumours. Sometimes stents are applied afterwards to

Table 77.5 Overview of complications during bronchoscopy
Complication

Therapy/prophylaxis

Acute endobronchial bleeding

Local haemostasis (adrenaline,
coagulation)
Bronchial blocker, double-lumen tube

Bronchospasm

Glucocorticoid administration (i.v.)

Laryngeal, tracheal, dental trauma

Depending on complication

Pneumothorax

Pleural drainage

Hypoxaemia/hypercarbia

Improving ventilation

Awareness

Adequate depth of anaesthesia
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keep the airways open in the long term. These patients are often
severely impaired by their cancer, and curative treatment is not
possible. In order to prevent life-threatening burns in the airways, it is vital that ventilation be carried out with a low FIO2
of 21% oxygen. This means that the bronchoscopist can only
activate the laser when a FIO2 is displayed for the exhaled air by
the respiratory gas measurement device. Nitrous oxide (acts as
an incendiary) and volatile anaesthetics (can break down into
toxic derivatives) are contraindicated. Often oxygen desaturation
occurs which can only be treated by interrupting the laser therapy
and ventilating with 100% oxygen. After recovery of saturation
the FIO2 can then be reduced again and the laser therapy can be
resumed. Here, good communication and clear agreements on
limits are the keys to success. The vapours resulting from laser
therapy are often highly irritating to the airways. In patients at
risk of, or with evidence of, bronchospasm, an i.v. glucocorticoid
injection is indicated. It should also not be forgotten that the eyes
of anyone involved in the therapy need to be protected with suitable laser safety goggles.

Table 77.6 Mediastinal mass syndrome (MMS) anaesthesiological risk
classification
Classification
Safe

Asymptomatic patients (computed tomography finding),
negative dynamic evaluation*

Unsafe

Symptomatic patients (MMS clinical syndrome and positive
dynamic evaluation*)

Uncertain

Patients with moderate clinical symptoms
Asymptomatic patients with obstruction of the
tracheobronchial tree (<50% of normal diameter)
Asymptomatic patients with positive dynamic evaluation*
Adults without possibility of dynamic evaluation

* Dynamic evaluation: awake fibreoptic tracheobronchoscopy, pneumotachography,
echocardiography with change of patient position.
Reproduced with permission from Erdos, G. and Tzanova, I. Perioperative anaesthetic
management of mediastinal mass in adults. European Journal of Anaesthesia. Volume 26,
Issue 8, pp. 627–632, Copyright © 2009 European Society of Anaesthesiology.

Anaesthesia procedure in special situations
Removal of a foreign body in a child
Aspiration of a foreign body is the most common cause of acute
respiratory distress in children. A typical patient will be less
than 3 years old and will have aspirated a small foreign body
(e.g. a peanut). The foreign body can dislodge at any time and
cause a complete obstruction, so that an immediate removal is
required even if the child shows no outward signs of distress. As
children usually have no i.v. access and should also not be additionally distressed, an inhalation induction with sevoflurane
is recommended. After this, placement of i.v. access, administration of neuromuscular blockers, followed by ventilation
via a rigid bronchoscope are recommended. Now the foreign
body can be removed via the rigid bronchoscope. In order to
bridge the time until the patient breathes spontaneously and is
fully awake the airway can be secured with a tracheal tube or a
laryngeal mask. In order to prevent post-intervention swelling
of the airways, glucocorticoids can be applied prophylactically.
Another option is to maintain spontaneous breathing during the
entire procedure.

Mediastinal mass syndrome
When investigating mediastinal masses, a transbronchial biopsy
should sometimes be performed. When these lesions reach a certain size, a so-called mediastinal mass syndrome can result. Upon
initiation of general anaesthesia, and even with analgesic sedation,
an acute perioperative cardiovascular failure might occur that can
remain uncontrollable and even lead to the death of the patient.
These patients generally have a difficult airway and anaesthesia or
sedation should therefore be avoided. The attending anaesthetist
must decide the level of risk associated with a general anaesthesia
on the basis of clinical and radiological findings. Tables 77.6 and
77.7 provide a classification and breakdown of the risks of anaesthesia. If a procedure involving general anaesthesia is unavoidable,
all patients with the classification ‘unsafe’ or ‘uncertain’ should have
a cardiac surgical team on standby so that support can be provided
using cardiopulmonary bypass. This usually means providing a
femoral cannulation under local anaesthesia to patients who are
fully awake.

Table 77.7 Mediastinal mass syndrome (MMS): grading of clinical
symptoms
Grading
Asymptomatic

Can lie supine without symptoms

Mild

Can lie supine with some cough, pressure sensation

Moderate

Can lie supine for short periods only

Severe

Cannot tolerate supine position

Reproduced with permission from Erdos, G. and Tzanova, I. Perioperative anaesthetic
management of mediastinal mass in adults. European Journal of Anaesthesia. Volume 26,
Issue 8, pp. 627–632, Copyright © 2009 European Society of Anaesthesiology.

Acute endobronchial bleeding
There is always a risk of triggering an acute endobronchial haemorrhage when a bronchoscopy is performed. The risk of this is particularly great in patients with endobronchial tumours, in those
with bleeding disorders, and of course while invasive procedures
are being carried out (e.g. biopsy, tumour debulking, and stenting). A severe endobronchial bleeding is always a potentially life-
threatening situation. The anaesthetist must always bear in mind
the risk of bleeding and the coagulation status of the patient before
the procedure is carried out. Precautions must be taken on the basis
of a patient’s individual risk profile (e.g. availability of homologous
blood, provision of wide-lumen venous access, and invasive blood
pressure measurement). Acute endobronchial bleeding leads to an
immediate massive impairment for the bronchoscopist so that the
possibilities for intervention are then greatly restricted. At the same
time, usually before the effects of acute blood loss are felt, there
are also massive problems associated with oxygenation. The aim
should now be to control the bleeding as quickly as possible so that
oxygenation becomes possible again. If an immediate local haemostasis is not possible, single-lung ventilation (e.g. using a double-
lumen tube, or a bronchus blocker) might stabilize the situation.
This can gain time for diagnostic (e.g. localization of bleeding) and
therapeutic (e.g. correction of the coagulation status, angiography,
and thoracic surgery) procedures to be carried out.
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Acute bronchospasm
Patients who have to undergo a diagnostic or therapeutic bronchoscopy also have an increased risk of bronchospasm during surgery. On
the one hand, the manipulation of the airways themselves can stimulate the cholinergic system, which can induce acute bronchospasm;
on the other hand, a significant proportion of typical pulmonological patients also suffer obstructive airway diseases such as asthma,
chronic obstructive pulmonary disease, or chronic bronchitis.
Prophylactically, all patients should have taken their anti-obstructive medication (inhalers) before any anaesthesia is induced. An
intraoperative prophylaxis for high-risk patients can also be given by
administering i.v. glucocorticoids. A patient with significant bronchospasm must not be extubated. Immediately after diagnosis, the
patient is ventilated with 100% oxygen (usually manual ventilation
is required) and the depth of anaesthesia is deepened. Propofol and
ketamine can be used because of their bronchodilatory effect. A glucocorticoid can also be administered i.v. With severe bronchospasm,
adequate ventilation via the rigid bronchoscope is no longer possible, so that switching to a tracheal tube or insertion of a supraglottic airway may become necessary. After that, volatile anaesthetics (if
available) can also be of use because of their bronchodilatory effects.
After resolution of the bronchospasm, it must be decided if the
patient can be safely extubated or needs further mechanical ventilatory support in an intensive care unit. However, even if immediate
extubation was possible, post-interventional patient monitoring, for
example, at the post-anaesthesia care unit, is indicated.
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Introduction
War and conflict have long been associated with improvements
in medical care. The recent conflicts in Afghanistan and Iraq have
been no exception. The high tempo of operations has presented
the UK’s Defence Medical Services (DMS) with the need to care
for injured service personnel and local nationals with highly complex patterns of injury. Patients have presented to the DMS with
injuries not commonly encountered in civilian practice—typically
the result of blast and ballistic mechanisms. The deployed anaesthetist is involved in all stages of the patient pathway from point of
wounding to the emergency department (ED), through the resuscitative period encompassed by the damage control construct, to the
critical care delivered on the ground and in the air, and finally back
in the United Kingdom at the interface with the civilian National
Health Service (NHS).
The high quality of care delivered in association with rigorous
clinical audit and research, including laboratory physical science,
has produced developments that not only impact military outcomes, but which are being introduced in wider civilian practice.
This chapter covers all these areas from first principles to
the management of pain and advances in the understanding of
coagulopathy.

Mechanisms of wounding
Explosions are the primary mechanism of wounding in recent
military conflicts and represent an increasing mode of battlefield
injuries (Kelly et al. 2008; Champion et al. 2009). A comprehensive review (Eastridge et al. 2011) of 558 combat casualties injured
between 2001 and 2009 who died of wounds (i.e. those who survived the pre-hospital phase but succumbed to their injuries after
reaching a medical treatment facility) found that 72% were injured
in explosions, 25% by gunshot, and the remaining 3% by a mixture
of helicopter and motor vehicle crashes. The casualties were further sub-divided into those with non-survivable injuries and those
whose injuries were ‘potentially survivable’. While traumatic brain
injury predominated (83%) in those with non-survivable injuries,
haemorrhage was the primary cause of death in 80% of those who
were deemed to be potential survivors (Eastridge et al. 2011). Other

studies have focused on describing and mapping the anatomical
location of injuries (Kelly et al. 2008; Sohn et al. 2008; Champion
et al. 2009); however, this is outside the scope of this chapter which
will focus on generic aspects of the injuries, the pathophysiological
responses, and implications for clinical treatment.
Explosions cause a complex pattern of injury, some aspects of
which are normally only seen after explosions while others such
as penetrating injuries and blunt injuries are also seen in gunshot
wounds and blunt collisions respectively. Descriptions of penetrating injuries from fragments energized by explosions are also
relevant for penetrating injuries from gunshots. The relative contribution of the different forms of blast injuries depend on a number
of factors which include the nature of the explosive device, distance
of the casualty from the device, the environment in which the
explosion occurred (open space or enclosed), and any protective
equipment worn (e.g. ballistic armour) by the casualty. The various categories of blast injury are based upon the component of the
explosion which caused them as shown in Table 78.1 (Stuhmiller
2008; Champion et al. 2009).

Primary blast injury
Blast lung is one of the most notable forms of primary blast injury.
There has been considerable debate regarding the precise mechanism of coupling the shock wave into the body to cause the injuries. Current thinking suggests that the shock wave causes a brief
acceleration of the thoracic wall, leading to a mechanical stress in
the underlying lung tissue. Because of the foam-like characteristics
of lung tissue, it is thought that the stress wave propagates into the
tissue developing into a high-stress wave as it does so, ultimately
leading to damage at the liquid–gas interfaces of the alveoli and
small airways and concurrently damaging small blood vessels (e.g.
pulmonary capillaries). Although the nature of this coupling is of
paramount importance to those developing protection systems
(Cooper 1996), it is the pathophysiological consequences of widespread haemorrhage into the small airways and lung parenchyma
that are of medical importance.
Blast lung is therefore characterized by the influx of blood and
extravasation of oedema fluid into lung tissue (Brown et al. 1993),
giving rise to haemorrhagic foci which can be substantial depending
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Table 78.1 Classification of blast injuries
Category

Definition

Typical injuries

Primary

Injuries caused by the blast shock wave (unique to high-order explosives)
Stress and shear waves occur in tissues
Waves reinforced and reflected at tissue density interfaces
Gas-filled organs (lungs, ears, etc.) at particular risk

Tympanic membrane rupture
Blast lung
Eye injuries
Concussion

Secondary

Ballistic wounds produced by primary fragments (originating from the explosive device)
and secondary fragments (originating from the environment)
Threat of fragment injury extends further than the blast wave

Penetrating injuries
Blunt injuries from large fragments
Eye injuries
Lacerations
Concussion

Tertiary

Whole-body acceleration caused by the blast wind

Blunt injuries
Concussion
Compartment syndrome
Older texts categorize traumatic amputations
as tertiary although they are more likely to be a
combination of primary and tertiary

Quaternary

All explosion-mediated injuries not associated with pressure or wind effects
High temperature
Toxic gases

Burns
Toxic gas and other inhalation injuries
Injuries from environmental contamination

Quinary (or
collateral)

Clinical consequences of ‘post detonation environmental contaminants’ including bacterial
(deliberate and commensal), radiation (‘dirty bombs’), and tissue reaction to fuel and materials
Systemic response to massive trauma

Adapted with permission from Champion, H. R. et al. Injuries From Explosions: Physics, Biophysics, Pathology, and Required Research Focus. Journal of Trauma and Acute Care Surgery.
Volume 66, Issue 5, pp. 1468–1477. Copyright © 2009 Wolters Kluwer Health and American Association for the Surgery of Trauma; and from Stuhmiller JH. Blast injury: translating research
into operational medicine. Office of The Surgeon General, Borden Institute, US Army Medical Department Center & School, 2008.

on the level of blast loading. The intrapulmonary haemorrhage and
oedema contribute to the initial respiratory compromise in blast
lung (Gorbunov et al. 2006a). The problem is exacerbated because
free haemoglobin and extravasated blood have been shown to
induce free radical reactions which cause oxidative damage and
initiates/augments a pro-inflammatory response (Gorbunov et al.
2006a). Free haemoglobin also causes an accumulation of inflammatory mediators and chemotactic attractants (Gorbunov et al.
2005), thereby amplifying the problem.
Within 3 h, leucocytes can be demonstrated within the haemorrhagic areas and concentrations increase for 24 h or more after exposure (Gorbunov et al. 2006a). This accumulation of leucocytes is
associated with increasing levels of myeloperoxidase activity, which
in turn is indicative of oxidative events and developing inflammation in the affected areas (Gorbunov et al. 2006a). Histological and
electron microscopic examination reveal prominent perivascular
oedema and extensive alveolar haemorrhages without widespread
visible damage to endothelial cells during the first 12 h after exposure (Gorbunov et al. 2006a). Thereafter, 12–24 h after exposure,
type 1 epithelial cells show evidence of developing damage followed
later (24–56 h after exposure) by secondary damage to endothelial
cells which become detached from their basement membrane into
the capillary lumen (Gorbunov et al. 2006a).
This picture of pulmonary inflammation can develop further into
acute lung injury and acute respiratory distress syndrome (ARDS).
The likelihood of developing ARDS is dependent in part on the
severity of the initial blast lung, which has been defined on the basis
of functional (pulmonary gas transfer) and radiographical findings

(Table 78.2). Civilian data based on casualties of terrorist bombings
in Israel suggest that all of those with severe and approximately one-
third of those with moderate blast lung injury develop ARDS, while
none of those with mild blast lung develop ARDS (Pizov et al. 1999).

Physiological response to primary blast injury
A number of experimental studies and clinical reports indicated
that primary blast injury to the thorax produces bradycardia, prolonged hypotension, and apnoea followed by rapid shallow breathing (Barrow and Rhoads 1944; Cernak et al. 1996; Guy et al. 1998;
Ohnishi et al. 2001). The respiratory disturbance has been shown to
be as a result of a reflex with an afferent vagal pathway, the bradycardia is as a result of vagal efferent activation, and the hypotension is due in part to profound systemic vasodilation which may
be mediated by nitric oxide release from the pulmonary circulation
(Zunic et al. 2000; Ohnishi et al. 2001; Gorbunov et al. 2006b).

Initial management of blast injury
The guidelines provided by the American College of Surgeons allow
a uniform and systematic approach to the management of major
trauma. The ABCDE resuscitation principle is the first priority
because these basic measures apply to all severe trauma patients.
Secondary and even tertiary surveillance is then used to aid identification of immediately life-threatening injuries and facilitate
appropriate intervention. The six immediately life-threatening
injuries comprise airway obstruction, tension pneumothorax,
open pneumothorax, massive haemothorax, flail chest, and cardiac
tamponade.
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Table 78.2 Blast lung injury severity score
Blast lung severity
Mild

Moderate

Severe

PaO2 / FIO2 (kPa)

>26.6

8.0–26.6

<8.0

Chest radiograph

Localized lung
infiltrates

Bilateral or unilateral Massive bilateral
lung infiltrates
lung infiltrates

Bronchial pleural
fistula

No

Yes/No

Yes

Republished with permission of American College of Chest Physicians, from Chest, Pizov, R.
et al. Blast Lung Injury From an Explosion on a Civilian Bus, Volume 115, Issue 1,
pp. 165–172, 1999; permission conveyed through Copyright Clearance Center, Inc.

When indicated, three initial radiographical examinations should
be performed in the resuscitation room, which are radiographs of
the chest, lateral C-spine, and pelvis. Further computed tomography (CT) imaging must be deferred until the patient has been
adequately resuscitated. While a CT of the thorax is not mandatory
in the management of blast lung injury this should not detract from
the important information that may be yielded, for example, a CT
of the thorax is the definitive diagnostic test for injury to the aorta.
The mainstay of management of parenchymal injury to the lung is
mechanical ventilation. This intervention may in itself exacerbate the
initial injury by direct mechanical damage, induction of surfactant
failure, and stimulation of pulmonary and systemic inflammatory
cytokines (Pinhu et al. 2003). Research pertaining to the reduction
of this iatrogenic injury in the setting of ARDS is applicable to the
management of blast lung injury because of the similar pathological end-points. It is now widely recognized that a conservative ventilation strategy (The Acute Respiratory Distress Syndrome Network
2000), whereby plateau airway pressures are limited to 30 cm H2O
and tidal volumes to 6 ml kg−1, is associated with improved clinical
outcomes. However, this strategy mandates a degree of hypoxaemia
and hypercapnia. The application of positive end-expiratory pressure
(PEEP) is a key component of a protective ventilatory strategy because
it theoretically reduces atelectotrauma. Higher PEEP levels may lead
to recruitment of collapsed alveoli with concomitant improvement in
shunt fraction and arterial oxygenation. However, if the recruitment
potential is low, there is a risk of further injury by over-distension of
open alveoli. The optimum level of PEEP is controversial, but there is
evidence that high levels are beneficial in severe lung injury (Grasso
et al. 2002; Meade et al. 2008; Mercat et al. 2008). The choice of mode
of ventilation depends on local factors, such as the technology available and the experience of the physician. There is very little evidence to
favour one mode over another in adult patients. In a small number of
cases, high-frequency oscillatory ventilation (HFOV) can be utilized in
patients that are refractory to conventional ventilation (Wunsch et al.
2005). High-frequency, low-volume ventilation may reduce atelectotrauma and volutrauma to the alveoli. However, a recent trial was
terminated early because patients receiving HFOV with a mean airway
pressure of 31 ± 2.6 cm H2O and frequency of 5.5 ± 1 Hz for new onset
moderate-severe ARDS had excess mortality when compared to those
receiving a conservative ventilation strategy (Ferguson et al. 2013).
The intensity of mechanical ventilation can be greatly reduced by
using an extracorporeal membrane oxygenation system. However,
complications associated with removing blood from the patient
and circulating it through an artificial membrane may preclude its
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widespread use. The system has been proved to be of benefit in the
paediatric population, but remains of uncertain importance in adults
(Zapol et al. 1979; Anderson et al. 1994; Morris et al. 1994; Plotkin
et al. 1994; Peek et al. 2009). Although a recent large clinical trial has
reported that the strategy improved survival of patients with severe
ARDS, the lack of standardized management of the control group
makes definite conclusions difficult (Peek et al. 2009). The Novalung®
system (Inspiration Healthcare Ltd, UK) uses the arterial pressure
to drive blood across a membrane to remove carbon dioxide only.
Although it offers fewer treatment options, it has the benefits of being
compact, less invasive, and a lower anticoagulation requirement.
Despite the challenges presented by the pathology of lung injury,
dramatic improvements in outcome have been borne out of preventing secondary injury by mechanical ventilation.

Secondary and tertiary blast injuries: haemorrhage,
tissue injury, and resuscitation of casualties
with concomitant primary blast injury
Blast-injured casualties often sustain haemorrhage as a consequence
of their injuries (Cooper et al. 1983). The casualties may therefore
suffer profound haemorrhagic shock and so require resuscitation to
sustain life while they are evacuated to hospital.
A multidisciplinary task force has recommended low-volume
fluid resuscitation in the initial phase of resuscitation in patients
without brain injury (Spahn et al. 2007; Rossaint et al. 2010). The
strategy aims to reduce the risk of re-bleeding by:
◆

minimizing the hydrostatic pressure on clot forming over
the wound

◆

minimizing dilutional coagulopathy

◆

reducing the volume of cool fluid that is infused.

However, a Cochrane systematic review of randomized clinical trials failed to show any difference in outcome when compared with a
traditional resuscitative strategy (Kwan et al. 2003), and concluded
that ‘We found no evidence from randomised controlled trials for
or against early or larger volume of intravenous ﬂuid administration in uncontrolled haemorrhage. There is continuing uncertainty
about the best ﬂuid administration strategy in bleeding trauma
patients. Further randomised controlled trials are needed to establish the most effective ﬂuid resuscitation strategy’ (Kwan et al.
2014). However, amongst those practicing pre-hospital resuscitation it is generally held that there is a body of evidence to support
a restricted pre-hospital resuscitation strategy in penetrating injury
when evacuation timelines are short (Bickell et al. 1994).
The clinical picture during resuscitation is complicated by the
pathophysiological changes associated with blast lung and hypoxaemia, together with a range of cardiovascular (Harban et al. 2001;
Sawdon et al. 2002) and microcirculatory (Zunic et al. 2005) disturbances which may further compromise nutritative tissue blood
flow. The combination of the low tissue blood-flow state inherent
in hypotensive resuscitation can therefore be compounded by poor
arterial oxygenation and can lead to an overwhelmingly inadequate
tissue oxygen delivery. Although the reduced risk of re-bleeding
outweighs the deleterious effects of poor tissue oxygen delivery
when evacuation times are short, the physiological penalties of
low-flow states can become overwhelming during extended resuscitation timelines, particularly when this is compounded by hypoxaemia as a result of blast lung (Garner et al. 2010).
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An experimental study conducted at the Defence Science and
Technology Laboratory (Dstl) at Porton Down investigated an
alternative strategy for extended evacuation timelines, developed
jointly by Dstl and RCDM. This new strategy involves initial resuscitation to a hypotensive end-point to allow time for clot stabilization, followed after the first hour by a revised (normotensive)
target. This alternative strategy (termed ‘novel hybrid’, NH) was
found to increase survival time and reverse a severe metabolic acidosis that developed during the hypotensive phase, without causing
re-bleeding (Kirkman et al. 2011) (Fig. 78.1).
The new resuscitation strategy also attenuated other sequelae
such as the early acute trauma coagulopathy and inflammatory
response associated with prolonged hypotensive resuscitation
(Hypot) (Fig. 78.2). The peak prothrombin times (PTs) attained are
shown in Figure 78.2. NH resuscitation was associated with significantly lower PT compared with Hypot (P = 0.001). In contrast,
blast injury (vs sham blast) had no significant effect (P = 0.56) on
the peak levels of PT. Peak concentrations of interleukin 6 (IL6)
were also significantly higher in the Hypot groups compared with
NH (Fig. 78.2) (P = 0.001), but overall there was no significant
effects of blast (P = 0.34) on the inflammatory marker. However,
survival time was significantly shorter in the blast-injured animals
given Hypot (P = 0.017). Due to the expected time course of IL6

release the levels seen in the short-lived Blast/Hypot group may
be reduced. When the effects of blast was examined only in those
given NH resuscitation (where survival times were similar between
NH and Hypot, P = 0.45), IL6 concentrations were found to be significantly higher in animals given blast injury (P = 0.009). In contrast, when a similar analysis was taken, examining PT levels only
in those given NH, there was no significant difference in maximum
PT between blast and sham blast groups (P = 0.24).
More recent considerations focus on the nature of the resuscitation fluids, with increased emphasis on proactive use of blood
products to treat and, if possible, avoid the development of acute
trauma coagulopathy. Adjuvant therapies, such as coagulation factors and antifibrinolytics have an important role in the management
of haemorrhage. Recommendations for the management of haemorrhage in the civilian setting are provided in a set of European
guidelines (Spahn et al. 2007; Rossaint et al. 2010). Although the
military regimen appears more liberal, it can be appreciated that
both regimens have similar physiological targets.

Blast-induced brain injury
In recent years, there has been a myriad of anecdotal reports suggesting that mild blast exposure causes mild traumatic brain injury,
leading to symptoms which include difficulties with concentration,
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Figure 78.1 Kaplan–Meier survival plot and arterial base excess (ABE) for four groups of animals subjected to either sham blast (S) or blast (B), haemorrhagic shock, and
resuscitation following either the novel hybrid (NH) or hypotensive (Hypot) arterial blood pressure profile. For ABE, time indicates time from onset of resuscitation. First
three values represent Baseline 1, Baseline 3, and Blast (or Sham Blast). Mean values (with sem).
Reproduced with permission from Kirkman E, Watts S, Cooper GJ. Blast injury research models. Philosophical Transactions of the Royal Society B. Copyright © The Royal Society 2010.
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Figure 78.2 Peak prothrombin time (PT) and arterial interleukin 6 (IL6) in the four groups of animals described in Figure 78.1. Mean values (with sem).
Reproduced from C Doran et al., Targeted resuscitation improves coagulation and outcome, The Journal of Trauma and Acute Care Surgery, 72, 4, pp. 835–843, Copyright 2012, American
Association for the Surgery of Trauma.

Shock packs

Patient arrives

1:1:1 transfusion

Measure pH
THAM if <7.1
Re-warm if <34 °C
15 mg kg−1 tranexamic acid

CaCl2 every 5 units RCCs or if ionized Ca <1 mmol kg−1
Maintain K between 3 and 4 mmol litre−1
At 10 units of RCC give 1 unit of cryoprecipitate
Use RoTEM once patient not being actively resuscitated

BASTION GLUE for resistant coagulopathy: 1 unit cryo: 1 unit FFP;
1 unit platelets: 100 μg kg−1 rVIIa

Consider fresh whole blood for resistant coagulopathy

Figure 78.3 UK Military Guideline for the treatment of traumatic haemorrhage.
1:1:1, packed red cells (RCC): fresh frozen plasma (FFP): platelets in a 1:1:1 ratio;
THAM, tromethamine; RoTEM, rotational thromboelastometry; BASTION GLUE,
components listed in final box of the flow diagram.
Data from Surgeon General’s Operational Policy Letter SGOPL Number: 08/09, due revision: 06/
14, dated: 10 June 09, reference: DMSD: /29/15/01 Management of massive haemorrhage on
operations.

irritability, sleep, and memory problems (Okie 2005). A number of
these symptoms may overlap with post-traumatic stress disorder
(Rosenfeld and Ford 2010). Experimental studies have shown that
blast exposure leads to expression of biomarkers of brain injury and
apoptosis (Cernak et al. 2010) and electrophysiological changes consistent with damage to long axonal tracts (Park et al. 2011). Conversely,
recent controlled studies have found no evidence of neuronal injury
in humans exposed to low levels of blast (Blennow et al. 2011). A comprehensive retrospective study has been published by Fear et al. (2009)
highlighting the difficulties associated with specifically linking the
neuropsychological disturbances with blast exposure. The mechanism
underpinning any blast-induced mild traumatic brain injury is also a
matter of debate. It is uncertain whether the shock wave itself couples
directly into brain tissue (via the skull) or whether more conventional
acceleration of the head is responsible, or whether brief changes in
intravascular pressure caused by the impact of the blast wave on the
body may play a part. Recent studies have raised the interesting possibility that a spill-over of inflammatory mediators from other organs
(e.g. the lungs) may contribute to brain injury (Cernak 2010). All of
these issues are profoundly important not only for clinical treatments
but also for the development of protection systems and strategies.
At higher levels of blast exposure there is accumulating evidence
that exposure to blast leads to alterations in the brain (possibly the
microvasculature) which increase the likelihood and severity of
cerebral oedema caused by other concomitant injuries (e.g. penetrating brain injury) (Armonda et al. 2006). Currently there is no
specific treatment for this condition (Armonda et al. 2006; Risdall
and Menon 2011). The mechanisms underpinning mild traumatic
brain injury and cerebral oedema with more severe blast loading
may be different and it is clear that the debate and investigational
studies will continue in the short to mid term.

Summary: mechanisms of wounding
Blast (explosions) is currently the predominant mechanism of battlefield injury, while haemorrhage is the principal cause of battlefield deaths. Although serious primary blast injury (e.g. blast lung
caused by the shock wave) is seen in the minority of casualties, it
does complicate the response to and treatment of secondary (e.g.
haemorrhage as a result of penetrating injuries from energized fragments) and tertiary (translational) blast injuries. The effectiveness
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Table 78.3 Physical restraints to delivery of care in flight
Constraint

Effect

Result

Enemy threat

Personal danger from ballistics requires personnel to wear helmet,
body armour, ballistic glasses, fire-retardant clothing
Carry personal weapons

Additional weight
Restricted movement
Physical fatigue

Noise

Auscultation and percussion impossible
Difficulty communicating by voice
Threat to hearing

Impaired diagnostic skills
Communication by radio and hand signals
Hearing protection worn

Vibration

Monitoring unreliable (SpO2 and NIBP especially)

Impaired diagnostic skills, decreased situation awareness
Daily equipment checks vital
Difficult to locate equipment
Cannulation and intubation more difficult

Increased equipment failure rate
Equipment will move if not secured
Fine motor skills impaired
Temperature

Cold at night especially at altitude (−15°C) resulting in hypothermia Warming blankets (e.g. Blizzard, Blizzard Protection Systems Ltd,
and coagulopathy
Gwynedd,UK) and fluid warmers (e.g. enFlow™, Becton, Dickinson and
Company Franklin Lakes, NJ, USA)
Hot during day especially in summer (40°C)
Hyperthermia, heat injury

Light

Light at night kept to a minimum for aircraft protection
White light avoided as it interferes with night-vision equipment

Difficult to locate equipment in preparation phase of mission
Patient signs (e.g. cyanosis) and monitor colours difficult to ascertain

Aircraft

Rotors, jets, and counter-measures represent significant danger for
embarking/disembarking personnel

Team, crew must be familiar with dangers areas of each aircraft type

of hypotensive resuscitation is significantly limited by concomitant
hypoxaemia. A new strategy, termed ‘novel hybrid’, which replaces
hypotensive resuscitation with a revised normotensive target after
the first hour, increases survival time. In-hospital management of
blast lung is currently supportive using conservative ventilation
strategies. New directions for resuscitation currently focus on proactive treatment of acute trauma coagulopathy using blood products, which can now be projected into the pre-hospital arena.

Military pre-hospital critical care
The majority of military patients are suffering from traumatic injuries
and, as such, the focus of military pre-hospital critical care is geared
towards providing damage control resuscitation forward of the field
hospital. In current operations, the enemy threat results in a non-
permissible environment mandating that minimal treatment occurs
on the ground before evacuation, resuscitation therefore is commenced on the transport on the way to hospital from the battlefield.

Preparation and training
The military deliver critical care forward of the hospital in a variety
of locations around the world. Many of these are in austere environments with potential physical and health risks from enemy threat
and local endemic disease. It is therefore imperative that all personnel involved in this role are properly selected, trained, and prepared.
As such, individuals will undertake a variety of personal military
and medical training in line with current pre-deployment instructions, which will include physical fitness, weapons handling, health
screening, and appropriate vaccinations. Pre-deployment training
will include Battlefield Advanced Trauma Life Support (BATLS),
Advanced Paediatric Life Support (APLS), Major Incident Medical
Management and Support (MIMMS), and other bespoke courses
specific to roles before progressing into integrated simulation training as part of the wider deploying medical force. These individual

elements of training allow progressive development of team performance while working to standard operating procedures to ensure
a consistent high level of care. Currently the majority of military
pre-hospital critical care is delivered on aeromedical evacuation
helicopters; however, teams are expected to deliver care on the
ground or using maritime assets if required. Training is tailored to
the requirements to provide medical support to that specific operation. While the bulk of the workload is likely to be trauma, there
will be a significant proportion that will be medical or paediatric
and deploying medical personnel will need to be prepared for this.
Once deployed, further training occurs before integrating into
their team under supervision to ensure maximum clinical output.
Personnel will be required to be sensitive to local traditions and
religious beliefs, while often working in a multinational force.
Before the beginning of each shift, the incoming team is fully
briefed and equipment care procedures conducted and logged.
An agreed selection of drugs will be drawn up depending on team
preference and clinical tempo, and stock levels for all consumables
checked. Teams will conduct low-level simulation training to crystallize clinical roles and responsibilities, practise complex interventions [e.g. rapid sequence induction (of anaesthesia; RSI) in order
to facilitate emergent endotracheal intubation], and plan resource
management in the event of multiple casualties.

Resuscitation
The resuscitation goal is to maintain the radial pulse/systolic blood
pressure of 90 mm Hg for the first hour after wounding and then
aim for normotension. This is particularly pertinent for blast injuries (Kirkman et al. 2011). Exceptions to this rule include head
injuries and pregnancy. This aim remains unchanged whether the
patient and team are on the ground or if they are in the air. The provision of care in flight provides clinicians with considerable physical constraints (Table 78.3).
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In line with the principles of BATLS, haemorrhage control is
the key priority for severely injured patients; however, practically,
this occurs concurrently with other treatments. Indeed, it may be
impossible in some circumstances to achieve adequate haemostasis without adequate analgesia or anaesthesia. In the present area
of operations, amputations are common and require the application of tourniquets with further control gained through the use
of haemostatic agents such as Celox™ (Medtrade Products Ltd,
Crewe, UK) to the remaining stumps. There is a high incidence of
pelvic ring fractures, requiring the use of pelvic slings prophylactically, and perineal injuries, requiring improvisation of dressings
such as Celox™ and abdominal dressings with anaesthesia being
commonly required in order to achieve adequate haemostasis.

Access
Access to the vascular space is achieved as rapidly as possible by
whatever methods are most appropriate. Large-bore intravenous
cannulae would be ideal; however, particularly on aircraft in hypovolaemic patients, these are difficult, take a great deal of time, and
are associated with high failure rates. Intraosseous access is the route
of choice as it is quicker, more reliable, and more secure, with comparable flow rates. Intraosseous access is most commonly achieved
in the humeral heads with EZIO™ (Teleflex, Wayne, PA, USA) or the
sternum with FAST™ (Pyng Medical Richmond, British Columbia
Canada). Tibial or pelvic crest access can be used when limbs are present, but is inappropriate in significant abdominal or thoracic injuries as venous bleeding relating to the inferior vena cava will prevent
resuscitative fluids reaching the heart. Intraosseous fluids need the use
of a 50 ml syringe and three-way tap having been warmed (Enflow™)
(Becton, Dickinson and Company Franklin Lakes, NJ, USA) as flow
rates through intraosseous needles via gravity only are slow. Central
venous cannulation via the subclavian vein has been used, in spite of
the difficulty, when all limbs are unusable and haemorrhage is non-
compressible or hypovolaemic cardiac arrest is in situ (or both). Once
access has been established in very severely injured patients often the
next task is anaesthesia allowing for further interventions.

Rapid sequence intubation
In-flight RSI is a complex intervention in a demanding environment
requiring high levels of team work, with potential devastating complications. Team training and simulation is imperative with the need
to establish exact roles, actions, tracheal tube sizes, bougie use, and
failed intubation procedures, including cricothyroidotomy; all practised before deployment. Despite the austere conditions (moving
aircraft, patient on floor, poor lighting, and excessive noise), successful intubation is achieved in 98.8% of patients (Kehoe et al. 2011).
◆

◆

◆

◆

Preparation. All intubation equipment and pre-drawn drugs are
checked at the beginning of the shift.
Indications. A diminished Glasgow Coma Score as a result of
hypovolaemia and humanitarian (severely injured with multiple
amputations) are the commonest followed by airway compromise and ventilatory failure.
Position. The patient is on a stretcher on the floor with the physician kneeling over them.
Pre-oxygenation is achieved with a Hudson mask and oxygen reservoir or by bag–valve mask while monitoring is
established (ECG (Defib pads), SpO2 × 2, non-invasive blood
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pressure, end-
t idal CO 2). Intraosseous access is usually
achieved concurrently.
◆

◆

◆

◆

◆

Induction is with ketamine 1–2 mg kg−1 and suxamethonium
(succinylcholine) 1.5–2 mg kg−1.
Laryngoscopy is performed in the best position to gain a view
(prone/kneeling/sitting); tube position is confirmed visually
and with end-tidal CO2 with or without an Easy Cap® detector (Medline Industries, Inc, IL, USA). The tube is secured with
tube ties or a Thomas™ tracheal tube holder (Laerdal Medical,
Stavanger, Norway).
Ventilation is with a portable ventilator (Oxylog® 1000, Draeger
Medical Lubeck, Germany) and enables the physician to perform
other tasks.
Cervical collars are used to protect the tracheal tube position and
stabilize the cervical spine which is at risk in certain explosive
injury patterns.
Maintenance. Intermittent ketamine or midazolam/morphine
boluses are used depending on blood pressure in addition to
vecuronium.

Establishing anaesthesia allows further access to be gained for
blood products and advanced procedures to be performed.

Blood products
Blood products are carried in temperature-regulated containers
ensuring temperature stability for 24 h. All patients receive products from universal donors, O-negative packed red cells, and AB-
positive fresh frozen plasma (FFP) and are administered in a ratio
of 1:1. The administration of these products is indicated by:
◆

injury pattern

◆

anticipation of a massive transfusion

◆

absence of radial pulse

◆

heart rate higher than 120 beats min−1.

Tranexamic acid is administered early in anticipation of massive
transfusion for prevention of fibrinolysis (CRASH-2 Collaborators
2011) and 10 ml of CaCl 10% is administered after the third unit
of FFP to prevent hypocalcaemia. The initiation of transfusion is
communicated to the receiving hospital via radio for resupply of
blood products to the pre-hospital team, and to alert the ED of the
requirement for ongoing transfusion.

Advanced resuscitative techniques
Thoracic injuries may result in pneumothorax, haemothorax, and
significant vascular injury. Clinical signs are difficult to elicit in this
environment. Bilateral thoracotomies should be performed immediately after intubation to diagnose pneumothorax, large haemothorax, and release/prevent tension pneumothorax.
Resuscitative thoracotomy in traumatic cardiac arrest secondary
to penetrating injury has been performed; however, the high energy
levels of ballistic injuries mean cardiac tamponade is unlikely to
be the cause of arrest. Significant large vessel injury is more likely
and as such, a pre-hospital thoracotomy is unlikely to be successful.
Pulseless electrical activity cardiac arrest secondary to hypovolaemia in the presence of a normal cardiac ECG is a low cardiac output/blood pressure state that does not necessitate cardiopulmonary
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resuscitation (CPR). Blood products are needed rapidly. Ventilation
of these casualties in a low-output state needs low respiratory rates
and low tidal volumes to achieve the correct balance between oxygenation and minimizing hindrance to venous return.

Limited information is passed from the aircraft to the receiving
hospital to enable the hospital to prepare appropriate resources. On
arrival at the receiving hospital, a succinct, accurate handover is
needed in the ATMIST format:

Finally, the military setting may involve significant constraints on
resources, with an impact on the level or extent of treatment that
is available.
Successful resuscitation from military trauma depends on care
that is appropriate to the military casualty and delivered by effective teams from the point of wounding all the way to rehabilitation
(an end-to-end approach). Recent research and training by the UK
DMS has focused on these key areas, by adapting civilian protocols
to the military setting (Ministry of Defence 2013) and by emphasizing the importance of human factors for effective resuscitation
(Mercer et al. 2010).

A: Age of patient

Military traumatic cardiorespiratory arrest

T: Time of injury

Traumatic cardiorespiratory arrest (TCRA) is defined as the loss of
central pulses and respiratory effort after trauma, and is associated
with a very poor overall prognosis both in civilian and in military
practice (Rosemurgy et al. 1993; Fulton et al. 1995; Battistella et al.
1999; Hopson et al. 2003). Although most evidence for the management of military TCRA is extrapolated from civilian studies, a
recent observational study of 52 military TCRA patients treated in
a UK field hospital in Afghanistan highlighted some key differences
in the military trauma population (Tarmey et al. 2011).
Overall rates of survival from military TCRA were 8%, broadly in
keeping with published civilian data, where rates of survival are usually considerably less than 10% (Rosemurgy et al. 1993; Fulton et al.
1995; Battistella et al. 1999; Hopson et al. 2003). The pattern of injury,
however, is very different in military trauma: 65% of military TCRA
victims suffered a combination of blast and penetrating injuries from
improvised explosive device explosions, while the remainder were
injured by gunshot wounds or grenade fragments. Consequently,
more than 80% of military TCRA victims arrested as a result of hypovolaemia from exsanguination. In contrast with civilian experience,
where TCRA as a result of hypovolaemia is almost universally associated with death (Lockey et al. 2006; Soar et al. 2010), 75% of survivors
of military TCRA had arrested as a result of exsanguination.
A number of civilian studies have attempted to define criteria for
withdrawing or withholding resuscitation from TCRA in order to
reduce the burden of futile care (Margolin et al. 1996; Battistella
et al. 1999; Cera et al. 2003). Based on these studies, the American
College of Surgeons and the National Association of EMS Physicians
issued guidelines in 2003 recommending that resuscitation should
be withheld in the field for TCRA with ECG evidence of electrical asystole, or when the expected transfer time to hospital is more
than15 min (Hopson et al. 2003). However, these guidelines have
been limited in their acceptance after reports of a number of survivors who would have met the proposed criteria for withdrawal of
care (Pickens et al. 2005; Lockey et al. 2006). This is reflected in current European Resuscitation Council guidelines that recognize the
lack of reliable predictors of survival after TCRA (Soar et al. 2010).
Similarly, in military TCRA, electrical asystole and arrest beginning in the field were associated with unsuccessful resuscitation, but
occasional survivors defied these predictions: one patient survived
to discharge despite suffering arrest as a result of massive haemorrhage requiring 24 min of CPR en route to hospital. A recent
development in the initial assessment of TCRA victims in the ED
is the use of ultrasound to assess cardiac activity before commencing resuscitation (Schuster et al. 2009). In keeping with emerging
civilian evidence, the presence of cardiac movement on ultrasound
during arrest is strongly associated with successful resuscitation. In

Post-mission considerations
Handover

M: Mechanism of injury
I: Injuries sustained
S: Symptoms and signs
T: Therapeutic interventions.
The handover should provide enough detail to allow the receiving
trauma team a high standard of continuity of care while being brief
enough not to delay further assessment and treatment. A more
detailed history is usually given to the team scribe to be referred
back to as necessary.

Resupply
Once the handover is complete then it is necessary to replenish the
items used. The priorities are blood products and drugs. Usually
there are adequate reserves of other consumables for back-to-back
missions to take place. The other responsibilities include clinical
documentation, mission debrief, and completion of audit data.

Debrief
The debrief process is vital to ensure that strengths and weaknesses
are identified and can be acted on. It should encompass all aspects
from equipment performance and problems through to psychological impact for team members. The cumulative impact of multiple casualties and missions should not be underestimated. Incident reports
must be completed for potential or actual patient safety events, and
these are all reviewed at weekly clinical governance meetings, which
will highlight emerging themes, examples of excellent practice, all
reported critical incidents, and a review of activity statistics. Further
information is sought from weekly telephone conference clinical
updates with the patients’ home nations. Regular audit should be
conducted to ensure that standards are being met, that weaknesses
can be identified, and measures put in place to ensure that the risk
is minimized. Clinical governance processes need to be in place and
strong to ensure high standards of care are maintained.

Resuscitation (including traumatic cardiac
arrest) and human factors in the initial
management of the military casualty
Resuscitation in the military setting presents a unique challenge,
with a number of striking differences from civilian practice. Firstly,
the case-mix is different, with a high incidence of blast and penetrating trauma as the cause of arrest (Hodgetts et al. 2007).
Additionally, care must be delivered in a range of environments on
land, at sea, or in the air—all of which may be hostile or hazardous.
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the future, this may prove useful for identifying potential survivors
on arrival in the ED.
Because of the pattern of injury, resuscitation from military
TCRA is particularly focused on the treatment of exsanguinating
haemorrhage with immediate transfer for damage-control surgery.
In the field, catastrophic external haemorrhage may be controlled
with limb tourniquets, which were carried by all soldiers deployed
in Afghanistan. Resuscitation with un-cross-matched blood products is then commenced during helicopter transfer to hospital,
while advance communication with the field hospital trauma team
allows immediate thoracotomy on arrival in the ED. Other potentially reversible causes of arrest are treated concurrently during the
transfer, by securing the airway, assessing for tension pneumothorax, and decompressing the chest if necessary.
Resuscitative thoracotomy is an important part of the management
of TCRA after penetrating trauma, and may take place in the operating theatre, the ED, or potentially during helicopter transfer to hospital. From the group of military patients studied, all four survivors of
TCRA received resuscitative thoracotomy, with interventions including compression of the descending thoracic aorta, release of pericardial tamponade, non-anatomic lung resection and open-chest CPR.
The conventional therapies of external chest compressions,
positive-pressure ventilation, and intravenous adrenaline (epinephrine) are of questionable value in TCRA. Logically, compressing an
empty heart will be ineffective and positive-pressure ventilation
may further reduce venous return by increasing intrathoracic pressure (Pepe et al. 2005; Ho et al. 2009). Vasopressors may also be
deleterious in the treatment of hypovolaemic shock (Sperry et al.
2008). In practice, while CPR and adrenaline are often used in the
treatment of military TCRA, these should never take precedence
over treating the cause of arrest, and care should be taken not to do
more harm than good.
Resuscitation from military TCRA is costly in terms of medical
resources, particularly in the use of blood products. More than 900
donor units of packed red blood cells (PRBCs) and FFP were used in
treating 52 military TCRA patients over a 6-month period, placing
significant strain on the transfusion service, but resulting in the survival of four patients with good neurological outcome. In the absence
of any absolute predictors of successful or unsuccessful resuscitation,
decision-making on the management of military TCRA remains
dependent on a rapid appraisal of the clinical and tactical situation by
medical teams at the time of presentation. A summary of the approach
to resuscitation from military TCRA is shown in Figure 78.4.

Military paradigms and human factors
Care of the military casualty starts at the point of wounding and is
taught specifically on the UK BATLS Course (Hodgetts et al. 2008).
This describes four levels of care as follows:
1. Care Under Fire: initial treatment and evacuation of the casualty, while still under enemy attack, in a non-permissive
environment
2. Tactical Field Care: delivered at the point of wounding in a permissive or semi-permissive environment
3. Field Resuscitation Care: delivered in a smaller field medical
facility, before transfer to a field hospital
4. Advanced Resuscitation: team-based and consultant-directed
resuscitation in a field hospital.

military anaesthesia

Initial Approach
Triage
Under effective enemy fire, pulseless, apnoeic casualties are
considered dead.
<C>ABC approach
Catastrophic extermal haemorrhage takes priority
Treat airway obstruction and tension pneumothorax
Evacuate immediately to surgical facility
Do not delay for further treatment

Assess Survivability
More likely to survive if:
Arrest began in hospital or transport
Organised electrical activity on ECG
Cardiac movement on ultrasound
Persistent end-tidal CO2 trace

Less likely to survive if:
Arrest began in field
Asystole on ECG
Cardiac standstill on ultrasound
Absent end-tidal CO2 trace

Assess Resource Availability
Consider:
Timelines for evacuation
Damage control surgery
Blood transfusion
Post-resuscitation critical care

Ongoing Treatment
In approximate order of priority (may occur concurrently):
Haemorrhage control, vascular access, and blood transfusion
Secured airway with IPPV (minimizing intrathoracic pressure)
Damage control surgery with or without thoracotomy
Monitoring for, and treating tension pneumothorax
Chest compressions, if not preventing other treatment
Possible use of adrenaline (epinephrine) and other drugs

Figure 78.4 A summary of the approach to resuscitation from military traumatic
cardiorespiratory arrest.

The UK military paradigm of <C>ABC, where <C> stands for catastrophic haemorrhage, differs from the civilian ABC as it recognizes
the importance of catastrophic external haemorrhage as a common
cause of early and avoidable battlefield mortality (Hodgetts et al.
2006). The aim is to deal rapidly with life-threatening external
bleeding using either field-dressings, the combat-application-tourniquet, or topical haemostatic agents. When control of catastrophic
haemorrhage has been achieved, ABC is dealt with according to the
conventional trauma paradigm.
DMS anaesthetists spend the majority of their clinical practice in the NHS. When deployed, they are primarily involved in
advanced resuscitation whether as part of the helicopter-based
pre-hospital Medical Emergency Response Team (MERT) or in
the field hospital.
It is well documented that the trauma managed in deployed field
hospitals in Iraq and Afghanistan is far more severe than in the NHS
(Soar et al. 2010). The success of the multidisciplinary trauma team
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is heavily reliant on excellent human factors or non-technical skills,
as described by Rall and Gaba (2005). For anaesthetists, these have
been described by Fletcher et al. (2003) as anaesthetists’ non-technical
skills and the importance of these human factors has recently been
described specifically for the defence anaesthetist (Mercer et al. 2010).
In the trauma setting, this means that there must be an identified team
leader who is supported by others performing with good followership.
There must also be clear communication at every stage. This is particularly important during the handover from the MERT team to clinicians in the ED, where a standardized ‘AT-MIST’ handover is used
every time (Age, Time of Injury, Mechanism of Injury, Injuries sustained, Signs and Symptoms, Treatment Given). Situational awareness is also very important, as anticipation and planning are vital in
severely injured patients who have the potential to deteriorate very
quickly. As anaesthetists deploy more frequently, the opportunity to
develop mental models then increases and this is advantageous.
Specific Standard Operating Procedures (SOPs) for use in
the deployed environment have been laid down in the Clinical
Guidelines for Operations (Ministry of Defence 2013) and are constantly updated by subject matter experts. It is important that DMS
anaesthetists are well versed in these as they ensure that all members of the team are ‘singing off the same hymn sheet’.
The pre-deployment period is essential to ensure that defence
anaesthetists are able to familiarize themselves with their equipment,
the deployed case-mix, the team in which they will be working, and
also their environment. Each of the single services [Royal Navy, Royal
Air Force (RAF), and Army] has their own specific pre-deployment
training dealing with physical fitness, weapons handling, and theatre-
specific briefs. There are also key courses that defence anaesthetists
also must attend before deploying. These include:
1. BATLS course: this course took its roots initially from the
Advanced Trauma Life Support course and is constantly adapted
with evidence-based practice and subject matter expert input.
2. Triservice Anaesthetic Simulation Course: this course focuses
on a piece of anaesthetic equipment, the Triservice Anaesthetic
Apparatus (Houghton 1981) that is not used routinely in the
NHS, but may be required on operation.
3. Military Operational Surgical Training course: this is a bespoke
course with the whole deploying surgical trauma team training
together through cadaveric and high-fidelity simulation scenarios designed to reflect current practice in the field hospital.
There is significant input from subject matter experts who have
recently returned from the conflict to ensure that lessons learnt
are incorporated.
4. Hospital Exercise (HOSPEX) (Arora and Sevdalis 2008): this
is a macrosimulation that takes place in a converted aircraft
hangar. It is ‘mocked up’ as realistically as possible to represent
the deployed field hospital and allows systems to be tested in
real time.

Summary: resuscitation and human factors in
the initial management of the military casualty
Resuscitation from military trauma involves treating very severely
injured patients in an often dangerous and unfamiliar environment. Despite these challenges, excellent clinical outcomes can still
be achieved by using a tailored approach to resuscitation and strong
non-technical skills in well-rehearsed teams.

Coagulation and the complex
trauma casualty
Trauma results in a complex disturbance of coagulation that is no
longer thought to be simply as a result of acidosis, consumption,
and dilution (Hesset al. 2008). Recent work has identified that about
30% of civilian trauma patients arrive at hospital with a coagulopathy soon after injury, and that these patients have an increased mortality (Brohi et al. 2003; MacLeod et al. 2003; Maegele et al. 2007).
Some studies conclude that this early coagulopathy is a primary
event, possibly related to the degree of shock that occurs before any
significant fluid therapy (Brohi et al. 2007).
Understanding of early coagulopathy after trauma is limited.
Current opinion is that this is tri-modal, with an immediate, short
lived, hypercoagulable state, followed by a hypocoagulable period,
and ending in a later hypercoagulable state (Allen and Kashuk
2011). Timings are unclear as some authors regard early as the first
24–48 h, while others talk about the first few hours (Brohi et al. 2007;
Hayakawa et al. 2011). Likewise, the transition between the various
phases is not well characterized. The early hypocoagulable state
appears to be driven by poor tissue perfusion leading to alterations
in normal endothelial haemostatic mechanisms. Coordinated surgical and anaesthetic treatment should therefore be directed toward
restoration of tissue perfusion (Midwinter and Woolley 2011).
Over the last few years, there has been a move towards an
increased ratio of packed red blood cells:FFP with earlier use of
platelets either in an empiric or targeted fashion. Traditional resuscitation would utilize a certain number of PRBCs before contemplating the use of FFP, and platelets were often not considered until
the platelet count fell below 50 × 109 cells litre−1 (Theusinger et al.
2009). Replacing lost whole blood with component products in a
bleeding patient is an obvious concept; however, evidence determining exactly how this should be achieved is still evolving.
Transfusion guidelines from Europe and the United States have
suggested that a ratio approaching 1:1 (PRBC:FFP) should be used,
with platelets given either to a target count of greater than 100 ×
109 cells litre−1, or in an empiric 1:1:1 (PRBC:FFP:platelets) ratio
(Ministry of Defence 2009). There is still some controversy over
the exact ratio with some centres feeling that a ratio nearer 2:1 or
3:1 may be better than 1:1, however there are no prospective randomized trials to fully elucidate the answer (Kashuk et al. 2008).
The military trauma population differs from the civilian trauma
population in that casualties are predominantly male (93%), young
(mean 27 years), and involved in blast or penetrating trauma, or
both. Extrapolation of civilian data is therefore debatable; however,
UK military survival figures support this approach over traditional
Advanced Trauma Life Support-style resuscitation. The UK military has adopted a massive transfusion policy with ‘shock packs’ of
prepositioned thawed plasma immediately available, enabling 1:1
resuscitation to begin immediately and avoiding delays caused by
the thawing of plasma.
Other therapies used to treat the coagulopathy of trauma include
recombinant activated factor VII (rFVIIa) and tranexamic acid
(TXA). rFVIIa was developed and licensed initially as a haemostatic agent to treat bleeding patients with haemophilia and factor
inhibitors. In pharmacological doses, it works by inducing thrombin generation in locally activated platelets, and by contributing to
the formation of a stabilized fibrin clot at the site of vessel injury.
Early case reports, followed by a series of observational studies,
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showed rFVIIa to be effective in reducing blood loss and transfusion
requirements for military and civilian trauma patients (Boffard et al.
2005; Wade et al. 2010). Evidence of survival benefit in these studies
was inconsistent, especially when hypothermia, acidosis, and platelet and clotting factor deficiencies were not adequately corrected.
In 2010, a multinational phase III trial of rFVIIa in trauma was
terminated early, when an interim analysis showed little effect on
mortality, despite a significant reduction in transfusion requirements (Hauser et al. 2010). Recent advances in trauma care had
reduced underlying mortality, rendering the study underpowered.
The safety of rFVIIa has also been questioned, following a 2010
meta-analysis showing increased thromboembolic events, particularly in older patients given rFVIIa (Levi et al. 2010). Despite these
concerns, rFVIIa does still have a role in military trauma, especially
when resource or practical constraints prevent resuscitation with a
1:1:1 ratio of PRBC:FFP:platelets from the time of wounding.
Tranexamic acid (TXA) is a serine protease inhibitor that binds
plasminogen to inhibit fibrinolysis. Although most evidence for
TXA is from its use during cardiac surgery, recent research has
focused on its potential role in treating hyperfibrinolysis associated
with major trauma. In a large randomized controlled trial published in 2010, more than 20 000 trauma patients with, or at risk of,
significant bleeding were randomized to receive TXA or placebo
within 8 h of injury (Shakur et al. 2010). TXA significantly reduced
mortality and death as a result of bleeding, without increasing
vascular occlusive events. Surprisingly, this was achieved without
a significant reduction in blood transfusion, suggesting a previously unrecognized mechanism of action. TXA is now being used
increasingly for military trauma patients, both empirically and in
response to laboratory evidence of hyperfibrinolysis.
Although desirable, massive transfusion policies have not been
universally adopted in civilian practice, and their implementation
is variable and often poorly rehearsed (Malone et al. 2006). Any
patient with complex trauma and haemorrhagic shock requires
immediate and aggressive resuscitation in order to restore tissue
oxygen delivery. This will usually require surgery and the continuum of resuscitation will include management of massive haemorrhage and critical care (Midwinter and Woolley 2011). Management
of coagulopathy is an integral part of this process.
Military massive transfusion policies are used early on in the
resuscitation during the ‘life-saving’ period of treatment. However,
a ‘one-size-fits-all’ approach is not ideal for managing complex
trauma coagulopathy. Not every patient is the same and differences
in demographics, mechanism of injury, and treatment received
mean that the resuscitation should become bespoke as soon as is
practical. Management of coagulopathy in military circles has been
improved by the use of rotational thromboelastometry (ROTEM®,
Tem Innovations, Munich, Germany).
Determining coagulopathy using traditional laboratory tests
generally takes 40–60 min. Detecting coagulopathy using viscoelastic methodology, where the viscosity of the developing clot
is measured, is potentially a more useful tool in trauma because
of its relevance as a whole-blood assay, and the speed of results.
ROTEM® is a recent, more robust, improvement on existing viscoelastic methodologies that has been evaluated by the UK military
since January 2009 (Doran et al. 2010). Its use has been adopted
clinically and it is proving to be a useful tool, although it has yet to
be fully evaluated and its use has not yet been included in military
massive transfusion protocols. ROTEM® can be used to assess the
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coagulation within 15 min, proving useful in three ways: determining the presence of coagulopathy, monitoring the effect of administered products, and targeting component therapy.
After coagulopathy has been corrected and resuscitation is complete, the casualty will enter a hypercoagulable state as a result of the
body’s inflammatory response to injury (Allen and Kashuk 2011).
Compounded with the administration of procoagulant therapies, it
is clear that successful resuscitation may lead to a more significant,
and earlier than expected, hypercoagulable state. Great care and
thought must be given to the ongoing thromboprophylaxis after
injury in these casualties.

Summary: coagulation and the complex
trauma casualty
Coagulopathy after major trauma is complex and poorly understood but treatment is crucial to improve mortality. Current challenges include detecting coagulopathy promptly, determining
the appropriate form of treatment, and optimizing the timing of
thromboprophylaxis.

Military pain management
When examining military pain management requirements there
are several issues to consider. One of these clinical issues, and pre-
eminent here, is a recognition of the importance of pain and of
treating it robustly. The traditional view is often that combatants
rarely feel pain when injured. It is true that survivors of catastrophic
injury may deny pain at the point of injury. Indeed, the author has
met individuals who describe applying tourniquets to their own
thighs while maintaining an awareness of the tactical environment
in which they are placed. However, these are the exception. A survey of UK battle casualties has shown that two-thirds of them with
a memory of the event described their pain as severe at the point of
wounding (Aldington et al. 2011).
As with any medical condition, the first step in treating pain is to
identify it and a simple scale that helps treatment decision-making is
invaluable. The UK DMS use a scale of 0–3 where 0 is no pain and 3 is
the top score, severe pain. The aim is to intervene with pain scores of
2 and 3 and the higher the score, the stronger the analgesic used. This
scale is used throughout the chain of evacuation from the point of
wounding to the point of rehabilitation (Looker and Aldington 2009).
The initial provision of analgesia is provided by the casualty themselves as all UK servicemen and servicewomen are issued with 10
mg of intramuscular morphine in an automatic injector. Of course,
this has no greater analgesic efficacy than 400 mg of ibuprofen or 1g
of paracetamol (Moore and McQuay 2003). However, it does have
the advantage of being relatively well understood by all, repeatable,
and reversible. Further analgesia in the pre-hospital environment
will depend upon the skills of the providers. More morphine may
be used, but it may also be augmented with intravenous paracetamol, ketamine, and oral transmucosal fentanyl citrate.
Arrival at the field hospital will typically provide access to greater
expertise. Together with the agents already mentioned, use can be
made of patient-controlled analgesic (PCA) devices, continuous
peripheral nerve block (CPNB) infusions, and epidural infusions.
The patient-controlled analgesic devices are best managed with a
standard solution that does not change. The UK’s current approach
is to use plain morphine in a mechanical device that will deliver
1 mg every 5 min (Connor et al. 2009).
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The advent of portable ultrasound machines has made the use
of CPNB catheters viable; traditional peripheral nerve stimulators
rely on an intact distal limb to provide evidence of location and this
is not always possible. Again, standardized solutions and infusion
rates should be used, and great care should be taken to confirm catheters are secured in place and well labelled. Concerns about masking
compartment syndrome are not directly relevant as prophylactic fasciotomies should be performed to ensure this does not develop during repatriation. Surgical management and analgesic management
are different (Hayakawa et al. 2009; Clasper and Aldington 2010).
During the initial phases of a military operation, the conditions
of cleanliness may not be sufficient to allow the use of epidural infusions. However, once these are met, epidurals can be of great value,
particularly in the presence of bilateral lower limb, perineal, and
abdominal injuries.
Early use of antineuropathic agents is encouraged; 50 mg amitriptyline and a rapid upward titration of pregabalin are used as
soon as casualties are able to take them.
Once stabilized, a casualty will be repatriated. As with any
patient transfer the secret to success is appropriate preparation of
the patient and to ensure that they have sufficient supplies of their
analgesics to last the anticipated duration of the transfer, and a little
longer to cover any unexpected delays (Flutter et al. 2009).
The arrival back in the United Kingdom, or in an appropriate
staging post, provides an opportunity for a review of everything
that has gone before. This must include a review of the effectiveness
of any catheters that have been sited together with their inspection to ensure no visible signs of infection or catheter migration.
A review of all analgesic techniques must be undertaken at this
point (Edwards et al. 2009; Devonport et al. 2010).
This is also when patient education must begin in earnest.
Patients must be encouraged to understand what analgesic options
they have, what the risks and benefits are, and to take responsibility
for them. Very few service personnel are happy taking analgesics
unless is it is explained that appropriate analgesia will support rehabilitation and thus expedite their recovery.
After the acute phase of care, rehabilitation becomes the focus of
medical management. It is essential to understand that the only role of
a Pain Service is to augment the rehabilitation of the casualty and this
includes consideration of the occupational issues that are so important for military patients. The fundamental tenets are of continued
patient education and empowerment. Very often the aim is for down-
titration of the medication that was introduced early on and it is not
unknown for casualties to wish for a ‘little more brain’, while understanding that this may result in a ‘little more pain’ (Jagdish et al. 2009).
After the clinical issues, audit and research are important issues
that must be addressed. These are never easy at the best of times but
every effort should be made to ensure they are undertaken and the
results promulgated and used to influence clinical practice.
The next issue to consider is that of education. The education of the
patients has been mentioned but we need to consider the education
of the healthcare providers themselves, and it was against this background that the Army’s entry officer’s course now includes more than
a day of training in pain. The staff deploying to the field hospital also
get several hours of training in pain management techniques immediately before their deployment, and analgesic techniques are a part
of the Military Operating Surgical Team course (Mercer et al. 2010).
The final issue to consider, and possibly the most important, is
that of organization. None of the techniques previously described

are unknown in civilian circles. However, what is relatively novel
is the way they have been put together in an attempt to provide a
seamless provision of pain management techniques from point of
wounding to point of leaving the service. Thus each process must
dovetail with what has gone before and what will follow afterwards.
Things cannot change with every change of personnel and so they
must be unified and regulated.
These clinical, audit, research, educational, and structural issues
are all overseen by the Pain Special Interest Group that in turn comes
under the auspices of the Defence Consultant Adviser in Anaesthesia.

Deployed critical care
Critical care is needed whenever conflicts generate casualties that
exceed the current definitions of level 2 nursing care. How this capability appears will depend on the maturity of the military operation.
Definitions exist for the different medical capabilities that are
deployed and critical care is typically found at Role 2 or 3 facilities.
These may be land or sea based. The differences between Roles 2 and 3
are due fundamentally to the surgical capabilities found therein. As a
medical facility becomes more sophisticated, then so does its requirement to care for the critically ill patient with multiple organ failures.

Critical care resources
One of the biggest differences from civilian critical care services
is the requirement to rapidly move potentially many thousands of
miles and set up a critical care service in a foreign land. It is essential
that critical care can cope with critically injured personnel as soon
as possible and the initial footprint is very different to that seen
in mature operations such as in the recent conflict in Afghanistan.
Deployed critical care units are resourced via the medical module.
This contains all the equipment required to enable critical care to
take place in addition to the staff who typically are derived from
a formed unit or field hospital. Since the closure of the Military
Hospitals (Royal Hospital Haslar was the last to close in 2007), these
staff currently practice in a mixed military and civilian arena. Such
staff will come from a variety of medical and nursing backgrounds
in order to ensure an adequate skill mix. Training is of major importance and thus within the land arena, field hospital units have been
created which allow for the training and administration of personnel.
Currently this includes real-time simulation-based training based at
Strensall Barracks, York at the Hospital Exercise (or HOSPEX) run
by the Army Medical Services Training Centre.

Critical care capabilities
These will be dependent on the type of medical facility. Thus there
will be a range of deployed critical care units from the forward
unit perhaps attached to the Light Surgical Group of the Medical
Regiment where a ventilated patient is held after damage control
surgery before onward transfer to a more sophisticated medical
facility. Even the recent (2014) ‘state-of-the-art’ Role 3 facility at
Camp Bastion in Southern Helmand Province did not have access
to all surgical specialties. Patients attending the Role 3 facility may
need to be moved elsewhere for neurosurgical care, for example.

Critical care throughput
Patients are admitted to critical care after admission to the hospital
via the ED or after theatre, or both. However, the critical care services also need to be able to look after patients suffering from organ
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failures as a result of non-traumatic injuries and illnesses. During a
typical tour the critical care physician caring may encounter many of
the conditions that are typical for the civilian intensivist in addition
to infective illnesses not commonly seen in the developed world.
Due to the inherent acute nature of the field hospital, however,
the majority of admissions will be unplanned and timely communication with the theatres, ED, and the hospital management
are essential. Due to the relative lack of theatre capacity compared
with a civilian hospital, the critical care facility needs to be actively
involved in the dynamic triage and damage control sequencing
procedures that take place. In this way, patients may require active
ongoing resuscitation and may also present to critical care when the
capacity for the ED to take patients has been exhausted.
With a finite number of beds that can care for level 3 patients,
there is a far greater reliance on the ability to transfer patients out
of critical care. This role is undertaken by the Critical Care Air
Support Team (CCAST) of the RAF. This team comprises an anaesthetic consultant, two critical care nurses, a medic, and an equipment technician who serve to transfer patients for tertiary referral,
step-down, and definitive repatriation to the home nation.

simultaneous transfers of three or more patients. All team members
receive generic military training and in-depth training on CCAST
equipment, aeromedical physiology, and the management of in-flight
aircraft emergencies. While not on call for CCAST, they will maintain
medical currency and skills while working at a number of intensive
care units around the United Kingdom. During flights, the team are
relatively isolated from specialist interventions and advice, though
communication links do exist via the flight crew and diversions can
be arranged to suitable facilities en route in the event of an emergency.
The equipment used must be portable, robust, and function reliably
on battery power in the aircraft without causing interference with the
aircraft systems, such as avionics (Box 78.1). Monitoring, including
invasive lines, is entirely compatible with that used in the field hospital units. Drugs and fluids, including blood products if required, are
carried and the teams aim to take sufficient supplies to maintain self-
sufficiency for 72 h in the event of an unexpected delay en route.
Patient oxygen requirements are calculated using the formula:

Limitations of deployed critical care services

BOC medical size ZX cylinders are used, which each contain 3040
litres of oxygen. Thus, anticipating a requirement of 15 litres min−1
of oxygen flow, each cylinder lasts approximately 3 h. As a contingency measure, this figure is usually doubled to allow for unexpected delays.

These will very much depend on the size of the medical facility that
the critical care services are held within. Numbers of beds and staff
to care for the patients will always be a limiting factor. As previously
mentioned, not all surgical sub-specialities will be available and typically the training and experience of staff with regard to dealing with
paediatric patients is limited. The length of time that a deployed unit
can care for a critically ill patient will vary depending on the size of
the field hospital and resupply is vital to maintain ongoing capability.
It is not possible to deploy with the ability to care for all eventualities
and thus critical care services are initially established with the trauma
victim as the main effort. However, as operations mature and become
more sophisticated, so do the critical care services. It is commonplace
now for a critically injured service person to return to the United
Kingdom after resuscitation, surgery, and stabilization in critical care
within 36 h of the initial injury. In this way certain complications that
arise later than this timeframe may be dealt with in the critical care
of the Role 4. Examples of this include renal failure requiring support and ARDS. There have been few occasions to date requiring continuous venovenous haemofiltration in the deployed field hospital.
Patients at risk of ARDS from blast lung, for example, are repatriated
within the initial 48 h window of opportunity whenever possible.

Critical Care Air Support Team
The RAF CCAST provide a worldwide aeromedical transfer service
to critically ill and injured service personnel and entitled civilians.
The teams provide cover 365 days a year and can be tasked, mobilized, and airborne within 6 h from their base at RAF Brize Norton.
CCAST can be classified as either strategic, the UK-based repatriation service, or tactical, whereby patients are transferred within
a military theatre of operation. The service provides a vital link in
the chain between the field hospitals and UK critical care units and
the teams are trained to provide the same standard of care as that
expected in UK civilian practice.
Each team consists of a consultant anaesthetist, anaesthetic specialist trainee, two intensive care nurses, a medical technician, and
a medical assistant. Teams can be augmented with extra staff for

Delivered oxygen flow (litres min −1 ) × duration of transfer (min)
= oxygen required (litres)

Box 78.1 CCAST equipment (list not exhaustive)
◆

Portable ventilator

◆

Vacuum mattress

◆

Monitor with inbuilt defibrillator

◆

Infusion pumps

◆

Syringe drivers

◆

Suction—mechanical and manual

◆

Point-of-care blood testing

◆

Pacemaker

◆

Nerve stimulator

◆

Oxygen analyser

◆

Oxygen

◆

Batteries

◆

Airway equipment

◆

Invasive monitoring lines

◆

Urinary catheters

◆

Nasogastric tubes

◆

Warming blankets

◆

Disposables

◆

Personal protective equipment

◆

Waste disposal bags and bins

◆

Hand hygiene facilities.
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Box 78.2 Challenges of the aeromedical environment
◆

Pressure changes (acceleration/deceleration)

◆

Gravitational forces

◆

Vibration

◆

Noise

◆

Limited lighting during take-off and landing in hostile airspace

◆

Temperature

◆

Restriction of movement

◆

Isolation

◆

Motion sickness

◆

Patient anxiety.

The flexibility of the team and equipment allows transfers to
be undertaken on a variety of aircraft, most commonly the C17
Globemaster, Tristar, and C130 Hercules, and helicopters over
shorter distances.
Caring for patients in the aeromedical environment presents a
number of challenges (Box 78.2). It is important to be aware of the
potential for the physical environmental challenges of flight to impact
patient physiology. The most important considerations are those
related to pressure changes. With a cruising altitude of 30 000–45 000
feet, cabin altitude is usually 6000–8000 feet above sea level, resulting in an ambient pressure of approximately 75.3 kPa (565 mm Hg)
(Martin 2006). This exposes patients to gaseous expansion within
body cavities by a factor of 1.35 and a reduction in capillary oxygen
saturation to 93–94% in normal subjects. Thus, supplementary oxygen is often required, pneumothoraces must be drained, nasogastric
tubes placed on free drainage, and, if necessary, cabin altitude can be
reduced to ground level (e.g. for cases of intraocular and intracranial
air) at the expense of flight duration and aircraft fuel efficiency.
Aircraft vibration necessitates meticulous securing of lines and
tubes. Most critical care patients are transferred on a vacuum mattress to minimize movement. This is then secured to the stretcher
by a five-point harness and the stretcher is secured to the aircraft
via fixed stanchion posts.
The physiological effects of changes in gravitational forces exerted
during take-off and landing can be exaggerated in haemodynamically unstable and hypovolaemic patients, thus haemodynamic
stability should be optimized before and during flight. Patient temperature is monitored and managed either by warming or cooling
devices or by altering the ambient cabin temperature.
With limited lighting in hostile airspace, and considerable noise
levels especially in certain aircraft, communication between medical and nursing staff, patients, and aircrew can be difficult and
monitor alarms are often rendered inaudible. Staff must remain
vigilant and patients and monitors are watched at all times.
Non-intubated patients may be anxious, uncomfortable, and
suffer motion sickness (Demmons and Cook 1997). This can be
managed pre-emptively with patient reassurance, optimum positioning and movement in flight, and use of antiemetics. All patients
undergo regular rolling, pressure area monitoring, and care.
Pain management, particularly in awake patients, requires careful consideration. Both aircraft movement and prolonged patient

immobility can aggravate pain that was well controlled before
transfer. A multimodal technique is used, utilizing regional anaesthesia where appropriate (Flutter et al. 2010).
Current practice is to avoid feeding intubated patients during the
transfer because of concerns regarding micro-aspiration in flight
(Turner et al. 2008). Careful fluid management is needed because of
the dehydrating effects of the reduced ambient humidity.
Poor communication has been associated with detrimental patient outcomes after transfer (Beckmann et al. 2004), thus
detailed records are kept during each transfer, allowing thorough
handover of patients at the receiving units, with copies kept for
clinical governance purposes. The unique environment provides
opportunities for research and development, and the RAF maintains a growing audit and research compendium.
Specialist roles include support of the air transportable isolator,
a Department of Health asset maintained by the RAF and used for
international transfer of patients with highly contagious and virulent
diseases such as viral haemorrhagic fevers. Strategic paediatric critical
care transfers are provided by a specialist civilian team with RAF support, while CCAST members moving paediatric patients in the tactical environment have received additional paediatric training. Box 78.2
summarizes the special challenges of an aeromedical environment.

Conduct of the complex military
anaesthetic
Definition
Complex military anaesthesia (CMA) may be defined as anaesthesia required during the damage control phase of the patient’s
clinical care (Box 78.3). It is associated with surgery directed at
control of physiology rather than definitive restoration of function,
requiring active management of the lethal triad of coagulopathy,
acidosis, and hypothermia (Dawes and Thomas 2009; Midwinter
and Woolley 2011).
CMA will be associated with the most severely injured (injury
severity scores >16). As defined by recent conflicts, these patients
will usually have been injured by improvised explosive devices with
signature injuries characterized by limb amputation(s) and severe
hypovolaemia. Some 10% of these patients will require a massive
transfusion.
Massive transfusion has been variously defined but operational
military criteria include the transfusion of more than 4 units of
Box 78.3 Clinical features of the damage control philosophy
◆

◆

◆

◆

Anaesthesia and surgery are contemporary—surgery is part of
resuscitation
The surgeon’s efforts are directed at haemorrhage control, wound debridement, and prevention/
limitation of
contamination
Management of the lethal triad includes the use of massive
transfusion and haemostatic resuscitation with specialized
blood products as necessary
Surgical episodes are often time limited by the patient’s physiological status—periods of ‘catch up’ may be necessary in
critical care.
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blood within 1 h (alternatively replacement of 50% of the blood
volume within 3 h or continuing haemorrhage at a rate exceeding
150 ml min−1).
Specialized surgical procedures required for restoration of function can be demanding of anaesthetic expertise but these take place
during the prolonged phase of the patient’s care, and will not be
discussed here.

levels, the usual precautions apply and more difficult laryngoscopy anticipated during in-line immobilization.
◆

Resources
CMA is intensive and demanding of logistics and personnel both
within and outside the operating theatre. Success is improved by
pre-planning and training via a concerted effort of crew resource
management (Mercer et al. 2010).

Practical conduct

◆

◆

Anaesthesia will be contemporary with resuscitative surgery.
Teamwork is critical and a constant dialogue is required between
all members—in particular, technical and nursing staff must be
empowered to highlight problems that medical staff may have
overlooked.
When dealing with the most severely injured, one patient may
require the attention of two anaesthetists and two operating department practitioners.
A practical sequence of anaesthesia is outlined as follows:
◆

Pre-oxygenation and induction—oxygen should be administered
via a high-flow non-re-breathing system until such time as an
anaesthetic face mask can be substituted. Intravenous induction of anaesthesia should occur through a secure intravenous/
intraosseous cannula, Suitable induction agents are ketamine
(1.5 mg kg−1) or sodium thiopentone at a tenth to a half of normal dose. Ketamine has the advantage of maintaining blood pressure because of its sympathomimetic action; a disadvantage is the
consequent tachycardia. With subsequent controlled ventilation,
ketamine’s action on N-methyl-D-aspartate receptors affords
neuroprotection by reducing cerebral oxygen consumption.

Airway—this may have already been secured pre-hospital either
via a tracheal tube or surgical airway. In-hospital RSI must
include the facility to rapidly achieve a surgical airway should
tracheal intubation fail.
• Single-lumen tracheal tubes are used—when required, control
of intrathoracic haemorrhage is undertaken via a clamshell
thoracotomy and if required, lung deflation can be achieved by
temporary disconnecting the ventilator.
• Tracheal tubes should not be cut—this is particularly relevant
in the presence of facial burns with progressive oedema. Facial
burns or maxillofacial trauma may involve a gas induction
with a patient in the sitting position. Tape fixation of tracheal/
cricothyroidotomy tubes must not be too tight as this can raise
intracranial pressure by obstructing jugular venous return.
Consideration should always be given to securing a cricothyroidotomy tube with sutures.

◆

Cervical spine control—this is less of an issue in military patients
but in blunt trauma associated with reduced consciousness

Intravenous access—in the severely hypovolaemic patient it is
usual to establish subclavian central venous access with a 7.5
FG catheter. On occasions both subclavian veins will be cannulated. Subsequent fluid administration is via a rapid fluid infuser.
A recent refinement is to use a multiple access catheter which
permits rapid infusion and drug infusion/pressure monitoring
via one device.
Arterial cannulation—the choice of vessel may be constrained by
the injury pattern and arterial access should not be attempted
until correction of hypovolaemia has improved the chance of
successful first-time insertion.
Ventilation—adequacy of ventilation must be confirmed by
visual inspection and capnography. Barotrauma should be
minimized by avoiding excessive inflation pressures. An evolving blast lung injury may require permissive hypercapnia—the
respiratory rate should be increased in preference to tidal volume which should be capped at 8 ml kg−1 with peak inspiratory pressures not exceeding 30 cm H2O. PEEP values should
be matched to the inspired oxygen concentrations as shown in
Table 78.4 (The Acute Respiratory Distress Syndrome Network
2000).

Established blast lung injury may require that the patient is ventilated in the operating theatre with that individuals critical care
ventilator, whose settings have been optimized to best permit the
requirements outlined.
◆

◆

• Muscle relaxation for tracheal intubation should be ensured
with 1.5 mg kg−1 of suxamethonium; 1.5 mg kg−1 of rocuronium is an alternative.
◆

military anaesthesia

◆

◆

Massive transfusion—current doctrine is to administer PRBCs
and FFP in a 1:1 ratio, supported by platelets, cryoprecipitate, and
antifibrinolytics (Ministry of Defence 2009) (Box 78.4).
Haemostatic resuscitation—this is a necessary by-product of
trauma-induced coagulopathy, including dilutional effects
from fluid resuscitation and MT. Therapy must be directed by
laboratory tests of coagulation and where possible near-patient
testing. Currently the UK DMS use thromboelastometry
(ROTEM™) to supplement laboratory assays and guide component therapy.
Treatment of fibrinolysis which is increasingly recognized as
a sentinel feature of the acute coagulopathy of trauma (ATC)
requires early intervention with intravenous tranexamic acid. In
the presence of ongoing MT, the recommended loading dose of 1
g may need repeating.
A continued failure of haemostasis may prompt consideration
of recombinant factor VIIa (rFVIIa). This is only effective at pH
levels above 7.2. If successful, a dose of 100 μg kg−1 will likely
achieve clinical efficacy within 15–20 min. If ineffective, a second
dose can be administered but subsequent repetitions are unlikely
to help.
Table 78.4 PEEP values matches to inspired O2 concentrations
FIO2

0.3

0.4

0.5

0.8

0.9

PEEP

5 to 8

8 to 10

10 to 14

14 to 16 16

1.0
16 to 18
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Box 78.4 Essential components of the military massive transfusion
protocol
◆

◆
◆

◆

◆
◆

◆

◆

◆

◆

◆

Initial reception pack containing 4 units each of RBCs (group
O Rh Neg or group specific) and FFP (group AB)
◆

Transfuse PRBCs: FFP in 1:1 ratio
Second pack to contain 4 units each of RBCs and FFP plus
platelets
After second pack and thereafter anticipate need for further
platelets and cryoprecipitate
Frequent measurement and control of calcium and potassium
Monitor transfusion with laboratory and near-patient testing: PT, APTT, fibrinogen, arterial blood gases, and ROTEM®
Consider early use (within 3 h of injury) of tranexamic acid to
correct anticipated or established fibrinolysis
Red cell function deteriorates significantly after 14 days of
storage—hence the administration policy should be ‘last in,
first out’.

It is also necessary to frequently measure potassium and calcium
levels, with correction as necessary. Immediately treat hyperkalaemia greater than 6.0 mmol litre−1 with 10 ml calcium gluconate 10%
(2.32 mmol calcium) or 10 ml calcium chloride 10% (6.8 mmol
calcium) followed by 25 ml glucose 50% + 10 units soluble
insulin over 15 min. Ionized calcium should be aggressively maintained above 1.0 mmol litre−1 using bolus injections of calcium
preparations as mentioned previously. Note these are not equivalent doses. Calcium chloride should be given via a central vein.
Crystalloid/non-blood product infusion—in the presence of a
massive transfusion, the use of crystalloid is limited as a vehicle for
drug delivery only. This prevents further dilution of clotting factors
or the subsequent development of oedema in acute lung injury.

Patient warming—the ambient theatre temperature should be
increased as high as 29°C (84°F). Patients should be managed on
a warming mattress and covered where possible by warmed air
blankets. Rapid fluid infusion devices should ensure all intravenous fluids are administered at 37°C.
Anaesthetic/analgesia agents—it is essential to ensure good tissue perfusion as hypoperfusion is implicated as a direct cause
of the coagulopathy of trauma. Perfusion results from combining vasodilation with aggressive fluid resuscitation, using
high-dose, potent opiate analgesia with judicious use of low-
concentration volatile agents. Skeletal muscle paralysis should
be maintained with train-of-four monitored doses of non-
depolarizing relaxants, particularly where access to a body cavity is anticipated.

Complications
The maintenance phase is a continuation of resuscitation and during this period the anaesthetist should be in frequent dialogue with
the surgical team. The physiological consequences of injuries may
still be developing or not have initially been recognized. Any deterioration in the patient’s physiology requires reconsideration of the
possible cause.
Table 78.5 lists potential complications, while Box 78.5 describes
key features of blast lung injury.

End-points
Successful management may be bluntly defined as returning a
patient to critical care in as good a physiological condition as possible within as short a period as possible. The UK military criteria for
haemostatic resuscitation are more prescriptive than corresponding
civilian guidelines—desirable parameters are listed in Table 78.6.

Table 78.5 Differential diagnoses of complications during maintenance phase of anaesthesia

Hypoxia

Possible mechanism

Management/comment

Tracheal tube malposition
Tension pneumothorax

Check position/patency
May only be revealed after positive pressure ventilation—in extremis, thoracostomy then
intercostal drain
Permissive ventilation strategies—if complicated by pulmonary oedema consider use of rFVIIa
Air embolism or pulmonary embolism
(see row below)

Evolving injury—blast lung
Obstruction to pulmonary outflow tract as
confirmed by capnography
Hypotension

Continuing haemorrhage

Myocardial contusion/fluid overload
Cardiac tamponade
Cardiac micro air embolism
SIRS—sepsis
Pulmonary embolism
Copyright © NIH-NHLBI ARDS Network 2016.

Check coagulation status—coagulation of trauma (COT) may mandate return to critical care
once surgical bleeding is controlled.
Failure of haemostasis may be corrected with rFVIIa
Normalize CVP—check Ca2+ and further inotropic support as required.
Hypotension with raised CVP—confirmation by surgical inspection
A possible squeal of blast injury—ventilate with 100% O2
Sepsis may become a feature during the damage control phase—particularly with heavily
contaminated wounds associated with blast injury
This can occur during damage control associated with massive transfusion—inferior vena cava
filter may be considered
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Box 78.5 Clinical features of blast lung injury
◆

◆

◆

◆

◆

Depending upon exposure, characteristic signs and symptoms
may be immediate or delayed for 24–48 h
Pathology is result of disruption of air–tissue interface with
symptoms ranging from mild hypoxia through to severe ARDS

Box 78.6 Essential requirements for reception of casualties at Role 4
◆

◆

In severe cases, haemorrhagic pulmonary oedema may be an
early feature

◆

Between 6 and 48 h the haemorrhagic state is superseded by an
inflammatory response

◆

Complications such as pneumothorax and air embolism
are potentially worsened by intermittent positive pressure
ventilation—ventilator management requires pressure limitation with or without permissive hypercapnia.

Postoperative management
Other than in exceptional cases, the recipient of such anaesthesia
will postoperatively be directed to the critical care unit. This allows
the opportunity where necessary to catch up on physiological normalization with ongoing haemostatic resuscitation. This may be
one of several such pauses in the initial series of damage control
surgeries.

Table 78.6 Physiological targets after damage control resuscitation
with massive transfusion
Parameter

Target value

Comment

Haemoglobin

10 g dl−1

A balance between O2-carrying
capacity and rheology is achieved
with a haematocrit of 0.3

Platelets

>100 × 109 cells litre−1

Component of massive transfusion

Fibrinogen

1.5–2.0 g litre−1

Coagulation of trauma associated
with fibrinolysis

PT ratio

<1.2

Values >1.2 are a marker of need
for massive transfusion

APTT ratio

<1.2

As for PT

Core
temperature

>35°C

All components of haemostasis are
temperature dependant

pH

>7.3

Acidosis—negative effect on O2
delivery and haemostasis

Base deficit

0 to −2 mmol litre−1

Reflects correction of metabolic
acidosis

Lactate

<2 mmol litre−1

Raised lactate is a marker of tissue
hypoperfusion

Potassium

<5.5 mmol litre−1

Hyperkalaemia is a feature of
massive transfusion worsened by
metabolic acidosis

Calcium

≥1.9 mmol litre−1

Ionized calcium reduced by citrate
toxicity

military anaesthesia

Secure signals detailing numbers of expected casualties and
nature of injuries
Trauma coordinators to ensure key clinical personnel are
aware of incoming casualties, operating theatre space and critical care beds—organized as necessary
Sufficient and appropriately trained staff available to receive
patients at ward and critical care locations
Dedicated laboratory support, particularly with respect to
blood and blood products.

The initial phase of critical care will mandate continued ventilation of the patient with analgesic and sedative infusions. When
coagulation has been normalized, consideration may be given to
siting an epidural or equivalent regional analgesia before extubation or further surgery.

Anaesthesia at Role 4
Philosophy and infrastructure
The aims of anaesthesia at Role 4 may be described as a horizontal
integration with the care given in operational theatres. While easily
stated, this is not without its challenges.
Clinical expertise and adequate infrastructure are required to
maintain and improve clinical care. In addition, consideration must
be given to support the workload of these (resource-intensive)
patients without interrupting the hospital’s usual activity. This is
particularly important during periods of increased operational
activity.
The logistical requirements require a system of command and
communication which cascades from the care given at Roles 1–3
down to the receiving clinical and planning teams at Role 4. The
details of such a model as it may apply to an institution staffed
jointly by military and civilian clinicians are detailed in Box 78.6.
At Role 4, the contribution of anaesthesia is improved if there
is anaesthetic representation wherever there is a multidisciplinary
review of the clinical care of patients. This may involve a regular
formal ward round or as part of scheduling the daily operating theatre list. In either case, it enables manpower and clinical planning
particularly in respect of anticipated difficult surgical episodes.

Patient admissions and theatre allocation
Injured military personnel are transported by ‘routine’ aeromedical
evacuation, or in the case of the critically ill, by specially trained
and tasked CCASTs. Repatriation can be expected within 24–48 h
of wounding and because of these timelines, seriously injured personnel will often still be in the ‘damage control phase’ of their surgical journey (Midwinter and Woolley 2011).
On admission to the Role 4 facility, CCAST patients enter the
critical care unit where an immediate assessment of their injuries
and physiological status is undertaken before continued stabilization or immediate surgery. Frequently this surgery will be the ‘second look’ after resuscitative surgery at Role 3, and will be limited by
the physiology of the patient. It is often the first of repeated visits
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Box 78.7 Anaesthetic considerations for the critically injured
military patient
◆

◆

◆

◆

◆

◆

Box 78.8 Anaesthetic considerations for patients on the military
surgical ward

Anaesthesia continues as part of damage control philosophy: rigorous attention to managing the lethal triad of coagulation, hypothermia, and lactic acidosis

◆

Use of blood/FFP with platelet, cryoprecipitate, and antifibrinolytic therapy as necessary. Haemostatic resuscitation
guided by standard laboratory tests plus near-patient assessment with thromboelastometry (Rugeri et al. 2007)

◆

◆

Crystalloid restriction—to allow better haemostatic resuscitation and decrease oedema
Awareness of evolving blast injury—with appropriate ventilator strategies (Mackenzie and Tunnicliffe 2011)

◆
◆

Recognize that within 48 h, patients will develop and maintain
a florid systemic inflammatory response syndrome (SIRS)
If necessary, change resuscitative central lines established at
Role 3 and ensure nasogastric feeding tube in situ.

◆

◆

to the operating theatre until their clinical condition improves
enough to consider definitive surgery for restoration of function.
Less severely injured aeromedical admissions should be admitted directly to an appropriate surgical ward, where an early review
of their wounds is similarly undertaken. Where necessary, within
2–8 h they will also be in an operating theatre having their wounds
inspected, with definitive management at this time or as the first
procedure in a consequent series.
The anaesthetic considerations for these two groups are somewhat distinct—the essential elements are detailed in Box 78.7 and
Box 78.8 and includes comments (Box 78.8) relevant to patients
recently discharged from critical care.

Patients may require preoperative intravenous fluids after prolonged starvation when surgery has been anticipated during
aeromedical evacuation
The nature of the wounds may not be clear from the signals
sent from Role 3—patients may need cross-matching before
surgery
The effectiveness of in-transit analgesia should be assessed as
CPNB/epidural catheters may need revision or de novo insertion perioperatively
As with the critically injured, ensure normothermia
A sub-group of patients admitted from critical care may still
need high dependency care and will continue to sustain a
marked SIRS
‘Flashbacks’ during awakening requires sensitive management
by recovery staff
Postoperative analgesic ‘failure’ requires prompt rescue.

Anaesthesia and restorative surgery
The complex nature of ballistic wounds means that as the patient’s
condition stabilizes, multiple surgical interventions are the norm.
Particular challenges for anaesthesia include pain control, establishing and maintaining intravascular access, and avoiding undue
perioperative starvation. Preoperative omission of solids should
be limited to 6 h, with clear fluids permitted up to 2 h before
surgery. Many of the operations are prolonged with the recognized attendant anaesthetic considerations. Frequent extensive
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Figure 78.5 Operating time required for military patients at Role 4 (United Kingdom) during February 2010.
Reproduced with permission from Wood PR, Haldane AG, Plimmer SE. Anaesthesia at Role 4. Journal of the Royal Army Medical Corps, Volume 156, Issue 4, Suppl. 1, pp. 308–310, Copyright © BMJ
Publishing Ltd 2010.
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Box 78.9 Analgesic features of military polytrauma
◆

◆

◆

◆

◆

Multimodal oral analgesia regimen necessary, often characterized by maximum permitted doses of anticonvulsants and frequent/high dosage opiate requirements
While theoretically attractive, use of multiple CPNB catheters
in one patient is often limited by practical constraints and
overall local anaesthetic dose
Epidural analgesia may be restricted in the presence of
spinal injury
Neurological assessment of epidural complications more problematical when the injury pattern involves high lower limb
amputation and associated perineal injury
As a consequence, the threshold for suspecting epidural complications must be low.

surgical episodes have implications for operating theatre logistics.
Figure 78.5 details the surgical activity for all the military patients
operated upon at the UK Role 4 facility during February 2010. The
six casualties whose theatre time exceeded 10 h are of particular
note. One patient required 45 h of surgery—his operative interventions continued in the following month.

Postoperative care
Critically injured patients are returned directly to the critical care
unit. Non-critical patients are admitted to the recovery unit and
returned to the ward when vital signs and analgesia are optimized.
See Box 78.9.

Perioperative analgesia
Any system which manages severely injured military personnel
requires a robust acute pain team (Devonport et al. 2010). A multimodal analgesic regimen is necessary, including prescription for
neuropathic injury. It is essential that familiarity and expertise with
continuous peripheral nerve block (CPNB) and epidural analgesia
use is developed, while at all times recognizing some of the limitations and particular difficulties in this group of patients. See Box 78.9.

Research and development
Anaesthesia directly contributes to the care of injured military personnel at Role 4 but new lessons are continually being absorbed.
Future progress will continue to depend upon close support and
cooperation between civilian clinicians and the DMS.
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Endocrine disease
and anaesthesia
Peter A. Farling and Michael F. M. James
Introduction
Anaesthesia for patients with endocrine disorders involves the
management of both extremely common and extremely rare conditions. There is a high incidence of diabetes, hypothyroidism,
and hyperthyroidism in the population but pituitary apoplexy,
phaeochromocytoma, and insulinoma may never be encountered
during the career of the general anaesthetist. Whenever possible,
elective surgery should await normalization of abnormal endocrine
function. For example, patients with uncontrolled hyperthyroidism are at risk of developing a thyroid crisis so elective surgery
should be delayed until they are euthyroid. Endocrine emergencies
may mimic other causes of cardiovascular collapse and successful management requires a multidisciplinary approach involving
anaesthetists, endocrinologists, surgeons, accident and emergency
and intensive care specialists. This chapter covers issues relating
to patients with diabetes mellitus and discusses the anatomy and
anaesthetic management for surgery on each of the endocrine
glands. Applied physiology of neuroendocrine regulation has been
discussed in Chapter 8 of this textbook, so only essential details will
be repeated in this chapter.

Pituitary
Anatomy and physiology
The pituitary gland weighs less than 1 g and sits at the base of the
brain within the pituitary fossa, which is formed by the sella turcica
and the diaphragma sella, a fold of dura. The pituitary stalk passes
through the diaphragma sella and connects the pituitary gland to
the hypothalamus. Important anatomical relations of the pituitary
gland include the optic chiasma and third ventricle above, cranial
nerves III, IV, V, and VI, the carotid arteries, and the cavernous sinus
laterally, and the sphenoid air sinuses inferiorly (Standring 2008).
The pituitary gland comprises two distinct lobes, the adenohypophysis or anterior lobe and the neurohypophysis or posterior lobe.
Embryologically the anterior lobe of the pituitary gland is derived
from Rathke’s pouch in the roof of the mouth. It synthesizes, stores,
and secretes a number of hormones in response to releasing factors from the supraoptic nuclei of the hypothalamus. These releasing factors are delivered to the pituitary gland via portal veins. The
anterior pituitary secretes growth hormone, thyroid-stimulating
hormone (TSH), adrenocorticotrophic hormone (ACTH), prolactin, and the gonadotrophins. The posterior lobe is an extension

of neural tissue and produces oxytocin and antidiuretic hormone
(ADH) (Ganong 2005).

Anaesthetic considerations
Surgery is required for excision of pituitary adenomas that are causing a mass effect, visual disturbance, or hormonal over-production,
and rarely as an emergency for pituitary apoplexy. Pituitary tumours
comprise about 10% of intracranial neoplasms.

Preoperative assessment
Preoperative assessment will detect any symptoms and signs of
excess hormone production. Patients with a prolactinoma will
appear normal but tumours that secrete an excess of ACTH or
growth hormone will have typical features affecting all systems
and difficult airway management should be anticipated (Smith and
Hirsch 2000).

Cushing’s disease
Cushing’s disease is caused by an excess of glucocorticoid after
hypersecretion of ACTH from a pituitary adenoma. Cushing’s
syndrome is a term used for any chronic glucocorticoid excess,
regardless of cause. The typical appearance is of a moon face with
central obesity, limb wasting, and a dorsocervical fat pad. The
skin is friable and there may be striae, hyperpigmentation, and
hirsutism. The features that present difficulties to the anaesthetist
include hypertension, congestive cardiac failure, sleep apnoea,
muscle weakness, oesophageal reflux, glucose intolerance, and
hypokalaemia. Postoperative infection and poor wound healing
may occur.

Acromegaly
Acromegaly is caused by an excess of growth hormone from a
pituitary adenoma. Gigantism will occur if this develops before
puberty. Patients may be unaware of the typical features as they
develop slowly—one memorable patient was a ‘spot’ diagnosis,
at an airport, by a professor of endocrinology! Typical features
include thickening of the skin, hirsutism, increasing hand and foot
size, deepening of the voice, macrognathia, and malocclusion. The
features that present difficulties to the anaesthetist include hypertension, ischaemic heart disease, arrhythmias, cardiomyopathy,
sleep apnoea, and glucose intolerance. Patients with acromegaly
may also present with nerve entrapment syndromes such as carpal
tunnel syndrome.
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Surgical considerations

Craniopharyngioma

The usual approach is via the sphenoidal sinus but bifrontal craniotomy may be required occasionally for large supratentorial tumours.
Transsphenoidal hypophysectomy usually involves approaching
the pituitary fossa through the sphenoidal sinus via the nasal passages. Some surgeons may choose the sublabial, or rarely these days,
the infraorbital approach. Preoperative discussion with the surgeon
is required to ensure an appropriate choice, and position, of the
tracheal tube. RAE south-facing or flexible armoured tubes allow
adequate surgical access. The nose is infiltrated or packed with ribbon gauze soaked in a suitable local anaesthetic and vasoconstrictor. A throat pack is placed in the oropharynx to collect blood and
debris. The patient remains supine with the head slightly flexed as
most surgeons rely on image intensification to locate the pituitary
fossa. The operating microscope will also be used so anaesthetic
access to the patient during the procedure will be limited. Towards
the end of the procedure, the surgeon may request that intracranial
pressure (ICP) is allowed to increase so that any remaining pituitary tumour will be pushed down into the field of view. This can be
achieved by reducing ventilation and allowing the Pa CO2 to increase.
The resulting intracranial vasodilation will increase ICP. Another
technique that produces the same effect requires the placement of a
lumbar spinal drain after induction of anaesthesia. Injecting saline
or, less commonly, air via the intrathecal catheter will increase ICP
and promote descent of the remaining tumour (Nath et al. 1995).
A Valsalva manoeuvre may be requested to assess the presence of
a cerebrospinal fluid (CSF) leak. If a CSF leak has occurred some
form of packing with harvested adipose tissue will be required and
insertion of a spinal drain may be required. As with all neurosurgery, rapid recovery allows the surgeon to assess the patient’s level
of consciousness and detect any postoperative complications.

Craniopharyngioma is a tumour that arises from the remnants of
Rathke’s pouch and may present with similar features to pituitary
tumours. There are two types, adamantinous and papillary. The adamantinous type occurs in childhood, is often cystic, and contains
cholesterol crystals. These crystals may irritate the cortex and cause seizures postoperatively. The papillary type is found in adults and arises in
the third ventricle. Craniopharyngiomas may present with raised ICP,
visual disturbance, or impaired pituitary function, including diabetes
insipidus, hypothyroidism, and failure to thrive. Resection of a craniopharyngioma is uncommon and neuroendoscopic techniques may
be used to reduce cystic lesions (Komotar et al. 2009).

Anaesthetic technique
The possibility of difficult airway management should be anticipated and appropriate preparations completed. The usual technique involves intravenous induction, neuromuscular block,
positive pressure ventilation, and maintenance of anaesthesia with
volatile agents and short-acting narcotics. Remifentanil reduces the
response to the surgical stimulus during the approach via the nose
but will require administration of longer-acting analgesics before
emergence. Bilateral intraoral, infraorbital nerve block has been
described for perioperative analgesia, but is not commonly used
(McAdam et al. 2005). Administration of prophylactic antibiotics
and hydrocortisone supplements will be required. Intra-arterial
blood pressure monitoring is used as significant haemorrhage is
possible and these patients often have concurrent hypertension or
cardiac disease. Rapid recovery allows the patient to sit up and be
aware of the nasal packing. Postoperative care involves neurological and visual field assessment. Airway obstruction and bleeding
are potential immediate complications. The possibility of diabetes
insipidus should be considered and special attention given to fluid
balance. Postoperative airway management requires special consideration as these patients may have redundant upper airway soft
tissue predisposing to sleep apnoea and will have an obstructed
nasal passage. Other later complications include infection, CSF
leak, and carotid–cavernous fistula. Endocrine and electrolyte disturbances may occur and shared follow-up with endocrinologists
is essential.

Thyroid
Anatomy and physiology
The thyroid gland weighs 10–20 g and is found at the level of C5
to T1 vertebrae. It is butterfly-shaped with two lobes joined anteriorly by the isthmus (Standring 2008). A pyramidal lobe is found in
50% of the population. The relationship to the recurrent laryngeal
nerve and the external laryngeal nerve is important during thyroidectomy. A layer of epithelial cells filled with colloid forms thyroid
follicles. Thyroxine (T4) and triiodothyronine (T3) are synthesized
by iodination, coupling, and condensation of tyrosine molecules.
TSH from the anterior pituitary gland increases the synthesis of T3,
T4, and thyroglobulin. Calcitonin is produced by clear or C-cells
and is involved in calcium metabolism (Ganong 2005).

Hypothyroidism
The causes of hypothyroidism, or myxoedema, include iodine deficiency, autoimmune thyroiditis, treatment of hyperthyroidism, and
under-activity of the pituitary gland. Drugs such as lithium, amiodarone, and interferon may also induce hypothyroidism. In the
developed world, congenital hypothyroidism is usually detected
during the neonatal screening process.
The signs and symptoms of hypothyroidism include fatigue,
sluggishness, weight gain, cold sensitivity, dry skin, brittle nails and
hair, puffy face, and hoarse voice.
Hypothyroidism results in depression of myocardial function, decreased spontaneous ventilation, abnormal baroreceptor function, reduced plasma volume, anaemia, hypoglycaemia,
hyponatraemia, and impaired hepatic drug metabolism. Psychiatric
presentations include cognitive dysfunction, depression, and psychosis. Hypothyroid patients should be rendered euthyroid before
elective surgery and close communication with the metabolic physicians is advised.
The decision whether or not to postpone surgery in a patient
with hypothyroidism will depend on a number of factors, not least
the urgency of the procedure. Pre-assessment clinics should detect
clinical or poorly controlled hypothyroidism and thyroxine treatment should be optimized before elective surgery.
It is logical to avoid premedication in hypothyroid patients and
to use regional anaesthesia wherever possible. Careful perioperative cardiovascular monitoring and judicious use of anaesthetic
drugs because of the hypo-metabolic state is essential.
Preventative measures should be adopted to protect against
hypothermia (Murkin 1982). Myxoedema coma will be discussed
later in this chapter in the section on endocrine emergencies.
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Hyperthyroidism
Hyperthyroidism or thyrotoxicosis affects approximately 2% of
women and 0.2% of men in the general population. The commonest cause of primary hyperthyroidism is Graves’ disease, an autoimmune condition. Other causes include toxic nodular goitre,
thyroiditis, and drug-induced hyperthyroidism. Secondary hyperthyroidism is as a result of excessive circulating TSH. The classical
features of thyrotoxicosis include heat intolerance, hyperactivity,
weight loss, tremor, and eye signs including exophthalmos, and
ophthalmoplegia. Of importance to the anaesthetist are the cardiovascular effects of hyperthyroidism including atrial fibrillation, congestive cardiac failure, and ischaemic heart disease. In an attempt to
prevent the dreaded complication of thyroid storm, patients should
be rendered euthyroid before surgery. This is achieved by the use
of anti-thyroid drugs such as carbimazole, propylthiouracil, and
β-blockers. Pre-assessment clinics should detect clinical or poorly
controlled hyperthyroidism and anti-thyroid treatment should be
optimized before elective surgery (Stehling 1974).

Thyroidectomy
This procedure is commonly performed for colloid goitre, thyroid
malignancy, hyperthyroidism unresponsive to medical treatment,
and occasionally Hashimoto’s disease. The goitre will present particular problems if it is large, retrosternal, or intrathoracic. If thyroidectomy is required during pregnancy, it should be performed
during the second trimester to avoid teratogenicity.
Preoperative assessment
Thyroid function should be assessed clinically and biochemically.
Where possible, elective surgery should be delayed until the patient
is euthyroid in order to prevent the risk of hyperthyroid crisis.
Associated endocrine disorders should be considered: patients
with multiple endocrine neoplasia type 2 with medullary thyroid
cancer may have an associated phaeochromocytoma. The social
history is important as singers, teachers, and other ‘voice professionals’ should be warned of the risk of postoperative hoarseness.
Problems with airway management will be the main concern of the
anaesthetist and patients with retrosternal goitre may exhibit signs
of vena caval obstruction. Pemberton’s sign is the development of
facial cyanosis, distension of neck veins, stridor, and elevation of
the jugular venous pressure as the patient raises their arms above
their head (Pemberton 1946).
Routine investigations include thyroid function tests, full blood
count, urea and electrolytes including serum calcium, chest X-ray,
and indirect laryngoscopy. Patients may also have had fine-needle
aspiration under local anaesthesia as a diagnostic test in the outpatient clinic. The usefulness of respiratory function tests is debatable.
Respiratory flow–volume loops may show evidence of upper airway
obstruction in those patients presenting with thyroid enlargement
but this is usually evident during preoperative clinical assessment.
An ENT colleague routinely performs the indirect laryngoscopy in
order to document any preoperative vocal cord dysfunction. This
investigation is useful to the anaesthetist. If indirect laryngoscopy
was unsuccessful, and a fibreoptic nasendoscope had to be used to
view the vocal cords, the anaesthetist will be alerted to the probability of a difficult intubation. However, the patient may simply have
had difficulty with gagging and the ability of an ENT surgeon to
visualize the larynx does not equate with the ability of anaesthetist
to intubate the trachea.
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A chest X-ray, and lateral thoracic inlet views, may show evidence of tracheal compression and deviation. Computed tomography (CT) and magnetic resonance imaging (MRI), although not
routine, can provide excellent views of retrosternal goitres. Detailed
non-invasive imaging is considered to be valid when it provides
information that influences the preoperative decision-making process regarding airway management (Gillespie and Farling 2004).
Anaesthetic technique
While it is possible to perform thyroidectomy under bilateral deep
or superficial cervical plexus blocks (Kulkarni et al. 1996), the
usual technique involves balanced anaesthesia with intravenous
induction, neuromuscular block, positive pressure ventilation, and
maintenance of anaesthesia with volatile agents and short-acting
narcotics. Routine monitoring, including ECG, pulse oximetry, and
non-invasive blood pressure, is attached to the patient and intravenous access secured. The increasing utilization of remifentanil by
infusion has reduced the need for nitrous oxide. Intravenous paracetamol 1 g and morphine 5–10 mg, combined with infiltration of
local anaesthetic into the incision by the surgeon, provide postoperative analgesia. Morphine should be given at least 30 min before
the end of the procedure in order to have a sufficient effect during
emergence (Farling 2000).
Airway management
Although in the majority of cases the trachea is intubated directly
using conventional laryngoscopy, the anaesthetic team must be
experienced and prepared to cope with difficult situations. Difficult
intubation is not more frequent than in the general population and
is predicted by the same criteria. The complicating factor is the
absence of the option of cricothyroid puncture should the airway
become compromised. North-facing oral tracheal tubes are used as
they keep the respiratory filter away from the surgical field. Small,
reinforced tracheal tubes should be considered when there is significant tracheal compression. The laryngeal mask airway has been
used although there is a risk that it will be displaced during surgery
and obstruction may occur as a result of laryngospasm after surgical manipulation (Hobbiger et al. 1996).
If a difficult intubation is anticipated, the anaesthetist must
have a clear intubation strategy. Awake fibreoptic intubation is the
method of choice whenever there is concern that the airway will
be lost after intravenous induction of anaesthesia. Before the widespread availability of fibreoptic equipment, inhalation induction
was used. If respiratory obstruction occurred, the induction was
abandoned and the patient should, theoretically, wake up without
serious consequences. If inhalation induction was successful then
anaesthesia was deepened so that gentle laryngoscopy could be
performed before the administration of a neuromuscular blocking
drug. If the larynx was visualized then the neuromuscular blocking
drug could be given and tracheal intubation performed. However,
the possibility to withdraw existed at any point in this strategy. This
traditional technique has regained acceptability as a result of the
introduction of sevoflurane.
Airway equipment must be available to deal with difficult mask
ventilation and difficult intubation. This will include various sizes
of tracheal tubes, gum elastic bougies, a video-laryngoscope,
and laryngeal mask airways. There should be ready access to an
intubating fibrescope (Farling 2000). Should airway access prove
impossible, consideration should be given to femoro-femoral
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bypass to maintain oxygenation while airway access is obtained
surgically.
Surgical considerations
The patient is positioned with a sandbag below the shoulder blades
and the head resting on a padded ‘horseshoe’. As the surgeon will
need to stand on both sides of the patient during the procedure,
the patient’s arms are tucked into their sides and a long connector for the intravenous infusion allows access from the foot of the
bed. A 25° head-up tilt will assist venous drainage, although this
should be performed with careful attention to the blood pressure,
particularly in patients who have been receiving β-blockers. Slight
head extension will allow the surgeon excellent access to the thyroid gland. The use of head towels prevents the anaesthetist from
inspecting the patient’s face during the procedure. It is therefore
important to check and secure the position of the tracheal tube.
The patient’s eyes are protected and particular care should be taken
when the patient has exophthalmos. The surgeon infiltrates local
anaesthetic along the line of the incision, skin flaps are raised, and
the strap muscles separated in the midline. The upper pole is mobilized and the superior thyroid vessels ligated. Mobilization of the
lobe is completed and the parathyroid glands and recurrent laryngeal nerve are routinely identified and protected during dissection
of the thyroid from the trachea. Haemostasis is secured and the
strap muscles and platysmal layers apposed. The skin is closed with
staples or subcutaneous sutures.
Monitoring of the recurrent laryngeal nerve
Some surgeons find it useful to monitor recurrent laryngeal nerve
function during complex re-operative procedures or operations
on large goitres. Intraoperative nerve monitoring requires placement of detecting electrodes close to the vocal cords. Special
tracheal tubes with surface electrodes may be used or electrodes
may be placed directly into the muscles of the larynx (National
Institute for Health and Care Excellence 2008). When the recurrent laryngeal nerve is identified, it is stimulated with a small
current until an evoked electromyographic trace is obtained. The
anaesthetist must choose an appropriate neuromuscular blocking agent for endotracheal intubation, and a suitable anaesthetic
technique to facilitate this process. Communication between the
anaesthetist and clinical physiologist before induction of anaesthesia is essential. Observation of the vocal cords with a fibrescope through a laryngeal mask has been used successfully. The
surgeon is alerted if an instrument comes close to the recurrent
laryngeal nerve.
Postoperative care
Residual neuromuscular block is reversed and the patient is
allowed to recover from anaesthesia. If there has been any concern
during dissection of the recurrent laryngeal nerve, the vocal cords
are visualized and the surgeon reassured. If there is no immediate
respiratory obstruction after extubation, the patient is transferred
to the recovery ward. Experienced recovery staff should be aware of
the potential postoperative complications that include haematoma,
damage to the recurrent laryngeal nerve, and rarely tracheomalacia
(Lacoste et al. 1993). Early re-intubation is recommended as tracheal intubation becomes more difficult as a haematoma expands,
laryngeal oedema develops, and the airway becomes compressed. In
the event of bilateral recurrent laryngeal nerve damage, vocal cord
paralysis will lead to stridor at tracheal extubation. Re-intubation
will be required and tracheostomy should be considered. Unilateral

vocal cord paralysis leads to glottic incompetence, hoarseness, and
aspiration. Tracheomalacia or softening of the tracheal rings is rare
and follows prolonged compression of the trachea by a large goitre.
Collapse of the trachea after extubation may lead to life-threatening
airway obstruction that will require urgent re-intubation.
Unintentional parathyroidectomy will result in temporary or
permanent hypocalcaemia. Symptoms and signs of hypocalcaemia
include numbness and paraesthesia in the hands and feet, which
may progress to carpopedal spasm and tetany. Treatment is by calcium supplements. After total thyroidectomy, thyroxine 50–100 μg
is prescribed daily. Postoperative vocal cord function is examined
by indirect laryngoscopy before hospital discharge.

Parathyroid
Anatomy and physiology
There are usually four parathyroid glands on the posterior surface of the thyroid gland. They are in pairs, two superior and two
inferior, and weigh 25–40 mg each. The superior glands develop
from the fourth pharyngeal pouch. The inferior pair develops from
the third pharyngeal pouch and usually descends below the superior pair. As the thymus also develops from the third pharyngeal
pouch, the inferior glands may be found within the mediastinum
(Standring 2008).

Calcium control
Calcium is the most abundant mineral in the body and is vital for
muscle contraction, nerve conduction, and coagulation. The concentration of calcium in the blood is detected by a receptor on the
parathyroid chief cells. Low concentrations of calcium cause parathyroid hormone (PTH) to be secreted from the chief cells and
high calcium concentrations inhibit PTH secretion. Vitamin D and
magnesium also inhibit the release of PTH.

Parathyroid hormone
PTH is a peptide containing 84 amino acids that is metabolized
rapidly in the Kupffer cells of the liver. It increases the availability
of free extracellular calcium and decreases serum phosphate. Its
actions are on bone, kidney, and the intestine. PTH stimulates the
release of calcium from bone into extracellular fluid and stimulates
calcium reabsorption in the renal tubules. It also activates the conversion of vitamin D into calcitriol in the kidney and thus indirectly
stimulates absorption of calcium from the gut (Ganong 2005).

Hypoparathyroidism
Hypoparathyroidism may be congenital but is usually iatrogenic
after inadvertent removal of parathyroid glands during thyroidectomy. Symptoms of hypocalcaemia include numbness and paraesthesia in the hands and feet. This may progress to carpopedal spasm
and tetany. Chvostek’s sign is facial twitching in response to tapping
the facial nerve and Trousseau’s sign is carpal spasm after inflation
of a sphygmomanometer cuff. ECG changes include a prolonged
ST segment and prolonged QT interval. Treatment is with oral or
intravenous calcium supplements and vitamin D.

Primary hyperparathyroidism
Primary hyperparathyroidism is usually caused by a parathyroid
adenoma and is diagnosed by elevated serum calcium and PTH
concentrations. It may also be caused by parathyroid hyperplasia and rarely a parathyroid carcinoma. Symptoms and signs of
hypercalcaemia include osteopenia, hypertension, lethargy, and
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nephrolithiasis. Asymptomatic hyperparathyroidism is often
detected during routine electrolyte testing and treatment is recommended as hyperparathyroidism has been shown to be a risk
factor for cardiovascular disease and glucose intolerance. Medical
treatments include calcimimetics such as cinacalcet and bisphosphonates such as pamidronate. Surgical management involves parathyroidectomy and is the only curative treatment. Hypercalcaemic
crisis is dealt with later in this chapter in the section on endocrine
emergencies.

Secondary hyperparathyroidism
Secondary hyperparathyroidism is caused by stimulation of the
parathyroid glands by hypocalcaemia leading to increased PTH
concentrations. This may be a result of malabsorption or dietary
deficiencies of calcium or vitamin D. Chronic renal failure results
in reduced calcium reabsorption in the renal tubules, reduced
concentrations of calcitriol, and hyperphosphataemia. The resulting stimulation of the PTH production causes hypertrophy of
the parathyroid glands. The autonomous PTH secretion has been
referred to as tertiary hyperthyroidism and may result in nephrocalcinosis of the transplanted kidney. Parathyroidectomy is therefore
recommended.

Multiple endocrine neoplasia
Multiple endocrine neoplasia (MEN) is a rare autosomal dominant condition where tumours coincide in two or more endocrine
glands. Gene abnormalities are responsible for the recognized types
MEN 1, MEN 2A, and MEN 2B. These disorders may be sporadic
or familial. Parathyroid tumours are associated with pancreatic and
anterior pituitary tumours in MEN 1. Hyperparathyroidism occurs
in 20–30% of patients with MEN 2A associated with medullary
thyroid carcinoma and phaeochromocytoma. Parathyroidectomy
is recommended and MEN should be considered in young patients
with primary hyperparathyroidism.

Parathyroidectomy
Preoperative assessment
Careful assessment is required, as these patients may be elderly
with concurrent cardiac disease. Routine investigations will include
full blood count, urea and electrolytes, PTH concentration, thyroid
function tests, chest X-ray, ECG, and possibly echocardiography.
Total calcium concentration is dependent upon albumin, therefore
total serum calcium should be corrected for hypoalbuminaemia.
Indirect laryngoscopy is often performed to exclude preoperative
vocal cord paralysis. Patients with renal disease may require dialysis before surgery.
Surgical considerations
Preoperative location of parathyroid adenomas is usually performed by technetium isotope scanning. This is taken up by both
thyroid and parathyroid tissue and subtraction techniques reveal
the abnormal parathyroid glands. If a single adenoma is detected,
a limited, minimally invasive procedure may be offered. Other
methods of localization include ultrasound, MRI, CT, and single
photon-emission computed tomography.
The patient is positioned as for thyroidectomy, supine with a head-
up tilt and the neck slightly extended. A head ring or horseshoe rest
and a sandbag between the scapulae allow excellent surgical access.
Usually a transverse midline cervical incision is performed with
the length dependent upon the extent of the expected dissection.
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Video-assisted endoscopic techniques are offered in some centres
via small lateral incisions (Miccoli et al. 2005).
Most experienced endocrine surgeons rely upon careful dissection
and direct visualization for intraoperative location of parathyroid
glands. This has also been achieved by preoperative intravenous
methylthioninium chloride or by γ-probe after radioactive technetium. Intraoperative PTH assay is used in some centres. Samples
taken before and after removal of abnormal parathyroid tissue may
confirm adequate excision (Chen et al. 2005). Some centres will
monitor recurrent laryngeal nerve function intraoperatively as for
thyroid surgery.
When there is no definite abnormal parathyroid gland identified,
a prolonged neck dissection and exploration may be required. The
parathyroid may be found within the thyroid or it may be necessary
to extract the thyrothymic ligament via the cervical incision. On
rare occasions a median sternotomy has been used to locate and
excise a parathyroid adenoma within the mediastinum.
Anaesthetic technique
Local anaesthetic infiltration and cervical plexus blocks may be
considered, but the usual technique involves intravenous induction, neuromuscular block, positive pressure ventilation, and
maintenance of anaesthesia with volatile agents and short-acting narcotics. Theoretically, hypercalcaemia may increase the
requirement for non-
d epolarizing neuromuscular blocking
agents so intraoperative monitoring of neuromuscular block is
advised. Temperature monitoring and prevention of heat loss is
important. Adequate venous access is essential and intra-arterial
monitoring should be considered for patients with concurrent
cardiac disease. Central venous access is usually unnecessary but,
if required, a subclavian line is preferred. As the surgeons operate
from both sides of the patient it may be beneficial to have both
arms by the sides of the patient. A suitable extension set, or using
the long saphenous vein for intravenous access, should be considered. A north facing tracheal tube will ensure that the breathing filter is outside the surgical field. As with any neck dissection,
bradycardia should be anticipated.
Excessive coughing is avoided during extubation and the anaesthetist should be vigilant for signs of recurrent laryngeal nerve
damage. Routine postoperative care is instigated and experienced
recovery ward staff will be aware of the risks of haematoma formation after cervical surgery. Early re-intubation is advocated in
the event of postoperative airway obstruction. Patients undergoing
minimally invasive procedures may be considered for discharge on
the day of surgery. Hypocalcaemia in the postoperative period may
require temporary or permanent supplements.

Adrenal
Anatomy and physiology
The adrenal glands are found on the anterosuperior surface of
each kidney and normally weigh 10–20 g each. There are two
distinct parts, the cortex and medulla (Standring 2008). There
are three zones within the cortex: the zona glomerulosa produces mineralocorticoids, the zona fascicularis produces glucocorticoids, and the zona reticularis produces androgens. The
medulla contains chromaffin cells that produce catecholamines
in response to sympathetic stimulation via pre-ganglionic nerve
fibres. Details of hormone synthesis within the adrenal gland
may be found in Chapter 8.
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Pathology
The pathological conditions of the adrenal gland, of interest
to anaesthetists, include adrenal insufficiency, Conn’s disease,
Cushing’s syndrome, phaeochromocytoma, and incidental tumours
of the adrenal.

Adrenal insufficiency
Adrenal insufficiency, or Addison’s disease, is usually caused by
autoimmune adrenalitis but other causes include tuberculosis, septicaemia, HIV, haemorrhage, and tumours. Primary insufficiency
involves a decrease in both glucocorticoid and mineralocorticoid
activity. Secondary adrenal insufficiency is as a result of a lack
ACTH because of suppression by exogenous steroids, hypopituitarism, pituitary tumours, or after hypophysectomy. Clinical features
include weakness, fatigue, postural hypotension, nausea, vomiting,
diarrhoea, weight loss, and hyperpigmentation. Routine blood tests
will show hyponatraemia, hyperkalaemia, and eosinophilia. Low
cortisol concentration confirms the diagnosis. In primary adrenal
insufficiency, ACTH concentration will be high while in secondary
adrenal insufficiency, ACTH concentration will be low. Treatment
involves glucocorticoid replacement with hydrocortisone 15–25
mg day−1 in divided doses. Fludrocortisone 0.05–0.2 mg day−1 is
given for substitution in mineralocorticoid deficiency. Patients with
known adrenal insufficiency should carry steroid cards or medic-
alert bracelets to avoid developing an Addisonian crisis.
Anaesthetic implications
Perioperative supplements for patients on long-term steroid therapy will depend upon the degree of surgical stress. Patients who
have been taking the equivalent of 10 mg of prednisolone in the
previous 3 months who are undergoing minor surgery should
receive hydrocortisone 25 mg at induction. For moderate surgery
this should be followed by hydrocortisone 100 mg in divided doses
for 24 h. Patients undergoing major surgery should receive hydrocortisone 25–50 mg at induction followed by 100 mg for 3 days.

Conn’s syndrome
Conn’s syndrome or hyperaldosteronism is caused by bilateral
adrenal hyperplasia or by an adenoma of the zona glomerulosa.
The usual presentation is of hypertension and hypokalaemia in
a young patient. Diagnosis is confirmed by measuring the ratio
between aldosterone and renin activity in the plasma. Localization
of the lesions will involve CT, MRI, and possibly sampling from the
adrenal veins during angiography. Treatment is by an aldosterone
antagonist such as spironolactone and adrenalectomy.

Cushing’s syndrome
Cushing’s syndrome is caused by an excess of glucocorticoids
from an adenoma or carcinoma of the zona fascicularis, ectopic
ACTH production or exogenous steroid therapy. (Cushing’s disease is caused by a basophilic adenoma of the pituitary.) The typical
appearance is of a moon face with central obesity, limb wasting, and
a dorsocervical fat pad. The skin is friable and there may be striae,
hyperpigmentation, and hirsutism. A high cortisol concentration
and a dexamethasone suppression test confirm diagnosis, which
is then followed by radiological localization. The features that present difficulties to the anaesthetist include hypertension, congestive cardiac failure, sleep apnoea, muscle weakness, oesophageal
reflux, glucose intolerance, hypokalaemia, and postoperative infection. Medical management includes metyrapone which blocks the

synthesis of cortisol by inhibiting 11β-hydroxylase. Unilateral or
bilateral adrenalectomy may be required.

Incidental adrenal tumour
There is an increase in the number of patients who are found to have
a tumour of the adrenal during investigations for other conditions.
The term VOMIT refers to ‘victims of modern imaging techniques’
and applies to many surgical specialities. The protocol for the investigation of patients with adrenal ‘incidentalomas’ involves a careful
history and examination, including blood pressure, and assessment
of signs of virilization or feminization. Urea and electrolytes, cortisol, aldosterone, renin activity and sex hormones will be measured,
and dexamethasone suppression tests will be done. Samples will be
required for urinary cortisol and urinary catecholamines.

Phaeochromocytoma
Phaeochromocytoma is a rare tumour of the adrenal medulla that
secretes an excessive amount of catecholamines. The estimated
incidence in the population is 1:1.5–2.0 million people year−1.
Similar tumours, arising from chromaffin cells in the sympathetic
chain, are termed paragangliomas. Traditional teaching is that 10%
of phaeochromocytomas are extra-adrenal. They may be familial or
occur as part of MEN 2 syndromes, along with medullary thyroid
carcinoma and parathyroid tumours. They may also be associated
with von Hippel–Lindau disease or neurofibromatosis type 1. The
symptoms are a result of episodic release of catecholamines and
include sweating, pallor, palpitations, and headache. Hypertension
is usually episodic. Other presenting features include anxiety,
tremor, weight loss, nausea and vomiting, chest pain, abdominal
pain, cardiac failure, and cerebrovascular disease. Diagnosis was
based on the presence of catecholamine metabolites, for example,
vanillylmandelic acid (VMA) in the urine. More sensitive investigations include raised plasma catecholamines and fractionated
metanephrines in urine or plasma. Localization is then established
by MRI, CT, or radioactive I-MIBG (meta-iodobenzylguanidine).
Preoperative preparation
Preoperative α-blockade is recommended before surgery for phaeochromocytoma and this is usually managed by an endocrinologist. The aim is to prevent surges in blood pressure and normalize
blood volume by counteracting the vasoconstricting effects of the
excessive catecholamines. Traditionally, phenoxybenzamine has
been used but other α-blockers such as doxazosin, have become
popular. Some patients will require the addition of a β-blocker,
such as atenolol or propranolol, to control tachycardia. It is important to establish α-blockade before prescribing a β-blocker as severe
hypertension will occur. This is because β-blockers will prevent
vasodilation that offsets the α-mediated vasoconstriction. Patients
do not like being on α-blockers for prolonged periods as they
experience postural hypotension, stuffy noses, and feel generally
lethargic without the stimulating effects of the catecholamines. One
patient’s main complaint was the adverse effect of the α-blockade
on his sex life!
All patients who are scheduled for adrenalectomy should be
carefully assessed for the effects of hypertension and diabetes.
Cushingoid patients may present difficulties with airway management. The anaesthetist should note the position and size of
the tumour, as this will give an estimate of the likelihood of an
open or laparoscopic procedure. Postoperative analgesia strategies such as epidural or patient-controlled analgesia should
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be mentioned. The potential for postoperative care in a high
dependency or intensive care unit should be discussed with the
patient. The anaesthetist should be aware of the extent and type
of catecholamine over-production as this will give an indication
of the requirement for inotropes after removal of the tumour.
Most phaeochromocytomas secrete a mixture of adrenaline (epinephrine) and noradrenaline (norepinephrine), some secrete
only one of these and, rarely, the only abnormally raised catecholamine is dopamine.
Surgical considerations
Laparoscopic adrenalectomy will be offered whenever possible
but large tumours or those invading surrounding structures, particularly major blood vessels, will require an open procedure. The
patient is placed in a lateral position and the table broken to extend
the patient’s flank. Attention to detail is required by the anaesthetist
to prevent pressure sores and to allow for ease of access to intravenous and arterial lines.
Anaesthetic technique
Large-bore intravenous access is established and drugs for controlling blood pressure and arrhythmias should be prepared.
The use of magnesium by intravenous infusion is recommended
for patients with a phaeochromocytoma. An epidural is recommended for bilateral open procedures. A balanced technique
with intravenous induction, neuromuscular block, positive
pressure ventilation, and maintenance with inhalation agents
and short-acting narcotics is standard. Anticholinergic and
histamine-releasing drugs, such as succinylcholine (suxamethonium), should be avoided if possible. Intra-arterial measurement
of blood pressure may be established before induction, particularly for patients with a phaeochromocytoma. A smooth induction and tracheal intubation is necessary to minimize any pressor
response. The need to measure central venous pressure, or infuse
vasoactive agents via a central line, should be assessed. If there
is any catecholamine-induced cardiomyopathy, a pulmonary
artery catheter, or transoesophageal echocardiography should be
considered. Care is taken during positioning as hypotension can
occur when the operating table is ‘broken’, particularly in those
patients who have received β-blockers.
Intraoperative problems
Hypertension is likely to occur when the phaeochromocytoma is
manipulated and this is just as likely during laparoscopic surgery.
Retroperitoneal insufflation has also been implicated in producing
hypertension. Severe hypertensive episodes may cause myocardial
infarction, pulmonary oedema, cardiac failure, or cerebrovascular ischaemia so the anaesthetist must deal with these promptly.
Sodium nitroprusside is a potent arteriolar and venodilator that has
a rapid onset and offset. An intravenous infusion can be titrated
against increases in blood pressure but it must be protected from
light by silver foil as its metabolites include thiocyanate. Other
agents that may be used include phentolamine, nicardipine, esmolol, and magnesium (James 2010).
Once the adrenal veins have been ligated the excessive catecholamine efflux will diminish. This can lead to hypotension that may
require inotropic support. It is logical to assume that if the tumour
secreted large amounts of noradrenaline preoperatively then this
will need to be replaced in the immediate postoperative phase.
Withholding the dose of phenoxybenzamine on the morning of
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surgery is advised to reduce the need for inotropes postoperatively.
Vasopressin may be valuable in patients resistant to noradrenaline. Blood loss will be poorly tolerated in those patients who
have received α-blockers and the need for transfusion should be
anticipated.
Postoperative care should focus on the restoration of normal
fluid balance after the removal of the catecholamine stimulus. This
will require the continuation of invasive monitoring in intensive
care or high dependency units. Blood glucose should be monitored
as hypoglycaemia can occur with the reduced catecholamine effect
on insulin.

Diabetes mellitus
Diabetes mellitus is a metabolic disorder of energy metabolism as a
consequence of inadequate insulin production or function (Nolan
et al. 2011). The number of adults with diabetes may have doubled
within the past three decades from 153 million in 1980 to 347 million in 2008. Although 70% of the observed increase is attributed to
population growth and ageing, the number also reflects the global
shift towards a Western lifestyle of unhealthy diet and physical
inactivity, with obesity as the outcome (Anonymous 2011). The
disease now affects up to one in four adults in the United States.
The American Diabetes Association currently recognizes four
types of diabetes mellitus: (a) type 1 as a result of β-cell destruction
and absolute insulin deficiency; (b) type 2 characterized by insulin
resistance or secretory defects, or both; (c) specific causes of diabetes mellitus including genetic defects of β-cell function, diseases
of the exocrine pancreas, endocrinopathies, drug-or chemical-
induced diabetes mellitus, infections and genetic defects associated with diabetes; (d) and finally gestational diabetes (Garber
et al. 2004).
Diabetes is defined on the results of a fasting glucose greater
than 7.0 mmol litre−1; a random non-fasting glucose greater than
11.1 mmol litre−1; or a blood glucose greater than 11.1 mmol litre−1
in a sample taken 2 h after a 75 g glucose tolerance test. The normal
value for fasting glucose is less than 5.6 mmol litre−1 and impaired
glucose tolerance is defined as a fasting glucose between 5.6 and
7.0 mmol litre−1, or a 2 h post-prandial value greater than 7.8 and
less than 11.1 mmol litre−1.

Pathophysiology
Under normal circumstances, the blood concentration of glucose
is kept remarkably constant with the liver acting as both a reservoir for excess glucose and a source of glucose when the demand
is increased. In exercise, glucose can be supplied through the Cori
cycle in which lactate from muscle is converted back to glucose in
the liver. In starvation, glucose demand is diminished by fat adaptation of the peripheral tissues using free fatty acids and ketone
bodies for energy, so that glucose availability can be limited to
those organs, particularly the brain, that have an absolute requirement for glucose. Glucose can be rapidly mobilized from glycogen reserves and additional glucose can be synthesized through
gluconeogenesis from deaminated amino acids. Although it was
thought that the liver was the prime organ involved in gluconeogenesis, it is now recognized that the kidney plays a major role
in the synthesis of new sugar and glucose uptake (Gerich 2010).
Fat is the major energy storage mechanism, and excess glucose,
beyond the need to maintain the glycogen reserves, is converted
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to fat. In humans, fat cannot be converted back to glucose to
any useful degree. The energy stores from fat must be consumed
through direct oxidation of fatty acids and via acetyl Co-A into
the citric acid cycle.
Insulin is the major hormone regulating energy metabolism,
controlling not only glucose utilization, but also fat metabolism
and amino acid turnover. The hormone is released from the β-cells
of the pancreas in response to an increase in blood glucose concentration as well as by various gastrointestinal hormones including
glucagon-like peptide (GLP-1) and glucose-dependent insulinotropic peptide (GIP). Feedback links also exist creating cross-talk
between the β-cells and insulin-sensitive tissues and these and other
pathophysiological issues have recently been extensively reviewed
(Kahn et al. 2014). In response to an increase in blood sugar, insulin promotes the removal of glucose from the blood by stimulating
glucose uptake into skeletal muscle and liver with the formation
of glycogen and by stimulating the uptake of glucose into adipose
tissue. Insulin is not necessary for glucose uptake and utilization
by most tissues in the body. It is, however, absolutely required for
fat deposition and it is the main inhibitor of gluconeogenesis and
glycogenolysis.
Glucagon is generated by the α cells of the pancreas, and its secretion is decreased by an increase in the blood glucose concentration.
In general, its effects are opposite to those of insulin, stimulating
glycogenolysis, gluconeogenesis, lipolysis, and ketogenesis.
Energy balance is tightly regulated through a complex neurohumoral network in which central signals (from the brainstem and
higher cortical centres, e.g. cognitive, visual, and other reward
cues) and peripheral signals of energy stores (from adipose tissue,
e.g. leptin) are integrated. Stimuli including hunger and satiety
messages feed into the hypothalamus and other key central nervous
system areas to control appetite, physical activity, and body weight.
This network is also regulated by the circadian clock and sleep disorders may play a key role in the development of obesity and type 2
diabetes (Nolan et al. 2011). In the stress response, insulin release
is inhibited and other stress hormones (catecholamines, glucagon,
growth hormone, and thyroid hormone) stimulate increased concentrations of plasma glucose.

Type 1 diabetes
In type 1 diabetes, absolute insulin deficiency leads to disorders of
glucose, fat, and protein metabolism. The characteristic hyperglycaemia is not primarily a failure of glucose utilization as many tissues can use glucose in the absence of insulin. Rather, the primary
lesion is a failure of regulation of gluconeogenesis leading to excessive glucose production from the liver and other organs together
with breakdown of protein to liberate amino acids for this process.
The mechanism is similar to that seen in starvation and has been
described as ‘starvation in the midst of plenty’. The hyperglycaemia leads to an osmotic diuresis that results in severe fluid and
electrolyte depletion with loss of water, sodium, potassium, and
magnesium.
Absolute insulin deficiency also results in a failure of regulation of fat metabolism. The primary lipolytic regulator, hormone-
sensitive lipase, is activated by the absence of insulin and leads to
the breakdown of fat with the liberation of fatty acids. Most tissues
in the body become fat-adapted, but in the liver, the excess fatty
acids are converted to ketones. The ketones can be used by many
organs in the body for energy, but are produced in excess of the

ability of the tissues to metabolize them, so that the consequence is
ketoacidosis (see Fig. 79.1).
Thus, type 1 diabetics generally present with a combination of
hyperglycaemia and ketoacidosis with dehydration and electrolyte
deficiencies. The age of onset is generally in children and young
adults and the patients present with an acute illness and a lean body
habitus.

Type 2 diabetes
Type 2 diabetes is associated with either a relative insulin deficiency or insulin resistance. Again, there is a failure of regulation
of gluconeogenesis leading to hyperglycaemia, but fat metabolism
is usually adequately regulated and ketoacidosis is a less common
feature of this version of the disease. Consequently, symptoms
of type 2 diabetes may be more subtle and patients can present
with severe hyperglycaemia, together with dehydration and electrolyte deficiencies (Fig. 79.2). Handling of glucose by the kidney
is altered in type 2 diabetes mellitus. Renal gluconeogenesis and
renal glucose uptake are increased in both the post-absorptive and
postprandial states, and renal glucose reabsorption is increased
(Gerich 2010).
The age of onset is generally middle-aged to elderly, although
increasing juvenile obesity is leading to an increase in the incidence
of type 2 diabetes in younger people. Certain patient groups are
more susceptible to early onset of the disease (especially native
Americans, African Americans, and Hispanics). It accounts for
about 90% of all diabetics (and has a prevalence of about 6.6% in
the United States, equating to about 15–20 million of the population). The incidence of type 2 diabetes has increased two-fold over
the last decade; and currently affects between 8% and 10% of all
Americans. This is related to alterations of diet and an increasing
prevalence of obesity.

Hyperglycaemia
Glucose is normally filtered at the glomerulus and reabsorbed in
the proximal convoluted tubule. However, when the renal threshold for glucose is exceeded (at approximately 10 mmol litre−1),
reabsorption is incomplete and glucose appears in the urine.
Urinary glucose stimulates an osmotic diuresis which leads to
increased water excretion and an increase in the plasma osmolality. In turn, the latter leads to stimulation of the thirst centre in the
floor of the fourth ventricle. This combination of an osmotic diuresis
(with fluid deficits of 5–6 litres, and Na+, K+, and Mg2+ deficiency)
and thirst lead to the development of polyuria and polydipsia that
are typical of this condition.
Chronically elevated blood glucose concentrations decrease
microcirculatory dilatation, and cause endothelial dysfunction. In
particular, the coronary circulation is affected with reductions in
coronary vasodilatory reserve and collateral blood flow, decreasing the development of collateral blood vessels. At a cellular level,
hyperglycaemia leads to decreased signal activation (as occurs with
ischaemic and anaesthetic preconditioning) and K+-ATP channel
activation. There is also increased production of reactive oxygen
species, protein glycosylation, and decreased production of nitric
oxide. Consequently, diabetic patients have an increased incidence of cardiovascular co-morbidities. Cardiac pathologies are
the main cause of death in diabetic patients. These changes affect
both the microvascular and the macrovascular components of the
circulation.
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Figure 79.1 The effects of absolute insulin deficiency (usually type 1 diabetes) on intermediary metabolism.
Major carbohydrate pathways and citric acid cycle.
Interlinking energy pathways for protein.
Interlinking energy for fat metabolism.
Ac-Ac CoA, aceto-acetyl co-enzyme A; FFA, free fatty acids; , inhibited pathways.
Note that fat metabolism is markedly impaired resulting in keto-acidosis. Relative impairment of the citric acid cycle in the liver leads to ketones becoming a major
source of energy.
Reproduced with permission from James, M.F.M., Anaesthesia for Patients with Endocrine Disease, Figure 3.3, Page 53, Copyright © 2010, by permission of Oxford University Press.
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Figure 79.2 The effects of relative insulin deficiency (only type 2 diabetes) on intermediary metabolism.
Major carbohydrate pathways and citric acid cycle.
Interlinking energy pathways for protein.
Interlinking energy for fat metabolism.
Note that fat metabolism is usually preserved as minimal amounts of insulin are required for this pathway. Ketosis is thus uncommon but severe hyperosmolar,
non-ketotic states may occur.
Reproduced with permission from James, M.F.M., Anaesthesia for Patients with Endocrine Disease, Figure 3.4, Page 54, Copyright © 2010, by permission of Oxford University Press.
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The microvascular pathology affects many organs and leads
to the complications of renal damage, neuropathy, and retinopathy characteristic of this disease. In addition, the accumulation of sorbitol in the cells causes osmotic injury and increased
formation of glycosylated proteins alters the cross-linkages
between molecules leading to structural and functional damage. Hyperglycaemia also enhances the formation of free radicals
and activation of tissue injury responses. The content of oxidized
fatty acids is increased and the anti-inflammatory and antioxidant activities of high-density lipoproteins are impaired in type
2 diabetes. At a macrovascular level, diabetic patients are more
likely to develop atherosclerosis. While there is clear evidence
that improved glucose control decreases the incidence of microvascular complications, this is not is clearly demonstrated for
macrovascular pathology.

blood sugar control. They are particularly useful for immediate
blood sugar control in the perioperative period.
Intermediate-and long-acting insulins
When given by subcutaneous injection, these preparations have a
dynamic profile with an onset of 1–2 h, maximal effect at 4–12 h,
and duration of 16–35 h. They may be given twice daily in conjunction with short-acting (soluble) insulin; or once daily, especially in elderly patients. Soluble insulin can often be mixed with
other preparations in the same syringe (except with detemir and
glargine insulin) with each formulation essentially retaining their
own properties.
◆

Management of the diabetic patient
Patients with type 1 diabetes will require insulin at all times. Initially
many type 2 diabetic patients manage their blood sugar control by
diet alone but some will progress to need oral agents and insulin as
the disease progresses. Normoglycaemia decreases the incidence of
complications in all types of diabetes. In addition, it enhances cellular immune function and red cell production, reduces the tendency
to cholestasis, and minimizes the adverse effects on the microcirculation and on nerve axons.

Insulins
There are a number of different types of insulin based on their
physiological profiles and sources (bovine, porcine, and human).
When switching from an animal source to human insulin, a reduction of 10–20% of the overall daily dose is usually required to avoid
episodes of hypoglycaemia. There is evidence that early use of low-
dose insulin in type 2 diabetes mellitus may improve glycaemic
control and decrease insulin resistance.
Soluble insulins
These preparations are usually administered subcutaneously or
intramuscularly and when given by these routes have an onset of
action of 30–60 min, a peak effect at 2–4 h, with a duration of effect
of up to 8 h. Intravenously, soluble insulins have a very short half-
life of around 5 min and a duration of action of less than 30 min.
Intermittent intravenous bolus injections of soluble insulin do not
provide good control and pose the risk of alternating hypo-and
hyperglycaemia. After an initial bolus dose, maintenance doses
should be given by infusion or by subcutaneous or intramuscular
injection.
Initially, soluble insulins were derived from animal sources but
modern human insulin preparations are produced using recombinant technology (insulin aspart, glulisine, and lispro). These
products have a faster onset of action and a shorter duration than
earlier soluble insulins that more closely match normal mealtime
peaks of plasma insulin and result in a more normal pattern of
periprandial glycaemic control. Given that insulin is a major
growth factor, there is concern of an increased risk of cancer in
patients on long-acting insulins. However, the risk:benefit ratio
of better glycaemic control is likely to remain favourable. The
modern formulations of insulin have been reviewed (Nicholson
and Hall 2011).
Soluble insulins are generally used in combination with
intermediate-or long-acting insulin with the purpose of optimizing

◆

◆

Isophane: this is a mixture of insulin and protamine, and is of
particular value in the initiation of twice-daily insulin regimens.
It can be reliably mixed with soluble insulin; and is also prepared
as ‘ready-mixed’ preparations (e.g. biphasic isophane insulin;
biphasic insulin aspart or biphasic insulin lispro).
Insulin zinc suspension (PZI): this is a mixture of 30% amorphous
and 70% crystalline insulin, giving the insulin a more prolonged
duration of action (24–46 h). PZI is usually given once a day, but
the formulation cannot be given by the intravenous route.
Glargine and detemir: these are both human insulin analogues
with prolonged durations of action. Glargine is given once a day;
detemir once or twice a day.

Biphasic insulins
◆ Biphasic insulin aspart—30% aspart and 70% aspart protamine
◆

Biphasic insulin lispro—25% lispro; 75% lispro protamine

◆

Biphasic isophane insulin—30% soluble; 70% isophane.

Oral glycaemic-control agents
There has been a rapid expansion in the range of oral agents available for the management of hyperglycaemia and increasing understanding of the pathophysiological processes involved in the disease
has led to new lines of drug development. The older oral agents are
still the first line of treatment for most patients, but an array of new
agents is being developed that may enhance glycaemic control.
Sulfonylureas
These drugs act on the pancreas to increase β-cell sensitivity and
augment insulin secretion by binding to ATP-dependent K+ channels. They may also have some long-term effects by increasing the
numbers of insulin receptors on cell membranes.
There is a range of different types of sulfonylureas available
including the older tolbutamide and chlorpropamide, and the more
recent agents glibenclamide, glyburide, glipizide, and glimepiride.
In general, these drugs should be withheld on the day of surgery if a disruption of normal times of food intake is anticipated.
Chlorpropamide should normally be stopped for 48 h because of
its longer half-life. These drugs can safely be combined with insulin
therapy.
The major side-effect of sulfonylureas is hypoglycaemia with
minor episodes occurring in up to 20% of patients. The elderly are
especially prone to these episodes, and use of longer-acting drugs,
such as chlorpropamide and glibenclamide, are best avoided in
these patients. The primary failure rate with sulfonylurea drugs is
about 15%.
Chlorpropamide is now less commonly used as a result of its
side-effect profile and its very prolonged duration of action that
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increases the risk of hypoglycaemia. Other side-effects of chlorpropamide include facial flushing after drinking alcohol, enhanced
ADH secretion, and very rarely hyponatraemia (which has also
been reported after glimepiride and glipizide).
Other side-effects seen with the sulphonylureas include rare episodes of cholestatic jaundice; hypersensitivity reactions within first
6–8 weeks of starting therapy; rare blood dyscrasias; and photosensitivity reactions (especially with chlorpropamide and glipizide).
Biguanides
Metformin is the only agent in this group currently in use.
Although these are the oldest of the oral hypoglycaemic agents,
they have recently seen an increased popularity as they mainly
affect gluconeogenesis, which is now recognized as the primary
source of hyperglycaemia. Metformin may also inhibit intestinal
glucose absorption and improve weight reduction. Compared with
the sulphonylureas, metformin is also associated with a reduction
in mortality. The risk of hypoglycaemia is lower with this drug. The
major adverse effect is the risk of type 2 lactic acidosis as a consequence of the inhibition of gluconeogenesis and impaired lactate
metabolism. The drug should therefore not be used where there is
a significant risk of lactate production including tissue hypoxia and
severe sepsis. The risk of lactic acidosis is also greater in the elderly
and in patients with renal or hepatic failure and those undergoing
major surgery. However, continuing metformin in patients undergoing cardiac surgery has not been associated with harm and may
have been related to improved outcome (Duncan et al. 2007).
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(Prandin®), nateglinide (Starlix®), and mitiglinide. These drugs are
rapidly metabolized and short-acting. Taken shortly before meals,
they mimic the normal effects of insulin after eating. These drugs
may be particularly helpful in combination with metformin or
other drugs. They may also be a good choice for people with potential kidney problems.
Side-effects include diarrhoea and headache. As with the sulfonylureas, repaglinide poses a slightly increased risk for cardiac
events, and should be stopped on the morning of surgery.

Thiazolidinediones
The thiazolidinediones activate one or more of the peroxisome
proliferator-activated receptors which regulate gene expression
in response to ligand binding. They increase insulin sensitivity,
increase insulin secretion, and act on the liver to inhibit gluconeogenesis and may also reduce concentrations of glycosylated haemoglobin and free fatty acids. There is a high primary failure rate of
around 25% and these agents are generally limited to second-stage
diabetic treatment and are usually given in combination with metformin or the sulphonylureas.
The two prominent drugs in this category, rosiglitazone and pioglitazone, have both been linked with adverse clinical effects, with rosiglitazone being associated with an increased incidence of cardiac failure,
while pioglitazone has been reported to increase the risk of bladder
cancer. Consequently, rosiglitazone should not be used in patients with
a history of heart failure and probably should be avoided in patients
with acute ischaemic cardiac disease. As a group, these drugs increase
oedema retention and may be associated with weight gain.
Thiazolidinediones may induce hypoglycaemia with starvation
and should therefore be stopped on the morning of surgery.

Incretins
The incretins are endogenous gut hormones which stimulate the
secretion of insulin in response to oral glucose loads to concentrations
that are greater than that seen when a similar intravenous glucose
load is given. The main incretins are GIP (glucose-dependent insulinotrophic polypepetide) and GLP-1 (glucagon-like peptide-1). The
utility of GIP is limited by the fact that its insulinotropic effect is lost in
diabetic patients, but the action of GLP persists. Within a few minutes
of food intake, GLP-1 concentrations in the blood increase three-to
five-fold, suggesting a fast endocrine or neural mechanism is involved
in addition to simple detection of food in the gastrointestinal tract.
The first GLP-1 agents to become available are exenatide and liraglutide. They have an onset of action of 6–12 h after intravenous
injection. They increase insulin secretion, suppress glucagon secretion, and slow gastric emptying, reducing appetite and decreasing
glucagon concentration. Liraglutide provides greater improvements in glycaemic control, induces weight loss, improves obesity-
related risk factors, and reduces pre-diabetes. It is also associated
with reductions in glycated haemoglobin (HbA1c) and blood pressure (Nicholson and Hall 2011).
The most common adverse events are gastrointestinal symptoms,
including nausea and, rarely, vomiting or diarrhoea. Patients
receiving both exenatide and a sulfonylurea have an increased risk
of mild to moderate hypoglycaemic events. However, the risk was
not increased in patients receiving concurrent exenatide and metformin. These agents require parenteral administration. Possible
risks include medullary thyroid carcinoma and pancreatitis, but
these remain to be established. Given that these agents decrease
gastric emptying and may compound the reduced gastric emptying associated with long-standing diabetes, it is recommended that
they are stopped 24 h before anaesthesia, but there is no evidence
for or against this recommendation.
GLP-1 is broken down by the enzyme peptidase dipeptidyl peptidase IV (DPP-IV), to which exenatide and liraglutide are resistant.
A second approach to use the ‘incretin effect’ to enhance glucose
control is to inhibit DPP-IV with sitagliptin, saxagliptin, or vildagliptin as sole agents and also combined with metformin. Unlike
exenatide, these agents do not affect gastric emptying and are well
tolerated. A combination tablet with sitagliptin and metformin is
now available. Unlike exenatide, these drugs can be taken orally
and have few adverse effects apart from diarrhoea. Potential adverse
effects of inhibition of DPP-IV activity include increased blood pressure, neurogenic inflammation, and immunological reactions. None
of these have yet been described clinically. There is low potential for
hypoglycaemia and gastric emptying is not affected. However, the
current recommendation is to stop this agent preoperatively.

Meglitinides
Meglitinides stimulate pancreatic β cells to produce insulin by
binding to ATP-dependent K+ channels. They include repaglinide

Amylin
Pancreatic β cells produce another gastrointestinal hormone called
amylin. The secretion of this substance is increased by ingestion of

α-glucuronidase inhibitors
These drugs, of which acarbose (Precose®, Glucobay®) is the archetypical agent, decrease intestinal absorption of saccharides and are
usually used as an adjunct to metformin or the sulphonylureas.
The major side-effect of these drugs relate to incomplete glucose
absorption leading to flatulence and diarrhoea. There is no need to
withdraw these drugs before surgery. Other agents in this group are
miglitol (Glyset®) and voglibose.
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food, and it decreases blood glucose concentrations in an insulin-
independent manner. A synthetic analogue, pramlintide, acts in an
additive fashion with insulin and can enhance glucose control in
patients on insulin. In addition to improving post-prandial glucose
concentration, pramlintide decreases the HbA1c concentration,
and post-prandial triglyceride profiles. The main adverse effect is
that of nausea. As with the other agents cessation of administration
in the day of surgery is recommended.

Consequences of hyperglycaemia in
the surgical patient
Diabetic patients have an increased incidence of cardiovascular
co-morbidities including arterial hypertension, coronary artery
disease, peripheral vascular disease, and systolic and diastolic left
ventricular dysfunction, possibly leading to congestive cardiac failure. Cardiac pathologies are the main cause of death in diabetic
patients and they are at particular risk in the perioperative period.
They are also at risk of silent myocardial ischaemia. The overall risk
of postoperative mortality and morbidity for non-cardiac surgery
in these patients has been reported as 24% at a median follow-up
time of 10 months (Juul et al. 2004).

Preoperative preparation
Patients with diabetes presenting for elective surgery require careful screening for secondary organ dysfunction, paying particular
attention to cardiovascular disease, renal disease, neurovascular
and neurological disorders, and peripheral neuropathies. Whether
or not intensive cardiac screening for these patients is justified,
given the risk of silent myocardial ischaemia, remains currently
unresolved and is an issue that should probably be decided on a
case-by-case basis in consultation with the medical and surgical
teams. Although the measurement of HbA1c is not a particularly
valuable predictor of long-term outcome in diabetics, it does provide useful information on the quality of glycaemic control over
the recent past. For all but minor surgery, diabetic patients should
probably undergo routine ECG examination, standard biochemical measurements, and urinalysis together with a careful clinical
assessment. Appropriate cardiac protection strategies should be
adopted depending on the risk stratification of the patient.
The risk of gastric regurgitation needs to be considered, but the
risks have probably been overstated in the past. Unless there is
clear evidence of autonomic dysfunction, the usual risk factors for
regurgitation can be applied to diabetic patients. The anaesthetist
should consider the balancing risks of a rapid sequence intubation
in a patient with possible underlying myocardial ischaemia against
the much less common risk of aspiration and make an informed
decision. Consideration may be given to the use of H2-antagonists
with or without prokinetic agents to improve gastric emptying and
decrease the risk should regurgitation occur. The risks associated
with glycosylated collagen and the possibility that this may make
intubation more difficult needs to be assessed.

Operative management
There is a wide range of recommended approaches to the diabetic
patient, which indicates that no single policy has been established
as being superior. The objective at all times should be to maintain
blood sugar within a reasonable range while at the same time submitting the patient to the least possible risk from the combination

of preoperative starvation and the persistent presence of hypoglycaemic agents. It is a good basic principle to minimize the period
of preoperative starvation and clear glucose-containing drinks may
be given up to 2 h preoperatively. Ideally, diabetic patients should
be placed early on an operating list with the objective of reinstating
their normal daily routines as quickly as possible.
A number of approaches have been suggested depending on the
type of diabetes and the nature of the surgical procedure. The following is a suggested approach, but there are numerous differing
opinions and individual anaesthetists should adopt an approach
with which they are comfortable. The older laissez-faire attitudes in
which no effective control of blood glucose was conducted with the
emphasis placed on the avoidance of hypoglycaemia is no longer
acceptable.
Surgery initiates a stress response related to the severity of the
surgical insult that includes increased circulating catecholamines
and an increase in blood sugar as a consequence of the release of
the array of stress hormones. This metabolic response may be more
pronounced in diabetic patients undergoing surgery compared with
non-diabetic patients (Schricker et al. 2005). There is little evidence
that tight intraoperative glycaemic control affects the outcome in
diabetic patients. Peak glucose concentration has been shown to be
a risk factor for mortality and morbidity in cardiac surgical patients
(Gandhi et al. 2005), patients undergoing carotid endarterectomy
(McGirt et al. 2006), and in patients undergoing infra-inguinal
arterial bypass surgery (Malmstedt et al. 2006). However, the small
number of prospective studies so far conducted have failed to demonstrate that intraoperative tight glucose control improves outcome. Nevertheless, there is probably sufficient evidence that good
control of hyperglycaemia perioperatively is associated with better
postoperative outcomes and that patients without hyperglycaemia
have fewer complications, including wound infections.

Elective surgery for the type 1 diabetic
Minor surgery
For this category of patient, the simplest approach for patients with
good glycaemic control is to continue with their normal diabetic
medication up until the evening before surgery, including a bedtime snack. Patient should be scheduled early on the operating list
and allowed free intake of clear liquids, usually containing glucose,
up until 2 h preoperatively. On arrival in the operating room, blood
sugar should be measured and appropriate procedures introduced
on the basis of that result. If the patient is hypoglycaemic, a glucose
infusion should be started. If the blood sugar is high, an appropriate
bolus dose of soluble insulin should be administered, repeated at
30 min if necessary. Should sugar concentrations be in the acceptable range (4.6–8.0 mmol litre−1), hourly measurement of the blood
sugar is all that is required. Regional anaesthesia is appropriate for
these patients as it allows early return to normal diabetic control.
Major surgery
For major surgery, and in patients in whom preoperative glycaemic control is poor, it could be justified to admit the patient electively and stabilize blood sugar on soluble insulin preoperatively,
although it is generally acceptable for patients with good glycaemic
control to continue with their standard insulin regimen until the
night before surgery.
◆

When the patient comes to theatre, blood sugar should be measured and a treatment plan instituted considering the duration and
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severity of the surgery and the level of blood sugar control. If the
initial blood sugar is in an acceptable range, it is reasonable to give
a glucose-free infusion, no insulin, and hourly monitoring the
blood sugar. Should the blood sugar (BS) increase, an infusion of
insulin should be commenced at a rate adjusted to the concentration of glycaemia as follows: 50 U of insulin in 500 ml saline
◆

Initial infusion rate 1–2 U h−1 from a syringe pump

◆

BS <4.5: stop infusion, give glucose

◆

BS 4.6–5.5: decrease insulin by 50%

◆

BS 5.6–7: maintain infusion rate

◆

BS 7.1–8.5: increase insulin by 0.5 U h−1

◆

BS 8.6–11: increase insulin by 1.5 U h−1

◆

BS greater than 11.1: increase insulin by 2 U h−1.

Postoperatively, clear instructions must be given to the ward regarding the reinstatement of appropriate diabetic control.

Elective surgery for the type 2 diabetic
For all types of surgery, oral medications should probably be omitted on the morning of the operation. Patients undergoing minor
surgery should be managed in a similar fashion to that for type 1
diabetic patients. The older policy of converting all patients undergoing major surgery on to insulin for 24 h before surgery is no longer
considered necessary. Provided that preoperative glycaemic control
is good, it is reasonable to continue standard diabetic medication
up until the night before surgery and then to manage the patient
according to the blood sugar measurement as for type 1 diabetics.

Postoperative care
Tight diabetic control in the postoperative and critical care areas
has become fairly controversial in the last few years. A study in
intensive care patients found that intensive insulin therapy in
which the blood glucose was maintained within a narrow range of
4.4–6.1 mmol litre−1 compared with conventional therapy in which
the blood sugar was allowed to increase to around 10 mmol litre−1
showed a significant reduction in mortality for the tight glucose
control group (Van den Berghe et al. 2001). Subsequent studies
have failed to support this approach and the NICE-SUGAR study
found that tight glucose control was associated with an increased
risk of hypoglycaemia and a higher mortality compared with a
group in which the blood glucose concentration was maintained
between 8.0 and 10.0 mmol litre−1 (Finfer et al. 2009).
Overall, current evidence suggests that reasonable control of
blood glucose over the perioperative period is appropriate but that
attempts to maintain blood sugar within a very narrow, normal
range may be associated with more harm than good.

Diabetic emergencies
Patients with either form of diabetes may present to the anaesthetist requiring urgent surgery together with acute management of
severely arranged biochemistry.

Diabetic ketoacidosis
This is generally seen in type 1 diabetes and patients may present in
a state of hyperglycaemia, ketosis, and metabolic acidosis, together
with intracellular and extracellular dehydration and electrolyte
depletion. Although this may be the first presentation of diabetes,

endocrine disease and anaesthesia

the anaesthetist is more commonly involved with patients in whom
there is an acute stressor event precipitating a stress response and
failure of diabetic control. These stressors include apparently minor
skin and peri-anal infections, to which diabetic patients are prone,
and intra-abdominal pathology such as appendicitis. Other precipitants include myocardial infarction, trauma, pregnancy, acute
pancreatitis, surgery, catecholamine excess, and drugs with hyperglycaemic effects such as glucocorticoids and thiazides.
Patients may have a variety of symptoms including polydipsia
and polyuria and may progress to neurologically depressed states
including coma. On examination, the patients are usually dehydrated, may have a typical smell of acetone on the breath and may
have acidosis-induced hyperventilation (Kussmaul breathing).
Investigation should include urinalysis, which should demonstrate
glycosuria and positive ketone bodies, and blood gas analysis to determination of the severity of the acid–base disturbance. Most modern
analysers include electrolyte, glucose, and lactate measurements that
will aid in the management of the patient. In patients requiring urgent
surgery, placement of an arterial line will significantly aid management, not only in terms of fluid resuscitation, but also will facilitate
regular blood gas measurements that assist in determining appropriate therapeutic strategies. The placement of a urine catheter is also of
assistance. These patients will usually have hypernatraemia and hyperkalaemia. However, these measurements may be misleading as these
patients are frequently sodium, potassium, and magnesium depleted.
The initial aim of therapy is to restore adequate tissue perfusion
and to obtain reversal of ketoacidosis, with gradual control of blood
sugar. Traditional teaching holds that 0.9% saline should be used for
initial resuscitation as it contains no potassium, but this may not be a
valid argument. The hyperchloraemia that can accompany large volume saline resuscitation may in fact worsen both the acidosis and
hyperkalaemia. Compared with 0.9% saline, a balanced salt solution,
Plasma-Lyte A® gave faster initial resolution of metabolic acidosis and
less hyperchloraemia, together with a transiently improved blood
pressure profile and urine output (Chua et al. 2012). Ringer’s lactate
solution may also be a more appropriate resuscitation solution than
saline and will not cause an increase in potassium concentration. The
argument that lactate may be metabolized to glucose, making control
of blood sugar more difficult, is also fallacious. Excessively aggressive
fluid resuscitation should be avoided in these patients as there is a
risk of developing cerebral oedema and 1–2 litres of crystalloid solution should be administered and the response of the patient carefully
assessed before further fluids are given. A more gradual further volume resuscitation over the next few hours is probably more appropriate than continued rapid administration of crystalloid solutions.
Blood glucose control should be commenced with an infusion
of short-acting insulin at 0.1 U kg−1 h−1 and adjusted according
to the rate of change in plasma glucose concentrations aiming
for a decrease of 2.5–4 mmol litre−1 h−1. There appears to be no
advantage in an initial bolus of insulin provided an infusion can
be started without excessive delay. Hourly blood gas, blood sugar,
and electrolyte estimations should be performed and replacement
of potassium and magnesium concentrations commenced once
the potassium concentration decreases into the normal range and
urine output is established.
The timing of surgery in these patients is always problematic, as
the presence of sepsis will impede the establishment of good diabetic control. As a general rule, where sepsis is the precipitating
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cause, surgery should commence once acceptable control of the
acid–based abnormalities is established (pH > 7.25). The use of
bicarbonate is controversial, and is now not generally recommended unless there is life-threatening acidosis (pH < 6.9) together
with haemodynamic instability, but the evidence for its use is weak.
Postoperatively, careful fluid balance management should be
continued together with an insulin infusion adjusted against blood
sugar concentration until such time as the patient is able to take an
oral diet again.

Hyperglycaemic hyperosmolar states
Hyperglycaemic hyperosmolar state, previously known as hyperosmolar non-ketotic coma (HONK), is much less common than diabetic ketoacidosis, but carries a higher mortality and, like diabetic
ketoacidosis, may present in the perioperative period or require
treatment in a critical care unit. The onset is frequently insidious
and severe hyperglycaemia with coma may be the first presenting
feature (Nugent 2005). The patients are often elderly type 2 diabetics with some degree of diminished renal function.
The predominant features relate to hyperglycaemia, osmotic diuresis, and resultant electrolyte depletion, often exacerbated by inability to drink adequate free water to replace urinary losses. Again,
an acute stressor is frequently the precipitating event.
Neurological deficits are common, with alterations in conscious
level ranging from mild drowsiness to coma, closely related to serum
osmolality. Hyperglycaemia is typically severe, usually at greater than
35 mmol litre−1 and occasionally up to 100 mmol litre−1. Serum
osmolality is elevated above 320 mOsm kg−1 and occasionally as
high as 400 mOsm kg−1, reflecting hyperglycaemia and a water deficit of up to 25% (8–12 litres in a 70 kg adult). Serum sodium may be
low, normal, or high, although total body sodium is invariably low.
Plasma potassium may be elevated, but total body potassium, magnesium, and phosphate are invariably depleted and plasma concentrations will decrease during resuscitation.
As these patients are not usually acidotic, the use of 0.9%
saline as the initial resuscitation fluid is acceptable, particularly
given the fact that all of the intravenous solutions have a substantially lower osmotic pressure than that of the plasma of these
seriously ill patients. Although the water deficit is considerable,
rapid fluid replacement should be limited to 1–2 litres initially
in the average adult and the patient then reassessed. It is important that the osmotic pressure is not allowed to decrease too rapidly as this may be associated with central pontine myelinolysis.
A rate of decline in effective serum osmolality no greater than
3 mOsm h−1 has been suggested as a target. Potassium replacement should be started early and magnesium supplementation may also be necessary. Insulin should not be given until
the potassium is at least normal or slightly elevated as it will
cause significant hypokalaemia. Typically, an intravenous insulin infusion at 0.1 units kg−1 h−1 will lower plasma glucose at an
acceptable rate of 2.5–4 mmol−1 h−1.
Surgery should only be contemplated once the patient is stable and an acceptable plasma osmolality has been established—
usually lower than 320 mOsm litre−1. The hyperosmolar state
may also increase the risk of hypercoagulation and thrombotic
prophylaxis with low-molecular-weight heparin should be considered. The overall mortality is in the order of 15%, which has
to do with the age and health of the patients and the underlying
condition.

Carcinoid tumours
Carcinoid tumours represent about 2% of all malignant tumours
of the gastrointestinal tract, with an overall incidence of tumours
found at autopsy of 2–10:100 000 population, although the incidence at post-mortem maybe as high as 8%, indicating that most
tumours remain undiagnosed. These APUD tumours are derived
from enterochromaffin cells and may be found in any tissue
derived from endoderm, including the lungs, although the gastrointestinal tract is the most common site for their development.
Carcinoid tumours contain and secrete a large number of amine
and peptide hormones including serotonin, corticotrophin, histamine, dopamine, substance P, neurotensin, prostaglandins, and
kallikrein (which stimulates the production of bradykinin and
tachykinins). Despite this array of biologically active substances
contained within these tumours, only a minority (15–18%) of
patients with carcinoid tumours progress to develop carcinoid
syndrome.

Classification
Traditionally, carcinoid tumours were classified according to
their embryonic site of origin, arising from the foregut, midgut,
and hindgut. Although it is now more customary to classify the
tumours according to their functional status, the anatomical classification is still of some value, as the tumours arising from each
of these anatomically distinct areas may behave quite differently
(Table 79.1).

Table 79.1 Abbreviated table of sites, secretions, behaviour, and
associations of carcinoid tumours
Site

Secretion

Behaviour

Comment

Typical
carcinoid

Serotonin,
corticotrophin

Indolent

Atypical
carcinoid

Serotonin,
histamine

Malignant,
metastasizing

Nil, hypergastrinaemia
from hypochlorhydria

Well differentiated, CAG-A, multiple,
non-invasive
fundus, body

Respiratory

Gastric
Type 1
Type 2

Well
differentiated,
non-invasive

ZE syndrome,
MEN 1

Type 3

Invasive

Sporadic, solitary

Small bowel Serotonin,
substance P

Indolent

Carcinoid
syndrome

Appendix

Serotonin,
substance P

Indolent

Colon

Serotonin,
substance P

Invasive

Rectum

Nil

Well differentiated

Right sided

CAG-A , chronic atrophic gastritis type A; ZE, Zollinger–Ellison.
From New England Journal of Medicine, Kulke, M. H. and Mayer, R. J., Carcinoid Tumors.
Volume 340, Issue 11, pp. 858–868, Copyright © 1999 Massachusetts Medical Society.
Reprinted with permission from Massachusetts Medical Society.
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Tumours arising from embryological foregut may occur in the
lung and the stomach, with occasional occurrences in the thymus, pancreas, and proximal duodenum. Tumours arising from
the lung are particularly likely to contain histamine and may give
rise to a very vivid red and patchy flushing. They may also secrete
adrenocorticotrophic hormone, resulting in Cushing’s syndrome
(Fink et al. 2001). Bronchial carcinoids are generally very slow-
growing and have a very low level of metastatic activity. They may
be detected on routine chest X-ray in an otherwise asymptomatic
patient. However, these tumours may also present with bronchial
obstruction, obstructive pneumonitis, pleuritic pain, atelectasis,
and dyspnoea (41%). Gastric carcinoid may take various forms.
Benign tumours arise from mucosal cells and occur as multiple
tumours in the fundus or body of the stomach and may be associated with atrophic gastritis and pernicious anaemia. Tumours
associated with MEN 1 are more likely to be malignant and to
metastasize.
The midgut is the commonest site of carcinoid tumours, particularly the appendix. These tumours generally present with symptoms related to anatomical distortion such as abdominal pain and
intestinal obstruction, rather than hormone-related symptomatology. Midgut tumours are generally small (5–10 mm in diameter)
and are particularly likely to produce large quantities of serotonin;
however, metastases arising from these sites may be large. They are
multiple in up to one-third of patients.
Hindgut tumours of the distal colon and rectum generally secrete
hormones (pancreatic polypeptide, peptide YY, human chorionic
gonadotropin, and chromogranin A) that do not cause any specific clinical symptoms and most commonly present with problems
related to the mass, including abdominal pain, intestinal obstruction, and bleeding. Other sites for the development of carcinoid
tumours include the kidney, ovary, testes, and prostate. As it is
almost exclusively the midgut carcinoids that produce the classical
features of carcinoid disease, it has been suggested that the term
‘carcinoid tumour’ should be assigned only to midgut carcinoid
while carcinoid tumours arising from elsewhere are termed neuroendocrine tumours related to their anatomical site.

Signs and symptoms
The majority of gastrointestinal carcinoid tumours do not present
with the classical hormone-related constellation of symptoms.
Symptoms are often vague, generalized, and diffuse abdominal
symptoms of discomfort, borborygmus, and diarrhoea that may
be misdiagnosed as irritable bowel syndrome. As a result, patients
may present for surgery without the diagnosis having been made,
with the consequent risk of the development of carcinoid crisis during the surgical procedure. Some of the gastrointestinal symptoms
experienced by patients with carcinoid tumours may be as a result
of local secretion of some of the hormonally active substances produced by the tumour.

Carcinoid syndrome
The carcinoid syndrome occurs when the various hormones produced by the tumour are released into the systemic circulation.
Carcinoid syndrome usually only becomes manifest once metastatic disease is present, as the liver normally metabolizes the active
peptides and amines before they reach the systemic circulation.
However, in rare cases, notably, but not exclusively, those where the
tumours occur in regions not drained by the portal system (such
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as the lungs or ovaries), carcinoid syndrome may occur without
hepatic metastases. Rectal carcinoid, despite having direct access
to the systemic circulation, rarely causes carcinoid syndrome, as
these tumours do not produce the classical array of active amines
and peptides. Ovarian carcinoid represents a special case as these
carcinoids generally arise from ovarian dermoid cysts or teratomas
rather than from ovarian tissue and may present with the full carcinoid syndrome picture.
Flushing and diarrhoea are the commonest symptoms of the carcinoid syndrome. The flush reaction may range from the typical
varying, patchy red, plethoric appearance thought to be related to
the production of tachykinins, to more serious generalized facial
flushing with swelling and lachrymation associated with excess histamine release. This is the most severe type of flush reaction and
is sometimes part of the carcinoid crisis. However, upper airway
oedema and difficulties with intubation have not been reported as
a feature. The diarrhoea is characterized by watery stools, colicky
abdominal pain, and urgency of defecation, and may be associated with significant fluid and electrolyte abnormalities. These
symptoms may respond to ondansetron. Bronchoconstriction and
hypotension may be severe and resistant to conventional therapy,
particularly in the perioperative period.
Carcinoid heart disease occurs in the majority of patients with
the carcinoid syndrome, with abnormal echocardiographic findings in up to 70% of patients. The characteristic lesions are plaque
formation and thickening of the pulmonary and tricuspid valves
leading to valvular insufficiency and occasionally stenosis. Left-
sided valvular lesions are uncommon as the lung metabolizes the
high concentrations of serotonin and the tachykinins to which the
right heart is subject. They may be associated with patent foramen
ovale or pulmonary carcinoid (Pellikka et al. 1993). Valve surgery
is the only definitive treatment. Although cardiac surgery carries
a high perioperative mortality, marked symptomatic improvement
occurs in survivors. Surgical intervention should therefore be considered when cardiac symptoms become severe.

Diagnosis
The diagnosis of carcinoid syndrome is based initially on the symptomatology and supported by biochemical tests. Urinary 5-hydroxyindoleacetic acid (5-HIAA) is the standard initial confirmatory
test although false-positives may occur in patients taking chlorpromazine or who have recently ingested bananas, avocado, pineapple, walnuts, chocolate, or coffee. Plasma chromagranin is almost
invariably elevated in metastatic carcinoid and is both prognostic
and a useful marker of the success of treatment. Ultrasound and CT
have been used for the detection of the metastases, with contrast-
enhanced CT being superior to MRI scanning. Tumour localization
with somatostatin scintigraphy is extremely useful in identifying
multiple tumours, and positron emission tomography offers high
detection rates.

Treatment
The introduction of somatostatin (Marsh et al. 1987) and its longer-
lasting analogue, octreotide, has revolutionized the medical treatment and perioperative care of patients with carcinoid syndrome
and may delay tumour progression.
Surgery is the definitive treatment for carcinoid tumours and surgical excision of a localized bowel tumour has a high cure rate and
5-year survival of 60–70%. The presence of local and hepatic metastases substantially worsens the prognosis, but hepatic resection has
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been associated with 5-year survival rates ranging from 45% to 80%.
These tumours are generally resistant to radio-and chemotherapy,
but the use of hepatic arterial procedures including ligation and
chemoembolization combined with systemic chemotherapy has
reduced tumour size in 78% of patients (Ruszniewski et al. 2004).
Nevertheless, most patients with carcinoid disease will come to
some form of surgical management. Where hepatic resection is
contemplated for carcinoid syndrome in the presence of significant right-sided cardiac valvular lesions, valve replacement surgery
should precede hepatic surgery otherwise the congested liver may
bleed profusely.

Perioperative care
Preoperative evaluation of a patient with carcinoid syndrome
should always include echocardiography as the incidence of right-
sided cardiac lesions is so high. Where diarrhoea is a prominent
feature, careful fluid and electrolyte assessment and correction may
be required and the need for intraoperative measurements of electrolytes and glucose should be anticipated.
The major intraoperative concern is the occurrence of carcinoid crisis with severe hyper/hypotension and bronchospasm. The
introduction of somatostatin and its analogues has relegated previous forms of perioperative management (antagonists of serotonin
and histamine) to the status of secondary level therapy. The half-
life of somatostatin is 3 min, whereas that of its analogues octreotide, lanreotide, and octastatin (all of which are octapeptides) is
of the order of 100–120 min, making these agents easier to use in
the treatment of patients with carcinoid syndrome. Sedative premedication with a benzodiazepine and possibly a histamine antagonist may be helpful. Preoperative preparation with octreotide
100 μg subcutaneously before surgery is generally recommended
followed by octreotide 50–100 μg given intravenously at induction. An intravenous infusion at a rate of 50–100 μg h−1 can be
used intraoperatively, with further bolus doses given intraoperatively as required for the control of symptoms. Doses in excess of
500 μg h−1 have been given without untoward effect (Mancuso et al.
2011). As intraoperative blood loss may be considerable, the presence of hypovolaemia must always be considered should hypotension prove unresponsive to octreotide. Hypotension refractory to
octreotide may respond to the kallikrein inhibitor, aprotinin, and
histamine antagonists (usually as a combination of H1 and H2
receptor blockers) may be helpful, particularly in predominantly
histamine-secreting tumours such as a gastric or bronchial carcinoid. Invasive monitoring should be used in most cases, and may
include central venous pressure monitoring, direct arterial pressure
measurement, and possibly the use of pulmonary artery catheters.
Whether or not it is advisable to place a pulmonary artery catheter in a patient with tricuspid and pulmonary valvular disease is
unclear. Theoretically, transoesophageal echocardiography should
provide more useful information than pulmonary artery catheterization, as pulmonary artery dynamics may be significantly disrupted particularly during a carcinoid crisis. There is, however, no
firm scientific evidence on which to base recommendations. The
use of newer techniques, such as oesophageal Doppler or systolic
pressure variation might be helpful but have not been described in
this condition as yet.
There is no scientific basis for recommending any one anaesthetic technique in preference to any other. Histamine-releasing

agents should, theoretically, be avoided, but most of the currently
available anaesthetic agents have been used in conjunction with
carcinoid syndrome. Shorter-acting agents may be preferred as
increased concentrations of serotonin may be associated with
delayed emergence from anaesthesia, and agents that release catecholamines should be avoided. Regional anaesthesia is controversial, as the high-quality postoperative pain relief available from
regional techniques is likely to be advantageous, but intraoperative
management of hypotension associated with neuraxial block may
be problematic. Most texts recommend the avoidance of catecholamines, as all of the catecholamines have been reported to trigger
carcinoid crises. However, there are also reports of good responses
to adrenaline and phenylephrine in patients with otherwise unresponsive hypotension (Hamid and Harris 1992). Judicious use
of small doses of direct-acting catecholamines, titrated against
patient responsiveness, may be justified for both refractory bronchospasm and for cardiovascular support. Both phenylephrine
and ephedrine have been extensively used during carcinoid resections (Kinney et al. 2001). Bronchospasm should be managed in
the first instance with deepening levels of volatile anaesthesia, and
non-catecholamine bronchodilators such as ipratropium bromide.
Antihistamines may be useful, but inhaled β-agonists should not be
withheld if bronchospasm fails to respond to other measures. There
are no reports of catecholamine-induced carcinoid crisis in association with octreotide treatment.

Surgical aspects
Pulmonary carcinoids
The principles of surgery are complete removal of the primary
tumour, with a draining lymphadenectomy. There are numerous
surgical strategies, and these depend on the stage of the lesion.
Wedge or segmental resections are usually undertaken. Endoscopic
approaches are unlikely to achieve full tumour removal, and should
probably only be used palliatively. Imprint cytology or frozen section histology will help plan the extent of resection and lymphadenectomy. A multidisciplinary team approach offers potentially
excellent results (Fischer et al. 2001).

Gastric carcinoids
The majority of gastric carcinoids are type 1, and associated with
chronic atrophic gastritis. Most tumours are encountered in later
life, and have multiple lesions situated in the fundus or body of the
stomach. Type 2 gastric carcinoids are also attributed to the hypergastrinaemia found in the Zollinger–Ellison syndrome. These are
usually found in patients with MEN 1, and it is important that the
other components of the syndrome (pituitary, pancreatic islet, parathyroid) be sought. Type 3 carcinoids are sporadic and malignant.
The surgical strategy chosen depends on the type, size, and number of the lesions. Because of the indolence of the first two types,
small lesions (1 cm) are usually removed endoscopically and the
biopsy site regularly monitored. Larger lesions may require segmental resection, or gastrectomy. Multiple lesions may require a
total gastrectomy. The inherent malignancy of the type 3 lesions
mandates an approach similar to that for gastric carcinoma.

Carcinoids of small bowel
Carcinoid tumours of the small bowel are usually located in the
distal ileum, and are frequently multiple. Presenting in later life,
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they usually cause anaemia and abdominal pain, and the diagnosis
is made with difficulty; as a result, many present with nodal and
liver metastases.
The management is by surgical resection of both the affected
bowel and mesentery, often in the presence of hepatic metastases.
The lesions may be accompanied by extensive mesenteric fibrosis that may make surgery technically very difficult and occasion
significant bleeding. This is also true of ovarian carcinoids where
thickening of pelvic structures may lead to severe haemorrhage.
Liver transplantation has been used successfully in cases with
extensive hepatic metastases.

Colonic and rectal carcinoids
Most tumours are found in the right side of the colon, usually the
caecum. The symptoms are the same as those for colonic cancer
and the carcinoid syndrome is found in less than 5% of them.
The surgical management strategies are the same as those for carcinoma of the colon; small rectal carcinoid are excised locally, with
expectation of cure (Mani et al. 1994), but the larger ones are managed using the surgical principles that govern rectal carcinoma.

Postoperative care
Postoperatively, patients should be managed in a high-care environment as ongoing haemodynamic disturbances, metabolic
disruptions, and release of mediators from residual tumour may
pose significant problems. Good quality analgesia should improve
the management of these patients, although there are no specific
studies to support this proposition. As it is impossible to predict
likelihood of continued mediator release, octreotide infusions
should be continued postoperatively. Although it is generally
recommended that histamine-releasing drugs should be avoided,
there is no evidence that morphine, which releases histamine
only at a cutaneous level, is contraindicated. Other short-acting,
potent opioids such as fentanyl and sufentanil have been used
successfully, and there would seem no reason to avoid non-steroidal anti-inflammatory agents as part of a planned postoperative
analgesic regimen. Epidural analgesia is widely recommended.
Antiemetic treatment is best provided with a serotonin antagonist
such as ondansetron.
Kinney et al. (2001) concluded that most people with metastatic
carcinoid tumours can undergo intra-abdominal surgery safely. In
their series, no intraoperative complications occurred in patients
who received octreotide intraoperatively. Overall, perioperative
complications and death were strongly associated with the presence of carcinoid heart disease and high elevated urinary 5-HIAA
output.

Endocrine emergencies (non-diabetic)
Emergency situations involving the endocrine system are rare
and may mimic other causes of life-threatening cardiovascular
collapse (Farling and Silversides 2010). However, if recognized
and managed appropriately, the patient may survive without
significant sequelae. Endocrine emergencies include pituitary
apoplexy, thyroid storm, myxoedema coma, hyperparathyroid
crisis, hypocalcaemia, adrenal insufficiency, phaeochromocytoma, hypoglycaemia, diabetic ketoacidosis, hyperglycaemic
hyperosmolar state, and carcinoid. Successful management of
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endocrine emergencies requires a multidisciplinary approach
that will include anaesthetists, endocrinologists, surgeons, accident and emergency specialists, and intensive care specialists
(Mullan 2010).

Pituitary apoplexy
Pituitary apoplexy is a rare clinical syndrome caused by sudden
haemorrhage or infarction of the pituitary gland, generally within a
pituitary tumour. The sudden increase in size of the contents of the
sella turcica causes compression of surrounding structures, including the portal veins, giving rise to the classical signs and symptoms.
There is significant morbidity and mortality and diagnosis may be
delayed if the patient and clinicians are unaware of the underlying
adenoma.
Simmonds’ syndrome is the term for panhypopituitarism after
trauma, vascular lesions, or tumour. Sheehan’s syndrome is a complication of pregnancy caused by hypotension and ischaemia of the
anterior pituitary after major obstetrical haemorrhage.
The classical presentation of pituitary apoplexy is of a sudden
severe headache, reduced level of consciousness, vomiting, visual
impairment, caused by displacement of the optic chiasma and
ocular motor nerves, and reduced function of the pituitary gland.
Damage to the anterior pituitary leads to multiple acute hormonal
deficiencies. Tests of hypothalamic and pituitary dysfunction will
include TSH, T4, and insulin tolerance test for adrenocorticotropic
hormone deficiency, leading to secondary adrenal failure, and may
be life-threatening if untreated. Ophthalmic examination, imaging, and measurement of pituitary hormones confirm the diagnosis
and CT or MRI will show a pituitary tumour with haemorrhagic or
necrotic components.
Initial management of patients with pituitary apoplexy
includes administration of intravenous fluids and corticosteroids.
Hydrocortisone treatment must be initiated immediately, at a dose
of 50 mg (6 h)−1. Urgent transsphenoidal surgical decompression is
an option particularly for patients with reduced levels of consciousness and visual field defects. All patients presenting with pituitary
apoplexy will require long-term follow-up to treat any residual
tumour or pituitary dysfunction.

Thyrotoxic crisis
Thyrotoxic crisis, also known as thyroid storm, is a rare, life-threatening condition that occurs in uncontrolled hyperthyroid patients
as a result of triggers such as surgery, infection, or trauma. It occurs
predominantly in elderly patients and is three to five times more
common in women than in men. The overall mortality is 10–20%.
The diagnosis of a thyrotoxic crisis is made entirely on clinical
grounds. There is no difference in thyroid hormone concentration
between patients with uncomplicated thyrotoxicosis and those
undergoing a thyroid storm.
Medical management aims to counteract the peripheral effects
of thyroid hormones, inhibit thyroid hormone synthesis, and treat
systemic complications.
β-blockade and anti-thyroid drugs are used as the first line of
treatment. Dantrolene has been used successfully to treat a thyroid
crisis and magnesium sulfate could be beneficial as it reduces the
incidence and severity of dysrhythmias as a result of catecholamines. Supportive management of thyroid crisis includes hydration, cooling, and inotropes and is often best managed in intensive
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care. Early thyroidectomy should be considered if medical treatment fails to result in clinical improvement.

Myxoedema coma
Myxoedema coma is a rare, life-threatening complication of hypothyroidism that may be precipitated by infection, environmental
exposure, trauma, or certain drugs, particularly diuretics and sedatives. Patients exhibit disorientation, lethargy, and psychosis that
may proceed to coma. The diagnosis should be considered when
hypothermia, respiratory depression, and unconsciousness are present in a patient with known, or clinical evidence of, hypothyroidism.
Investigations should include thyroid function tests, electrolytes,
blood gas analysis, chest X-ray and ECG. TSH is elevated in primary hypothyroidism but may be normal or low if the hypothyroidism is secondary. T4 will be low and T3 resin uptake is increased.
Hyponatraemia is common because of elevated ADH. Blood glucose concentrations range from normal to low because of decreased
gluconeogenesis and reduced insulin clearance. Hypoventilation
will cause hypoxia and hypercapnia. A chest X-ray may show signs
of a chest infection or pericardial effusion. ECG will confirm bradycardia, low voltage, prolonged PR interval, T-wave abnormalities,
and possibly electrical alterans, if an effusion is present.
In addition, abdominal radiology will show an associated ileus
and CT will rule out other causes of coma, including intracerebral
haemorrhage.
Treatment will include careful T3 replacement, passive re-warming, cautious plasma volume expansion, and correction of hypoglycaemia. Ventilatory support in intensive care may be required.
Aggressive replacement with T3 should be avoided as myocardial
ischaemia may be precipitated and aggressive re-warming will cause
vasodilation and hypotension. Severe hyponatraemia will require
hypertonic saline therapy and blood glucose will need to be monitored frequently. Adrenal insufficiency has a high association with
thyroid failure so patients with myxoedema coma should be treated
with hydrocortisone. Sedatives and narcotics should be avoided.
Early recognition and improved management has reduced mortality.

Parathyroid crisis
Parathyroid crisis is an uncommon endocrine emergency resulting in severe hypercalcaemia, usually greater than 3.5 mmol litre−1,
and dehydration. It is an extreme manifestation of primary hyperparathyroidism and may be known as acute hyperparathyroidism,
parathyroid storm, and parathyrotoxicosis. Neurological disturbances include lethargy, confusion, coma, and seizures. Symptoms
include nausea, anorexia, vomiting, abdominal pain, and muscular
weakness. Polyuria and polydipsia result from a nephrogenic diabetes insipidus leading to dehydration and a decrease in glomerular filtration rate. Acute kidney injury may develop. ECG changes
include shortened QT interval and ST elevation, tachyarrhythmias,
conduction defects, bradyarrhythmias, and asystole. There is an
association between parathyroid crisis and acute pancreatitis.
There are many causes of severe hypercalcaemia so the key investigation is serum PTH concentration, which, if not suppressed in
the presence of hypercalcaemia, is diagnostic of PTH-dependent
hypercalcaemia. Treatment involves volume replacement, with large
volumes of 0.9% saline, increasing elimination of calcium, and surgical excision of the parathyroid glands. Furosemide promotes loss of
calcium in the urine but should only be given once adequate volume replacement has been completed. Other diuretics that cause

calcium absorption should be discontinued. Bisphosphonates such
as pamidronate and zoledronic acid are effective calcium-lowering
agents. Calcitonin is used in the emergency situation and cinacalcet has
been used with good effect. Haemodialysis with a calcium-free dialysate
may be used to lower the calcium concentration. With effective medical therapy, parathyroidectomy should be delayed until dehydration has
been treated and hypercalcaemia at least partially controlled.
The mortality from this condition has decreased dramatically
and death from parathyroid crisis is now rare.

Adrenal insufficiency
Adrenal insufficiency is also known as Addisonian crisis. It is a rare
disorder and the most common cause is autoimmune adrenalitis. Other causes include tuberculosis, septicaemia, advanced
AIDS, haemorrhage, and tumours. Primary insufficiency involves
a decrease in both glucocorticoid and mineralocorticoid activity.
Secondary adrenal insufficiency is as a result of a lack of ACTH
because of suppression by exogenous steroids, hypopituitarism,
pituitary tumours, or after hypophysectomy. Most crises occur in
undiagnosed Addison’s disease and failure to increase the dose
after infection or stress in patients on steroid replacement therapy.
The clinical features of an Addisonian crisis include hypotension,
hypoglycaemia, hyponatraemia, and hyperkalaemia, as a result
of reduced aldosterone, in a patient with abdominal, leg, or back
pain. Random cortisol concentrations will be low. In primary adrenal insufficiency, ACTH concentrations will be high. In secondary
adrenal insufficiency, ACTH concentrations will be low.
The initial treatment involves fluid replacement with 2–3 litres of
0.9% saline and glucocorticoid replacement. Hydrocortisone 100 mg
intravenously 6-hourly should commence immediately without
waiting for tetracosactide testing. Careful and repeated education of
patients and their partners is the best strategy to avoid adrenal crises. Patients with known adrenal insufficiency should carry steroid
cards or medic-alert bracelets and they should be taught how to use
an emergency intramuscular injection of hydrocortisone.

Phaeochromocytoma
A hypertensive crisis in a patient with a phaeochromocytoma may
present with a severe pounding headache, sweating, pallor, palpitations, and numbness or tingling. The onset may be sudden and
can be precipitated by straining, exercise, pressure on the abdomen,
and drugs such as anaesthetic agents.
It is important to consider the possibility of an undiagnosed
phaeochromocytoma in any patient when extreme hypertension occurs during induction of anaesthesia. The differentiation
of causes of hypertensive crises is difficult and other endocrine
causes include excesses of glucocorticoids, aldosterone, and renin.
Non-endocrine causes include subarachnoid haemorrhage, acute
glomerulonephritis, and eclampsia. These will require detailed clinical, biochemical, and radiological assessment. Severe hypertension
has the potential to cause cerebrovascular, cardiovascular, renal,
and eye damage. Urgent treatment is required to reduce the blood
pressure in a progressive but controlled manner. The choice will
depend upon the experience of the individual clinician. Infusions
of sodium nitroprusside, glyceryl trinitrate, or magnesium with
intra-arterial monitoring of blood pressure, to avoid rebound
hypotension, are recommended. After control of the hypertensive
crisis, the patient will require referral for surgical excision of the
phaeochromocytoma.

1373

chapter 79

Carcinoid crisis
Carcinoid is an APUD tumour derived from argentaffin cells.
A carcinoid crisis is the result of a massive outpouring of vasoactive peptides such as serotonin, bradykinin, histamine, and prostaglandins. A crisis is distinguished from a severe episode of the
carcinoid syndrome by the simultaneous sudden onset of different
symptoms. Crises may be precipitated by endogenous or exogenous
catecholamines so anxiety and various forms of stress have been
implicated. Triggers of a crisis include mechanical stimulation of
the tumour, hypotension, hypertension, hypercapnia, hypothermia, and administration of histamine-releasing drugs.
Serotonin and its metabolites (5-HIAA) are raised while tryptophan is reduced. Management includes the use of octreotide
and ketanserin. Hypertension is controlled by labetalol and esmolol. Volume replacement and octreotide should be the first line
of treatment of hypotension. The use of inotropes containing catecholamines to manage episodes of hypotension might be counterproductive as they may stimulate further serotonin secretion, but
they should not be withheld in refractory hypotension once octreotide has been administered in appropriate doses.
In summary, endocrine emergencies are rare but increased
awareness and understanding of pathophysiology combined with
improved diagnosis and management has decreased the mortality
associated with these conditions.
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CHAPTER 80

Musculoskeletal disorders
and anaesthesia
Philip M. Hopkins
Introduction
Musculoskeletal disorders constitute the most common reason for
patients to consult their general practitioner. The majority of these
consultations, however, relate to self-limiting mechanical problems.
The focus of this chapter is the less common, but chronic, disorders
where the musculoskeletal system is either primarily affected or
forms an important component of a multisystem disorder not covered elsewhere in this textbook. The chapter is divided into three
parts dealing separately with the polyarthropathies, the connective tissue disorders, and the myopathies. In each part the generic
implications for anaesthesia of patients with each set of conditions
are discussed followed by an account of individual disorders. The
individual disorders covered are not exhaustive but are limited to
those conditions that have implications for anaesthesia in addition
to the generic considerations for the group of conditions as a whole.

Polyarthropathies
Joint symptoms and mobility
While each of the polyarthropathies has a distinct pattern of the
joints most commonly and primarily affected, all joints can be
affected to a greater or lesser degree. Many of these conditions have
a fluctuating pattern of disease progression in which flare-ups can
be generalized or limited to only a few joints. A useful initial question in the history is to ask the patient which joints are presently
most affected before asking the patient to demonstrate to you the
full range of movement for all joints that may be passively moved
during anaesthesia and surgery. This will obviously depend on the
nature of the surgery and the patient positioning required during
the procedure but will almost invariably include the joints of the
upper limb and those of the neck (see ‘Airway assessment’). Any
limitation of pain-free movement should be documented.

Airway assessment
The ease of airway management can be compromised by involvement of the cervical spine and temporomandibular joints. The
joints may have restricted movement because of joint fusion or
destruction (or both) and, in the awake patient, pain and muscle
spasm in acutely inflamed joints. There may also be joint instability
which is of particular concern if it affects the cervical spine with
the atlantoaxial joint the most commonly vulnerable. Although the
incidence of atlantoaxial subluxation is decreasing with modern

biological therapies for inflammatory polyarthropathies, the potential for catastrophic compression of the spinal cord or vertebral
arteries is such that every effort should be made to determine the
presence and extent of cervical spine instability. With the patient
presenting for elective procedures, it may be appropriate to defer
surgery until after operative fixation of a newly diagnosed significant atlantoaxial subluxation. It is therefore appropriate to seek
definitive radiological diagnosis of atlantoaxial subluxation in elective surgical patients with a history of cervical spine involvement in
longstanding polyarthropathy where manipulation of the neck may
be required for airway intervention. The radiological features of
atlantoaxial subluxation or inferior cervical pathology (Table 80.1)
require both lateral views (neutral and flexion) and anteroposterior
films (including an open mouth odontoid view). See Figure 80.1
(Fombon and Thompson 2006).
Temporomandibular joint involvement is assessed by determining the incisor gap on full mouth opening. To complete the assessment, the patient should be directly questioned for features of
cricoarytenoid involvement. The anaesthetist may be alerted to this
by a patient with a hoarse voice or one who whispers, but in any
case the patient should be asked if they have noticed any change
in the character of their voice or if they have any difficulties with
swallowing or perhaps a feeling of fullness in their throat which can
result from inflammation of the cricoarytenoid joints.

Assessment of body system function
An extrinsic restrictive respiratory defect can result from involvement of the thoracic spine or articulations of the ribs, or both, but
Table 80.1 Identification of cervical spine pathology by X-ray of the neck
Radiological view

Pathological radiological features

Lateral (flexion)

>3 mm separation of odontoid
from arch of atlas

Lateral (neutral)

>4.5 mm vertical migration of odontoid

AP (open mouth
odontoid)

>2 mm lateral atlantoaxial
misalignment

AP

>2 mm lateral misalignment of
adjacent subaxial vertebrae

AP, anteroposterior.

Loss of odontoid
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Table 80.2 Relative potency and plasma half-life of commonly used
glucocorticoid medications

Figure 80.1 Lateral neck X-ray in flexion in a patient with rheumatoid arthritis.
Note the position of dens axis (arrow). There is a 13 mm dislocation between
atlas and odontoid peg. C3 shows degenerative changes. This patient had been
receiving long-term steroid treatment.
Reproduced from Fombon, F. and Thompson, J. P. Anaesthesia for the adult patient with
rheumatoid arthritis. Continuing Education in Anaesthesia, Critical Care, and Pain, Volume 6,
Issue 6, pp. 235–239, Copyright © 2006, by permission of the British Journal of Anaesthesia.

some of the polyarthropathies, notably rheumatoid arthritis, are
systemic diseases that can be associated with, for example, interstitial pulmonary fibrosis. Cardiovascular compromise can result
from myocardial or pericardial involvement. It is, however, difficult to make an assessment of cardiorespiratory reserve because
exercise capacity is often limited by the joint disease. Clinical
examination should include assessment of chest expansion and
auscultation for the presence of adventitious breath sounds along
with auscultation of the heart, being alert to the possibility of quiet
heart sounds or a pericardial rub. Even in the absence of a relevant
clinical history and the presence of a normal clinical examination, an ECG is recommended in any polyarthropathy patient of
40 years of age or more. The need for a chest X-ray is determined
by abnormal features, clinical assessment, ECG, or a combination
of these.

Medication history
Medications for polyarthropathies include analgesics, anti-
inflammatories, steroids, disease-modifying antirheumatic drugs,
and the newer biological treatments. For analgesia, the majority of
patients are managed with any combination of paracetamol, weak
opioid, and non-steroidal anti-inflammatory drugs (NSAIDs)
(selective or non-selective cyclooxygenase 2 inhibitors). A minority of patients are managed with more potent preparations such as
sustained relief morphine sulfate, complicating postoperative pain
management. Corticosteroids are now reserved for the management

Glucocorticoid

Equivalent dose (mg)

Half-life (h)

Hydrocortisone

25

8–12

Prednisolone

5

18–36

Methylprednisolone

4

18–36

Prednisone

5

18–36

Dexamethasone

0.75

36–54

of acute flare-ups although there are still some patients on chronic
low-dose prednisolone. While such patients are unlikely to have
significant adrenocortical suppression, the normal physiological
increase in corticosteroid production in response to major surgery
or trauma rarely results in plasma steroid concentrations greater
than therapeutic levels. It is important to substitute equivalent
doses of parenteral steroid during periods of perioperative starvation but it is invariably unnecessary to exceed the equivalent of the
patient’s usual maintenance dose. Table 80.2 provides equivalent
doses for commonly used glucocorticoids.
The disease-modifying agents all act on the immune system
(Table 80.3). They render the patient susceptible to infection and
there is uncertainty whether they should be discontinued ahead
of elective surgery. They all have the potential to suppress bone
marrow function and many also have additional selective toxic
effects (Table 80.3). Patients prescribed these medications therefore
undergo regular clinic and blood test screening.
Table 80.3 Disease-modifying therapies for rheumatoid arthritis
Drug

Mechanism of action

Specific potential
toxicities

Methotrexate

Antimetabolite, folate
poison

Interstitial lung disease
Liver toxicity

Hydroxychloroquine

Blocks toll-like receptor on
dendritic cells

Ocular toxicity

Ciclosporin

Calcineurin inhibitor,
prevents IL-2 action

Hypertension
Nephrotoxicity

Leflunomide

Anti-proliferative, inhibits
pyrimidine synthesis

Liver toxicity.
Extensive hepato-enteric
re-circulation

Anakinra

IL-1 receptor antagonist,
reduces IL-1 signalling

Pneumonia

Sulfasalazine

Immunomodulation

Stevens–Johnson
syndrome

Azathioprine

Anti-proliferative, inhibits
purine synthesis

Toxicity in slow
acetylators
Pancreatitis

Gold salts

Unknown
immunomodulation

Glomerulonephritis

IL, interleukin.
Reproduced with permission from Samanta, R. et al. Rheumatoid arthritis and anaesthesia.
Anaesthesia, Volume 66, Issue 12, pp. 1146–1159, Copyright © 2011, The Association of
Anaesthetists of Great Britain and Ireland.
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The newer biological therapies have been shown to be efficacious
especially in rheumatoid arthritis. They are either monoclonal antibodies or other proteins that act against tumour necrosis factor
(TNF)-α or other cytokine mediators (Table 80.4).
Their immunosuppressive effects again may place the surgical
patient at increased risk of infection and they are usually withheld
in the month preceding elective surgery. Patients receiving biological therapies are closely monitored for organ toxicity and there is
some evidence that they are associated with congestive heart failure
and development of lymphoma (Samanta et al. 2011).

The management plan should therefore be discussed with the surgeon who will be performing the operation. It is also appropriate to
discuss with the surgeon and the patient’s rheumatologist about the
need to stop disease-modifying agents or biological therapies ahead
of elective surgery.
Where general anaesthesia cannot be avoided, a plan for airway
management should be devised and discussed with the patient. It is
vital that this plan includes a strategy for tracheal extubation as well
as induction of anaesthesia and tracheal intubation.

Investigations

The main additional implication for patients with polyarthropathy is prevention of damage to diseased joints. No joint should be
moved beyond the range of pain-free movement that the patient
could demonstrate preoperatively. This is of course especially
important for the neck where subluxation or fracture can result
in cervical spinal cord damage. This may well mean that tracheal
intubation should be achieved through a fibreoptic technique in the
conscious patient. Once the patient is anaesthetized, a safe position of the neck must be maintained. This can be achieved with any
combination of a head ring, sand bags to prevent lateral movement,
and use of adhesive tape to stabilize the head in position. It should
be remembered, however, that many of these patients have fragile
skin which can be damaged by less than careful removal of adhesive
tape. If a patient uses a cervical support collar, this should not necessarily be relied upon to maintain stability of the neck but assuming that it does not impede the surgery, it can be worn by the patient
to remind theatre staff that there is a risk to the cervical spine.
Careful patient positioning is also paramount because of the generalized frailty of many of these patients. There can be thin skin
with a loss of muscle mass and subcutaneous tissues, which is often
compounded by chronic steroid use. There is therefore an increased
risk of pressure sores and nerve compression injuries during general or regional anaesthesia. Additional padding of the vulnerable
pressure points is indicated.
Venous access can be difficult because of fragility and mobility of the peripheral veins. This can be further complicated by the
inability to manipulate joints of the upper limb, especially the wrist,
where these are involved in the disease. Internal jugular vein cannulation can also be difficult because of inability to position the
patient’s head and neck optimally.

In addition to the X-rays and ECG already mentioned, pulmonary
function tests may be indicated. For anything but the most minor
surgical procedures a full blood count is advisable. In addition to
the myelosuppressive effect of disease-modifying drugs, patients
with polyarthropathy are at risk of anaemia associated with chronic
disease. Renal and liver function will need to be assessed in patients
taking medications that affect these organs and additionally blood
glucose should be tested in patients with continued or frequent
steroid use.

Planning for anaesthesia
Wherever feasible according to the planned surgery, regional or
local anaesthesia is invariably a good option for patients with polyarthropathy. Avoidance of general anaesthesia removes the considerable problem of airway management, provides reassurance
that the patient can be positioned comfortably, and is associated
with lower overall risk in patients with significant systemic disease
(Gupta and Hopkins 2012). It is worth remembering that the skill of
the surgeon is an important variable in determining whether some
procedures are tolerable for the patient under regional anaesthesia.
Table 80.4 Biological agents for the treatment of rheumatoid arthritis
Anti-TNFa directed (first-line)
Infliximab

Chimaeric monoclonal anti-TNFa
antibody

Adalimumab

Human monoclonal anti-TNFa
antibody

Etanercept

TNFa receptor-IgG fusion protein
(inactivates membrane-bound and
free receptors)

Certolizumab

PEGylated Fab fragment of humanized
monoclonal anti-TNFa antibody

Golimumab

Human monoclonal anti-TNFa
antibody

Other agents (second-line)
Abatacept

Anti-CTLA4 monoclonal antibody

Tocilizumab

Anti-IL-6 receptor

Rituximab anti-CD20 monoclonal
antibody
Ig, immunoglobulin; IL, interleukin; TNF, tumour necrosis factor.
Reproduced with permission from Samanta, R. et al. Rheumatoid arthritis and anaesthesia.
Anaesthesia, Volume 66, Issue 12, pp. 1146–1159, Copyright © 2011, The Association of
Anaesthetists of Great Britain and Ireland.

Conduct of anaesthesia

Individual polyarthropathies
Although osteoarthritis is the most prevalent polyarthropathy
affecting, to a greater or lesser degree, 50% of the population aged
more than 60 years of age, there are no implications for anaesthesia other than the generic implications for polyarthropathy patients
described previously. I will therefore consider rheumatoid arthritis
and the spondyloarthropathies.

Rheumatoid arthritis
Rheumatoid arthritis affects 1–2% of the global population. It is
a chronic, symmetrical inflammatory polyarthropathy that most
commonly begins in the fourth decade of life. The aetiology of
rheumatoid arthritis is unclear but there is a genetic component
with an association in 70% of most populations with human leucocyte antigen (HLA)-DR4. The mechanism of the disease involves
inflammation and proliferation of the synovium of joints. The
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proliferating synovium extends over adjacent cartilage and the
inflammatory mediators destroy the latter producing the arthritis.
The inflammatory process also results in a release of inflammatory
mediators into the circulation leading to a systemic inflammatory
response. Although there are widespread immune changes, TNF-α
has been highlighted as a key mediator, hence the development of
drugs and biological agents acting against TNF-α.

instability. Peripheral nerve compression syndromes such as carpal
tunnel syndrome are more common in patients with rheumatoid
arthritis and rarely there is a peripheral polyneuropathy. Fifteen
per cent of rheumatoid arthritis patients have Sjögren’s syndrome
which combines rheumatoid arthritis with dry eyes and dry mouth.
Scleritis may also occur.

Joint involvement in rheumatoid arthritis

A normochromic, normocytic anaemia should be anticipated but
this may be combined with iron deficiency secondary to occult
gastrointestinal bleeding in patients taking non-steroidal anti-
inflammatories or steroids themselves. Neutropenia with splenomegaly in patients with rheumatoid arthritis is known as Felty’s
syndrome and these patients are prone to recurrent infections.
Skin pigmentation may be associated with Felty’s syndrome. Active
rheumatoid disease is associated with thrombophilia although
thrombocytopenia may be consequent to immunosuppressive
medication or rarely as part of a pancytopenia in Felty’s syndrome.

The joints of the hands, feet, and wrists are most commonly affected
with a typical symmetrical distribution. In the hands, classically the
metacarpophalangeal joints and proximal interphalangeal joints
are affected and this pattern is reproduced in the feet. As the disease progresses, the larger joints of the upper and lower limbs are
affected, with the hip joints typically the last of these to produce
symptoms. The cervical spine, temporomandibular joints, and
cricoarytenoid joints can all be affected. The thoracic and lumber
spine is usually spared.

Periarticular soft tissue involvement
Inflammatory bursitis can cause swelling but also leads to weakening of adjacent ligaments causing joint laxity. This is the mechanism
of atlantoaxial subluxation where weakening of the transverse ligament of the atlas allows separation of the odontoid process from the
anterior arch of the atlas and posterior movement of the odontoid
on cervical spine flexion with the potential for cervical cord compression. Tenosynovitis can lead to flexion deformities and erosion
and even rupture of tendons. Joint mobility can also be diminished
by periarticular muscle wasting. Rheumatoid nodules are inflammatory masses that can occur anywhere including within internal
organs.

Systemic manifestations
Cardiovascular system
Some degree of pericarditis is present in up to 30% of patients with
rheumatoid arthritis but it is uncommon for there to be functional
compromise secondary to either a large pericardial effusion or
constrictive pericarditis. The myocardium is a site for rheumatoid
nodules but more significant from a functional point of view is
ischaemic heart disease resulting from coronary artery thrombo-
atherosclerosis or from the small vessel vasculitis associated with
rheumatoid arthritis. Congestive cardiac failure is more prevalent
in age-and sex-matched rheumatoid arthritis patients than those
not affected.

Haematopoietic system

Renal system
The presence of proteinuria may indicate secondary amyloidosis of
the kidneys. This can be associated with nephrotic syndrome and
may progress to chronic renal failure.

The spondyloarthropathies
These are a group of conditions characterized by inflammatory back
pain, asymmetrical synovitis especially of the lower limbs, anterior
uveitis, and absence of rheumatoid factor. There is a genetic predisposition with an association with HLA-B27. The spondyloarthropathy of principal concern to the anaesthetist is ankylosing
spondylitis but there is considerable overlap with the other conditions listed in Box 80.1.

Ankylosing spondylitis
Ankylosing spondylitis occurs in approximately 1% of the population but there is a very wide clinical spectrum of disease with only
a minority severely affected. It is a progressive disease of the joints
principally affecting the intervertebral articulations of the spine
with the sacroiliac joints the most commonly involved. Ankylosing
spondylitis is characterized by calcification of the soft tissues leading to restricted movements of the spine. Other joints that can be
affected include the temporomandibular joint, the cricoarytenoid
joints, and articulation of the ribs, involvement of which can reduce
compliance of the chest wall and therefore restrict breathing. With
increasing severity, ankylosing spondylitis is more likely to be

Respiratory system
Some degree of lung involvement is relatively common in rheumatoid arthritis. The commonest manifestation is pleural effusion
which is much more prevalent in men than women. Fortunately,
interstitial fibrosis is rare but rheumatoid arthritis seems to predispose to chronic obstructive pulmonary disease in smokers. Isolated
rheumatoid nodules can be mistaken for carcinoma while the more
diffuse nodular fibrosis of Caplan’s syndrome is much less common
than previously as a result of the decline in exposure to industrial
atmospheric particulate matter.

Nervous system
Symptomatic cervical myelopathy is uncommon and is not a
sensitive indicator of cervical spine and specifically atlantoaxial

Box 80.1 The spondyloarthropathies
◆

Ankylosing spondylitis

◆

Psoriatic arthritis

◆

Reiter’s disease

◆

Acute anterior uveitis

◆

Seronegative juvenile chronic arthropathies

◆

Undifferentiated spondyloarthropathy

◆

Enteropathic synovitis.
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associated with systemic involvement including the eye, the cardiovascular system, the lungs, and the nervous system.
Patients with ankylosis of the cervical spine are at increased risk
of sustaining a cervical fracture, which can occur after even mild
trauma. The combination of a rigid neck and limited mouth opening places patients severely affected by ankylosing spondylitis at
high risk of being difficult patients in whom to perform tracheal
intubation.
The ankylosed spine is at real risk of damage in the anaesthetized patient (Woodward and Kam 2009) and manipulation of the
spine beyond the limits of pain-free awake movements should be
avoided. For this reason, the gold standard for tracheal intubation
in the patient with significant cervical spine ankylosis is awake
fibreoptic intubation. Neuraxial regional anaesthesia may also be
difficult because of the inability of the patient to flex the spine and
also because of ligamentous calcification. A paramedian approach
to the epidural space may be necessary.

Osteogenesis imperfecta
This is a series of conditions resulting from different gene defects
affecting collagen formation. The major clinical features are fragile
and brittle bones but the tendons, skin, and eyes (blue sclera) can
also be affected. The most common type is osteogenesis imperfecta
tarda which is a relatively mild and dominantly inherited condition
with relatively mild bony deformities, blue sclera, hypermobility of
the joints, and occasionally heart valve disorders. The other types
of osteogenesis imperfecta are more severe with some forms being
incompatible with life.
The main implication for anaesthesia is avoidance of iatrogenic
fracture. There have been reports of malignant hyperthermia (MH)
associated with osteogenesis imperfecta but in the great majority of
cases this is a false association brought about by the observation of
a perioperative pyrexia thought to be associated with inflammatory
responses to tissue damage resulting from the connective tissue
defect (Bojanic et al. 2011). However, the author is aware of at least
one case of the coexistence of MH and osteogenesis imperfecta.

Connective tissue diseases
The connective tissue diseases encompass systemic lupus erythematosus, systemic sclerosis, and polymyositis/dermatomyositis.
There is considerable overlap between the conditions which have in
common vasculitis, arthralgia, immunological activation, and multisystem involvement. The features of all three conditions can occur
together in mixed connective tissue disease. The anaesthetic implications of the connective tissue diseases (Ben-Menachem 2010) are
related to the systemic involvement which will be described for
each condition in turn.

Systemic lupus erythematosus
This is the most common connective tissue disease occurring in
approximately 0.1% of the population. It is up to 10 times more
common in women than men with a usual age of onset of 20–
40 years. It is more prevalent in Africans and Polynesians than
other races.
The most common features are small joint arthralgia and rashes
with organ system involvement as follows:
◆

Cardiovascular system: subclinical pericarditis and pericardial effusion are common as is a myocarditis that is rarely of
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functional significance. Endocarditis typically involving the
mitral valve is very rare although aortic valve lesions can occur
more commonly.
◆

◆

◆

Respiratory system: the majority of patients with systemic lupus
erythematosus experience pleurisy and pleural exudates at some
stage in the course of their disease. Interstitial lung disease can
also occur as an inflammatory pneumonitis although this only
rarely progresses to pulmonary fibrosis.
The nervous system: some form of nervous system involvement
is seen in the majority of patients. This may manifest as psychiatric symptoms, most commonly depression, but epilepsy, cerebellar ataxia, stroke, and aseptic meningitis have all been reported.
The renal system: proteinuria is common and may progress
to glomerulonephritis as a result of immune complex deposition. The renal disease may progress to nephrotic syndrome or
chronic renal failure either of which can be accompanied by
hypertension.

Systemic sclerosis
Systemic sclerosis is rarer than systemic lupus erythematosus and
is characterized by involvement of the skin and Raynaud’s disease
(Muangchan et al. 2013). Again it has a female preponderance and
usually appears before 50 years of age. Sclerosis of the skin commonly affects the fingers and the skin around the mouth, making
mouth opening difficult. The changes in the hands can be accompanied by oedema and soft tissue swelling, making venous access
in the dorsum of the hands difficult or even impossible. Areas of
calcinosis can be acutely tender.
◆

◆

◆

◆

Gastrointestinal system: reduced distal oesophageal peristalsis and lower oesophageal sphincter tone is almost invariable and should be assumed even in the absence of symptoms.
Manoeuvres to protect the airway from aspiration of regurgitated
gastric contents should be used but it should be noted that myopathy or myositis are relatively common and these predispose to
succinylcholine (suxamethonium)-induced rhabdomyolysis.
Cardiovascular system: myocardial fibrosis can occur predisposing to arrhythmias and conduction defects. Pericardial involvement with pericardial effusion is also recognized.
Respiratory system: pulmonary fibrosis tends to be confined to
the lower lobes but a restrictive deficit can be sometimes found
with pulmonary function testing.
The renal system: chronic renal failure can result from renal vessel endarteritis. The associated hypertension can be difficult to
manage.

CREST syndrome is a variant of systemic sclerosis where calcinosis
is a prominent feature but is accompanied by Raynaud’s disease,
oesophageal involvement, sclerodactyly, and telangiectasia.

Polymyositis/dermatomyositis
Polymyositis is characterized by muscle weakness and muscle
wasting of the proximal muscles of the shoulder and pelvic girdles
caused by vasculitic necrosis of muscle fibres with inflammation
and regeneration. It can occur at any age but like the other connective tissue disorders is more common in females than males.
The onset may be acute with rhabdomyolysis. Succinylcholine
should be avoided during active disease as it may induce or
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exacerbate rhabdomyolysis. The activity of the disease can be
assessed using serum creatine kinase concentration.
Dermatomyositis refers to polymyositis accompanied by a rash.

Box 80.2 Causes of rhabdomyolysis
◆

Muscle ischaemia

Treatment of connection tissue disorders

◆

Crush injury

The mainstay of treatment for acute phases of systemic lupus erythematosus and polymyositis/dermatomyositis are corticosteroids.
Where remission of the disease is relatively slow, maintenance
therapy with other immunosuppressant drugs may be indicated.
There are no effective treatments in terms of slowing the progress
of systemic sclerosis.

◆

Intense muscle activity

◆

Metabolic derangement

◆

Extremes of temperature

◆

Infection

◆

Drug toxicity or idiosyncrasy

Muscle diseases

◆

Poisoning (classically with hemlock)

◆

Envenomation

◆

Myopathies: structural, metabolic, and inflammatory.

Skeletal muscle typically constitutes 40% of body mass and therefore any generalized skeletal muscle disorder can have systemic
effects. Many muscle diseases, however, affect some muscle groups
more than others, while there may also be myocardial muscle
involvement. The implications for anaesthesia in generic terms are
as follows:
1. Involvement of bulbar muscles. Bulbar muscle integrity is
important for airway maintenance and airway protection.
Patients with bulbar muscle involvement are at risk of recurrent
episodes of pneumonia and will have reduced protection from
regurgitated stomach contents, upper airway secretions, blood,
and debris from upper airway surgery. Bulbar muscle weakness
should be anticipated to be compounded by the effects of anaesthesia and airway protection should be maintained until the
patient is fully awake.
2. Respiratory muscle involvement. Fortunately the diaphragm
seems to be spared from the majority of muscle diseases but
the accessory muscles are more commonly involved. In these
patients, neuromuscular blocking drugs should be used most
judiciously and complete reversal of their effects ensured. This
is a scenario where the use of sugammadex after neuromuscular block with rocuronium or vecuronium is highly recommended when neuromuscular block is required. Respiratory
function may also be compromised by kyphoscoliosis which is
common in patients with muscle diseases. Kyphoscoliosis tends
to be particularly severe in patients confined to a wheelchair.
Problems should be anticipated after general anaesthesia with
a patient having a preoperative forced vital capacity of less than
1.5 litres. Such patients may also be compromised by brachial
plexus regional anaesthesia using the interscalene or supraclavicular approaches, where there is a high incidence of phrenic
nerve paralysis by the local anaesthetic.
3. Risk of rhabdomyolysis. Instability of skeletal muscle membranes is associated with an increased risk of rhabdomyolysis
from any known cause. A list of factors that can trigger rhabdomyolysis is given in Box 80.2. Suxamethonium should be
avoided in any patient with primary or secondary myopathy.
4. Cardiac involvement. Depending on the myopathy, cardiac
involvement may be manifest as a cardiomyopathy, conduction
defects, or arrhythmias.
5. Risk of MH. Over the last 50 years the medical literature
includes suggestions for virtually every neuromuscular condition to be associated with an increased risk of MH. Most of these

associations are spurious and reflect the lack of specificity of the
individual features of MH. MH is strictly defined as a progressive life-threatening hyperthermic and hypermetabolic reaction
to general anaesthetic agents. Using this strict definition enables
association with MH to be confined to a subset of myopathies
that share genetic defects with MH susceptibility.
6. Myotonia. This results from failure of muscle relaxation after
normal muscle activation. Depending on the cause of the myotonia, symptoms may be activated either by inactivity or excessive muscle activity. A common precipitating factor is cold
which is a risk in the perioperative period unless preventative
measures are implemented. Surgical handling of muscle tissue
or surgical diathermy may also precipitate myotonia. The defect
in the myotonias is distal to the neuromuscular junction and
myotonia can therefore occur in a patient having surgery under
regional anaesthesia or under general anaesthesia with neuromuscular block. Suxamethonium may produce sustained and
generalized myotonia in an undiagnosed patient. Intravenous
lidocaine and phenytoin have been proposed as treatments
because of their inhibition of skeletal muscle membrane sodium
channels. Volatile anaesthetics tend to reduce myotonia rather
than increase it and there are theoretical reasons to anticipate
that dantrolene may be beneficial.

Preoperative considerations for patients
with muscular diseases
The most important task for the anaesthetist is to establish an
accurate diagnosis for the muscle disease. Definitive diagnosis is
nowadays invariably achieved through genetic testing and this
has revealed considerable overlap in clinical and histopathological findings between disorders that were once considered to be
clinically and histologically distinct. This is particularly the case
in babies and infants presenting as floppy infants or with delayed
motor milestones who often have only non-specific features on histopathology. It is entirely appropriate therefore for the anaesthetist
to insist on molecular genetic investigation where this has not been
undertaken before elective surgery.
Once the correct diagnosis is established, then the possibility of
bulbar muscle, respiratory muscle, and cardiac involvement can
be established. Physical examination can determine the extent of
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bulbar muscle involvement through assessment of the gag reflex,
and respiratory excursion through clinical and formal respiratory
function tests. Assessment of cardiorespiratory reserve is rarely
possible because of the limitations on exercise imposed by the
skeletal muscle defect. Echocardiography is therefore indicated in
patients with muscle diseases associated with cardiomyopathy.
Throughout the perioperative period it is important to maintain
hydration, electrolyte balance, body temperature, and metabolic
substrate provision. This applies to all muscle diseases and reflects
the inter-
relationship between membrane potential, calcium
release and sequestration, and the balance between mitochondrial
oxidative phosphorylation and regulation of reactive oxygen species. Throughout the preoperative period, the patient with muscle
disease (other than those identified in later sections of this chapter)
should therefore receive intravenous hydration and glucose provision while external body warming using warm air convection blankets should be instituted on the preoperative ward and continued
during transfer to the operating theatre department.

The muscular dystrophies
The muscular dystrophies are characterized by instability of the
skeletal muscle plasma membrane (sarcolemma) resulting from
defects in one of the structural proteins forming the proteoglycan
scaffold of the muscle fibres (Fig. 80.2). Membrane instability produces a loss of integrity of the sarcolemma, muscle cell necrosis,
loss of muscle tissue, and infiltration with fibroblasts and fatty tissue to produce fibrotic, fatty tissue. The clinical features of the various dystrophies depend on the gene involved and, in some cases,
the specific defect in the gene. The most severe dystrophies can
be lethal at birth or in infancy but all are progressive. The rate of
progression is another highly variable feature between the different
dystrophies.

Duchenne muscular dystrophy
Duchenne muscular dystrophy (DMD) is one of the commonest
sex-linked genetic disorders affecting approximately 1:3500 live
male births. The gene affected, and the protein it encodes, are both
Extracellular matrix

laminin

laminin
Glycoprotein
complexes
Cell membrane

dystrophin

F-actin

F-actin

Figure 80.2 The proteoglycan scaffold of striated muscles.
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known as dystrophin, with the gene located on the short arm of
the X chromosome (Xp21). DMD results from a complete lack of
expression of the dystrophin protein that normally links the cytoplasmic actin scaffold to β-dystroglycan of the transmembrane proteoglycan complex. Dystrophin is normally expressed in skeletal,
cardiac, and smooth muscle.
Skeletal muscle involvement is responsible for the presenting features of rapidly progressive muscle weakness. Symptoms typically
become apparent in the third year of life, with proximal limb muscle, neck, and abdominal muscle weakness the most obvious feature
along with pseudohypertrophy of the calf muscles. Muscle weakness
progresses, becoming more generalized until use of a wheelchair is
required from the early teenage years. Confinement to a wheelchair
is associated with kyphoscoliosis, fixed joint contractures, obesity,
impaired circulation to the lower limbs with dependent oedema,
and psychological problems. From the second decade, these boys
are prone to frequent chest infections as a result of impaired ventilatory effort. Death, as a result of pneumonia, respiratory failure, or
cardiac disease, is usual in the third or fourth decades.
Classical symptoms of heart failure are deceivingly uncommon because of the enforced sedentary existence but echocardiography highlights the prevalence of myocardial dysfunction
(Goldberg et al. 1982). Symptoms that do occur tend to be vague
and include fatigue, inability to concentrate, irritability, sleep disturbance, nausea, loss of appetite and weight loss. Dyspnoea may
be the presenting feature of myocardial deterioration but may also
represent progression of respiratory muscle weakness or its resulting pulmonary complications. The principal pathological process
in DMD cardiomyopathy is fibrosis commencing posteriorly with
apically directed circumferential spread. As the myocardial disease progresses, a dilated cardiomyopathy can evolve with mitral
regurgitation. Regular echocardiography is recommended from the
age of 6 years, initially every 2 years but then annually. If severe,
kyphoscoliosis can present technical challenges in obtaining high-
quality echocardiographic images such that the ejection fraction
can only be estimated visually rather than calculated. The echocardiographic incidence of reduced ejection fraction therefore may
underestimate the true incidence. Magnetic resonance imaging is
becoming a valuable tool with late gadolinium enhancement a sensitive indicator of myocardial fibrosis (Romfh and McNally 2010).
Patients with DMD often have a relatively low blood pressure with
reduced vascular tone resulting from smooth muscle involvement
compounding the effects of the cardiomyopathy.
There have been significant improvements in life expectancy of
patients with DMD over the past 25 years. Treatment with corticosteroids invariably is commenced soon after diagnosis. Non-invasive
nocturnal ventilatory support (BiPAP or CPAP) and treatment of
myocardial dysfunction (angiotensin-converting enzyme inhibitors
or angiotensin II receptor antagonists plus β-blockade if tolerated)
have each been demonstrated to independently reduce symptoms and prolong life. When the left ventricular ejection fraction
decreases below 35% despite maximal medical therapy, an implantable cardioverter-defibrillator device may be considered: cardiac
transplant has been used successfully in DMD.
There is a large historical experience of anaesthesia for diagnostic
muscle biopsy in boys with DMD, before the introduction of genetic
diagnosis in the 1990s. Orthopaedic procedures for releasing fixed
joint contractures to improve the duration of mobility are now the
most prevalent indication for anaesthesia in patients with DMD.
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Anaesthetic problems are related to myocardial involvement, respiratory function, and the effects of drugs on the diseased skeletal
muscles (Sethna et al. 1988). A thorough preoperative evaluation
is essential, specifically assessment of cardiorespiratory function.
Discussion with the child’s neurologist and cardiologist can be
invaluable. An echocardiograph should be requested unless one
has been done within the previous 12 months (25% of 6-year-olds
with DMD have evidence of myocardial dysfunction) or if there is
onset or deterioration of symptoms since the last echocardiograph.
There is controversy over the choice of general anaesthetic technique for patients with a sex-linked dystrophy, specifically the
use of potent inhalation anaesthetics. Concern about these agents
stems principally from reports of profound rhabdomyolysis occurring during anaesthesia or in the postoperative period, including
several cases of hyperkalaemic cardiac arrest and death. There
are also isolated reports of tachycardia, hypercarbia, and raised
temperature. These latter features are seen in MH where they are
progressive and life-threatening, which does not appear to be the
case in the reports in dystrophic patients. However, the pathophysiological process in the dystrophic patients may involve leak of Ca2+
from the sarcoplasmic reticulum, as occurs in MH, but through an
indirect mechanism (nitrosylation of the Ca2+ release channel secondary to a chronic increase in cytoplasmic Ca2+ concentration)
rather than primary genetic defects as seen in MH.
Marked sarcoplasmic reticulum Ca2+ release by potent inhalation anaesthetics is unlikely to be implicated in the cases of profound rhabdomyolysis, however, because such a mechanism would
be associated with a substantial hypermetabolic reaction (as in
MH), which is not a feature of the cases reported (e.g. Poole et al.
2010). This does not exclude the potent inhalation anaesthetics
being implicated in rhabdomyolysis but it is worth considering
other mechanisms. Rhabdomyolysis, with loss of large intracellular
proteins such as myoglobin and creatine kinase, involves significant
loss of integrity of the sarcolemma. In healthy muscle this occurs
through natural cell turnover or from the mechanical stresses on
the sarcolemma imposed by contractile activity, which causes
microscopic tears in the sarcolemma (McNeil and Khakee 1992;
McNeil and Steinhardt 2003). These tears are normally repaired
within 1 min (Bansal et al. 2003) by energy-dependent mechanisms
(Warren et al. 2002). With defects in metabolic capacity, such as in
a variety of metabolic myopathies, rhabdomyolysis can occur with
increased demand for muscle repair with exercise, or when energy
substrates are lacking as in fasting (Warren et al. 2002).
Episodes of spontaneous acute rhabdomyolysis have been
reported in dystrophic patients (Doriguzzi et al. 1993) and the
increased susceptibility to mechanically induced damage (Petrof
et al. 1993) inevitably predisposes DMD patients to any of the
reported triggers of rhabdomyolysis (Warren et al. 2002). Of these,
the most likely to have a potential role in the perioperative period
include excessive muscle activity (agitated or physically struggling
child, drug-induced rigidity), impaired metabolic repair (hypoxia,
ischaemia, acidosis, reduced oxidative phosphorylation capacity),
or direct membrane toxicity (drugs, reactive oxygen species). It
may be relevant that muscle from a mouse model of DMD has a
markedly impaired mitochondrial metabolic capacity (Kuznetsov
et al. 1998). In a similar way to patients with metabolic myopathies,
fasted dystrophic patients may thus be at increased risk of developing rhabdomyolysis and may therefore benefit from an intravenous
dextrose infusion during perioperative fasting.

Choice of anaesthetic technique in patients with DMD
For older children and adults, peripheral regional anaesthesia is
preferred for appropriate surgical procedures. Neuraxial regional
anaesthesia may be poorly tolerated by patients with cardiomyopathy because of reduced preload and afterload caused by
peripheral vasodilation. When general anaesthesia is necessary,
there is no ‘ideal’ anaesthetic. Propofol and ketamine have been
associated with rhabdomyolysis (Warren et al. 2002) and, along
with etomidate, can be associated with an increase in muscle
tone. Propofol infusion syndrome, which can cause profound
rhabdomyolysis, is postulated to result from disruption of mitochondrial fatty acid oxidation (Vasile et al. 2003). As there is
reduced mitochondrial oxidative capacity in muscular dystrophies (Kuznetsov et al. 1998), propofol infusions pose at least a
theoretical risk. NSAIDs can cause rhabdomyolysis in healthy
patients (Delrio et al. 1996) and were used preoperatively in
two cases of perioperative rhabdomyolysis in Becker dystrophy
(Hopkins 2010).
The unwelcome possibility of rhabdomyolysis, a life-threatening
but rare complication in DMD, should not override other considerations when planning general anaesthesia for patients with DMD,
as attempting to eliminate this risk may expose the patient to more
likely complications, such as those related to airway management
or the underlying cardiorespiratory dysfunction (Hopkins 2010).
If, in the anaesthetist’s judgement, the overall risks of potent inhalation agents or other drugs that might contribute to acute rhabdomyolysis indicate their use, the risk of rhabdomyolysis should
be accepted and the patient monitored appropriately (for evidence
of hyperkalaemia). If a patient develops signs of increased CO2
production during inhalation anaesthesia, it would be prudent,
after excluding inadequate anaesthesia or analgesia (or both), to
switch to an alternative maintenance anaesthetic technique, such as
remifentanil with midazolam.
Neuromuscular blocking agents are often unnecessary in
patients with DMD because of the inherent lack of muscle tone.
Suxamethonium is absolutely contraindicated because of the risk
of acute rhabdomyolysis and hyperkalaemic cardiac arrest. If non-
depolarizing neuromuscular blocking agents are used, it is essential
to ensure their complete reversal at the end of the procedure: this
is a good indication to use rocuronium or vecuronium as the neuromuscular blocking drug so that sugammadex can be used as the
reversal agent.

Becker muscular dystrophy
Becker muscular dystrophy (BMD), like DMD, is caused by
defects in the dystrophin gene and is a sex-linked genetic disorder. Becker mutations are not as severe as those in DMD and there
is dystrophin expression but the protein product is abnormal. The
clinical phenotype is highly variable and is related to the nature of
the dystrophin defect. The myopathy is typically detected in the
second decade of life and is more slowly progressive than DMD.
Wheelchair dependency is not inevitable and consequently there is
a much lower incidence of kyphoscoliosis and fixed contractures.
Depending on the genetic defect there can be a marked difference
in the relative effects on cardiac vs skeletal muscle. In some patients
the cardiomyopathy is the presenting feature.
The principles of anaesthetic management for a patient with
BMD are similar to those for patients with DMD. There are cases of
hyperkalaemic cardiac arrest in BMD patients who have received
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potent inhalation anaesthetics but no suxamethonium. Indeed,
it may be that the risk of rhabdomyolysis is higher in BMD than
DMD depending on the prevailing activity of necrosis and repair.
The serum creatine kinase concentration will provide an indication
of these processes and therefore the risk of rhabdomyolysis, whatever the cause (see earlier).

Female carriers of dystrophin gene defects
These women have one normal allele for the dystrophin gene
which produces sufficient functioning protein for there to be no
overt myopathy. There may, however, be some increased muscle
cell turnover with a concomitant increase in basal creatine kinase
concentration and consequently increased risk of rhabdomyolysis
secondary to, for example, suxamethonium. Dystrophinopathy
carrier status may also be associated with an increased incidence of
heart failure in the elderly.

Other muscular dystrophies
These are usually less severe than the X-linked dystrophies and the
distribution of muscle weakness and wasting is apparent from the
name of the disease, although other muscle groups may become
involved with disease progression. I will outline those dystrophies
with particular anaesthetic implications.
◆

◆

◆
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Central core disease
Central core disease (CCD) derives its name from the histological
features of central demarcated areas (cores) extending the length of
type 1 muscle fibres that do not take up stains for oxidative enzymes
(Fig. 80.3). Common early clinical features are floppy infant syndrome and delayed motor milestones. Sometimes the condition
presents later in childhood with weakness and generalized muscle
hypotonia. Secondary skeletal abnormalities such as club foot, scoliosis, or hip dysplasia may be the presenting clinical feature. There
is no bulbar muscle or diaphragmatic weakness. Beyond childhood,
CCD is typically non-progressive and indeed functional improvement occurs to the extent that many affected adults consider themselves to be asymptomatic. Some, however, have a severe disability
with wheelchair dependence.
CCD is usually inherited in an autosomal dominant pattern and
at least 90% of cases are associated with defects in the RYR1 (ryanodine receptor type 1) gene that is also implicated in the majority of patients with MH. Some patients with CCD give a history
of MH under anaesthesia and have abnormal in vitro contracture
tests for MH susceptibility (see Chapter 22) but other CCD patients
have no adverse anaesthetic history and normal responses to the
in vitro contracture tests (Halsall et al. 1996). This is explained by
the functional characterization of CCD-associated RYR1 mutations

Oculopharyngeal dystrophy: this condition is characterized by
dysphagia and progressive ptosis beginning in later life (fourth
to the seventh decade). It is inherited in an autosomal dominant manner and is caused by a mutation in the gene encoding
poly(A)-binding protein-2 (PABPN1) on chromosome 14q11.
Bulbar muscle involvement increases the risk of pulmonary
aspiration.
Facioscapulohumeral dystrophy: this is the third most prevalent
hereditary muscle disease, after DMD and myotonic dystrophy.
It results from a chromosomal rearrangement within the subtelomeric region of chromosome 4q. Clinical onset and severity are
variable. It is usually diagnosed in late childhood or adolescence.
As the name implies, there is facial weakness but with sparing
of bulbar and extraocular muscles. The scapulae, foot dorsiflexors, and hip girdle are also affected, but the respiratory muscles
are not.
Humeroperoneal (Emery–Dreifuss) dystrophy: this exists in an
X-linked (mutations in the gene encoding emerin) and an autosomal dominant (mutations in the lamin A/C gene) form. Early
contractures involve the posterior cervical muscles. A predictable feature is atrioventricular block that predisposes to recurrent
episodes of syncope and embolic disease.

Congenital myopathies
The congenital myopathies are a heterogeneous group of rare primary muscle diseases characterized by weakness. The severity of the
different conditions covers a spectrum from death in early infancy
to non-progressive weakness that is not recognized as abnormal
by the patient, their parents, or their primary care physicians and
which therefore goes undiagnosed. Within some of the individual
myopathies there can be a range of severity of symptoms and their
rate of progression. The congenital myopathies are characterized by
distinct morphological features and sub-classified, where relevant,
by the predominant clinical features.

Figure 80.3 Histology of central core disease: muscle fibres containing
unstructured cores and no mitochondria (NADH reductase staining).
Reproduced with permission from Klingler, W, Rueffert H, Lehmann-Horn F, Girard T, Hopkins
PM. Core myopathies and the risk of malignant hyperthermia. Anesthesia and Analgesia,
Volume 109, Issue 4, pp. 1167–73, Copyright © 2009 International Anesthesia Research Society.
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into either loss of function mutations (not associated with MH
susceptibility) or gain-of-function mutations (associated with MH
susceptibility) (Dirksen and Avila 2004). CCD patients with RYR1
mutations that have not been functionally characterized should
be assumed to be at risk of developing MH under anaesthesia
unless their mutation has been associated with a negative in vitro
contracture test.

Multiminicore disease
Multiminicore disease (MmD) is characterized histologically by
multiple cores lacking oxidative enzyme activity that are less clearly
defined than the single cores found in CCD. MmD is recessively
inherited with a pattern of weakness that differs from CCD. Severe
axial involvement is a common feature, with respiratory, bulbar,
and extraocular muscles also commonly affected. There are four
clinical subtypes of MmD and these have different genetic aetiologies (Klingler et al. 2009). The moderate form of MmD with hand
involvement is usually associated with RYR1 variants but the most
prevalent, or classical, form is associated with mutations in the selenoprotein N gene (SEPN1). There are no convincing reports of MH
associated with MmD but caution should be exercised where RYR1
variants are implicated until they have been functionally characterized or if the patient has had a normal in vitro contracture test
(Table 80.5).

Nemaline rod myopathy
Nemaline rod myopathy derives its name from clusters of dense
rod-shaped cytoplasmic inclusions. In 10% of cases there are also
intranuclear inclusions. There is marked genetic and clinical heterogeneity with six clinical forms and five associated genes (Table 80.6)
The majority of cases result from de novo mutations in the nebulin
(NEB) gene but recessive and dominant forms occur. Most commonly, nemaline rod myopathy presents with feeding difficulties
and hypotonia in infancy with proximal muscle weakness. Weakness
may also affect the distal limb, neck flexor, and trunk (including
Table 80.5 Core myopathies and genes associated with the diseases
and estimated risk of malignant hyperthermia (MH) (given there is no
particular MH history in family)
Disease

Gene

MH risk

Central core disease

RYR1

High*

Multiminicore disease

SEPN1

Low

ACTA1

Low

RYR1

High*

NEB, TPM3, TNNT1, TPM2, ACTA1

Low

Nemaline rod myopathy

intercostal) muscles. Dysmorphic features are common and include
narrow, high-arched palate and micrognathia or marked prognathism. Other skeletal malformations include kyphoscoliosis, hand
contractures, pes cavus, and talipes equinovarus. Nemaline rod
myopathy is not associated with MH.

Type 1 fibre hypotrophy with central nuclei
Also known as centronuclear or myotubular myopathy. It covers
a wide range of clinical presentations from a fatal congenital form
to a slowly progressive late-onset form. The predominant clinical
feature is weakness.

The skeletal muscle membrane ion channelopathies
Chapter 7 described the physiology of muscle contraction with
the generation of the muscle action potential dependent on activation followed by inactivation of voltage-gated Na+ channels,
activation of voltage-gated K+ channels, and restoration of the resting membrane potential by activation of Cl− channels. The action
potential is sensed as it spreads into the T-tubules by CaV1.1 which
couples with the sarcoplasmic reticulum Ca2+ release channel,
RyR1. Skeletal muscle membrane ion channelopathies have been
described in association with defects in the sodium, chloride, and
calcium channels.
The two main features of the ion channelopathies are muscle
weakness and myotonia. Myotonia describes delayed relaxation of
muscles after contraction but mechanistically results from repetitive firing of action potentials. Patients with myotonia commonly
describe their symptoms to improve with repeated activity or
warmth and to be exacerbated by cold. Myotonia can be induced

Table 80.6 Tabular list of myotonias, genes encoding associated
channels and estimated risk of malignant hyperthermia (MH) (in
the absence of a family history of MH)
Disease

Gene

MH risk

Chloride channelopathies
Myotonia congenita, Becker, or
Thomsen

CLCN1

Low

Sodium channelopathies
HyperPP, paramyotonia
congenita, PAM, HypoPP-2

SCN4A

Low

Calcium channelopathies
HypoPP-1

CACNA1S

Unclear

Myotonic dystrophy, type 1
(DM1, Steinert’s disease)

Expanded trinucleotide repeat,
CTG, 3′ untranslated region of
DMPK gene

Low

Myotonic dystrophy, type 2

Tetranucleotide repeat, CCTG,
of 1st intron, ZNF9 gene

Low

* Dependent on the underlying mutation; to be on the safe side, risk to be considered
high until more information becomes available. Abbreviations for myopathies and genes
encoding the channels: RYR1 = Ryanodine receptor Type 1, SEPN1 = selenoprotein N,
ACTA1 = alpha-actin, NEB = Nebulin, TPM3 = Tropomyosin 3, TNNT1 = troponin T1,
TPM2 = beta-tropomyosin. The table summarizes molecular genetic knowledge, i.e.
involved genes, of the different core myopathies. Emphasis should be on the underlying
molecular pathology rather than phenotypic presentation. In patients where the genes
associated with MH (RYR1 and the alpha-1 subunit of the dihydropyridine receptor,
CACNA1S) are involved, a non-triggering anaesthesia technique is to be chosen.

The table summarizes the known molecular genetics of the different myotonias and estimation
of associated risk of MH. Estimation of risk of MH emphasizes the underlying molecular
pathology rather than phenotypic presentation. PAM, potassium-aggravated myotonias;
HyperPP, hyperkalaemic periodic paralysis; HypoPP, hypokalaemic periodic paralysis; CLCN1,
skeletal muscle chloride channel; SCN4A, sodium channel, α-subunit; CACNA1S, α1-subunit of
L-type, voltage-dependent calcium channel; MH, malignant hyperthermia.

Reproduced with permission from Klingler, W. et al. Core myopathies and risk of malignant
hyperthermia. Anesthesia and Analgesia, Volume 109, Issue 4, pp. 1167–1173,
Copyright © 2009 International Anesthesia Research Society.

Reproduced with permission from Parness, J. et al. The myotonias and susceptibility to
malignant hypothermia. Anesthesia and Analgesia, Volume 109, Issue 4, pp. 1054–1064,
Copyright © 2009 International Anesthesia Research Society.
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by mechanical stimulation of the muscles, including during surgery
which may be a life-threatening complication if it affects the laryngeal or respiratory muscles. As the causative molecular defect lies
distal to the neuromuscular junction, myotonia cannot be treated
using neuromuscular blocking drugs or by local anaesthetic nerve
conduction block. Prevention is best achieved by maintaining normothermia and careful handling of the patient. If sustained myotonia does occur, treatment is aimed at reducing action potential
firing with Na+ channel blocking drugs such as lidocaine (1 mg kg−1
intravenously) or phenytoin. If these are not sufficiently effective, it
may be worth trying dantrolene which theoretically will reduce the
muscle rigidity.
Although muscle rigidity occurs in patients susceptible to MH
when they are given suxamethonium and in the later stages of a
MH reaction, most patients with myotonic disorders are not at
increased risk of developing MH. The possible exception is patients
with hypokalaemic periodic paralysis where the cause is a mutation
in the CACNA1S gene (Lambert et al. 1994). This gene is also implicated in approximately 1% of MH cases. Until there is a complete
understanding of the pathophysiological mechanisms of hypokalaemic periodic paralysis and MH it would be prudent to treat
patients with hypokalaemic periodic paralysis having CACNA1S
gene mutations as at risk of developing MH unless they have been
shown not to be at risk by muscle biopsy and in vitro contracture
tests (see Chapter 22).

Myotonic dystrophy (dystrophia atrophica)
Although I have included this condition, which is the second most
common inherited muscle disease with the ion channelopathies,
the primary genetic defect does not involve a gene encoding an ion
channel. Indeed, genetic characterization has identified two subtypes with the most common (type 1 or Steinert’s disease) resulting
from an expanded trinucleotide repeat in the 3’ untranslated region
of the myotonic dystrophy protein kinase gene located on chromosome 19. The less common type 2 myotonic dystrophy is caused by
a tetranucleotide repeat in the zinc finger protein 9 gene. The multisystem disease, which involves the eyes (cataracts), hair (frontal
baldness), bones (skull thickening), endocrine and metabolic function (hypogonadism, insulin resistance), immune system, cognitive function (reduced intelligence and somnolence), and skeletal,
cardiac, and smooth muscle, results from interference of expression of multiple genes by the bulk of the mRNA from the expanded
genes within the nucleus. The skeletal muscle involvement is a consequence of altered splicing of the Cl− channel gene resulting in
expression of its embryonic form. Muscle weakness, predominantly
of the facial, oropharyngeal, and distal limb muscles, is invariably
the major symptom; myotonia becomes less apparent as the dystrophy progresses but is relatively mild even in the early stages of the
disease. Heart muscle involvement leads to dysrhythmias or conduction defects (or both) in about 60% of cases and is progressive.
As with any myopathy, the key to reducing the risk of anaesthesia for patients with myotonic dystrophy is to make the diagnosis preoperatively. Previously undiagnosed patients can present
for surgery because disease expression varies considerably, even
between members of the same family. If a patient does present with
any features of myotonic dystrophy, the anaesthetist should elicit a
detailed family history and seek a neurological opinion if indicated.
Local and regional anaesthetic techniques overcome many of the
potential problems of general anaesthesia in patients with myotonic
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dystrophy but not myotonia. If general anaesthesia is necessary,
short-acting drugs should be used where possible. Aspiration pneumonia is a risk because of oesophageal dilation caused by smooth
muscle involvement, bulbar muscle weakness, and, in the postoperative setting, by prolonged somnolence after the use of thiopental (Aldridge 1985; Pollard and Young 1989). Prompt postoperative
awakening has been reported after induction with propofol (Pollard
and Young 1989) and after a 4 h propofol infusion (White and Smyth
1989). Neuromuscular blocking drugs may not be required but if
they are, reduced doses can be sufficient. Muscle depolarization can
provoke myotonia and therefore suxamethonium and, at least theoretically, neostigmine should be avoided. The use of steroidal neuromuscular blocking drugs enabling reversal with sugammadex is a
logical choice in patients with myotonic dystrophy. Respiratory muscle weakness may lead to retention of sputum and persistent atelectasis in the postoperative period, increasing the risk of chest infection.
Hypercapnia may contribute to postoperative somnolence.

Chloride channelopathies
Myotonia congenita
This rare condition is usually inherited in an autosomal dominant
manner (Thomsen’s disease) and is characterized by diffuse muscle
hypertrophy and generalized myotonia. The myotonia, which may
present as muscle cramps or stiffness, is provoked by cold or inactivity. Marked muscle hypertrophy may cause ischaemic damage
within a limited fascial compartment and intermittent claudication.
In the rarer autosomal recessive variety (Becker) muscle weakness
may be apparent but is usually confined to the limbs. The disorder
does not affect the heart or other tissues.

Sodium channelopathies
These conditions are caused by mutations in SCN4A, the gene
encoding the skeletal muscle membrane sodium channel, Nav1.4.

Paramyotonia congenita
In this autosomal dominant condition, generalized myotonia develops in response to cold, vigorous exercise (in contrast to myotonia
congenita, where muscle stiffness usually improves with exercise),
and in some cases to hyperkalaemia. Indeed there is considerable overlap between paramyotonia congenita and hyperkalaemic
periodic paralysis (see later). The myotonia may be followed by a
prolonged flaccid paresis. As with myotonia congenita, there is no
involvement of other body systems.

Hyperkalaemic periodic paralysis
The predominant symptom is episodic weakness associated with
an increase in the serum potassium concentration (although not
necessarily above the upper limit of normal). In some cases there
are also myotonic symptoms which may occur at any time, or be
limited to the period preceding or during an episode of weakness. In addition to the same precipitating factors as paramyotonia congenita, an attack of hyperkalaemic periodic paralysis can
be induced by fasting, sleep, and anaesthesia. Anaesthetic considerations include the administration of intravenous glucose (with
no potassium!) during fasting, general measures for myotonic
disorders (careful handling of muscles, and avoidance of suxamethonium, neostigmine and cold), and monitoring of the serum
potassium concentration. An attack can be treated with intravenous glucose and insulin.
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Potassium-aggravated myotonias
There are three clinical entities characterized by myotonia, or worsening myotonia after ingestion of potassium, or after exercise but
not exacerbated by cold. The name of each condition—myotonia
fluctuans, myotonia permanens, and acetazolamide-responsive
myotonia—describe their distinguishing features. Muscle rigidity and rhabdomyolysis can occur during surgery. The features of
myotonia fluctuans can be so subtle that the patient considers their
symptoms to be normal.

Calcium channelopathies
Hypokalaemic periodic paralysis
This condition is characterized by intermittent episodes of muscle
weakness that are associated with a low serum potassium concentration. The attacks vary between and within individuals in their
severity, frequency and duration. The mechanism whereby mutations in CACNA1S, the gene encoding the skeletal muscle calcium
channel/voltage sensor, Cav1.1, lead to hypokalaemia is not understood. A minority of cases are associated with mutations in SCN4A
rather than CACNA1S. A severe attack may leave the patient unable
to move their limbs but their respiratory function is maintained.
Bulbar and extraocular muscles are also minimally affected. Some
attacks appear to have no obvious trigger but exercise, excessive carbohydrate intake, stress, trauma, and cold are recognized precipitating factors. In the perioperative setting it is impossible to avoid the
trauma of surgery but attempts to limit psychological stress and the
neuroendocrine stress response should be made. Active warming
to maintain normothermia should be begun preoperatively, maintained during transfer to the operating theatre department, and
continued until the patient returns to the postoperative ward. An
infusion of potassium chloride should be titrated against frequent
monitoring of the serum potassium concentration. Hypokalaemic
periodic paralysis is an exception among muscle diseases in that
an intravenous glucose infusion during fasting may be detrimental.
There is an acquired form of hypokalaemic periodic paralysis. It
is a recognized but rare complication of thyrotoxicosis and renal
or gastrointestinal conditions associated with potassium wasting.

Metabolic muscle diseases
The glycogenoses
Alternatively called glycogen storage diseases, these inherited disorders of defective glycogen or glucose metabolism (or both) collectively affect 1:20 000–1:40 000 live births. The liver and skeletal
muscles are the principal tissues involved. Muscle symptoms predominate in McArdle’s disease (type V), Tarui’s disease (type VII),
and Pompe’s disease (type II).

McArdle’s disease
McArdle’s disease is caused by a deficiency of muscle glycogen
phosphorylase with the consequent inability to utilize stored muscle glycogen. The metabolic substrate demands of the muscle are
therefore dependant on the availability and uptake of glucose and
fatty acids. Patients with McArdle’s disease are prone to rhabdomyolysis when there is an imbalance between energy requirements and
the supply of substrate. Conditions associated with increased metabolic demands, such as exercise, or reduced supply of substrate,
such as fasting or ischaemia, are associated with muscle cramps

or pain and myoglobinaemia can be severe enough to precipitate
occlusive acute kidney injury. Before surgery, an intravenous infusion of glucose should be commenced and maintained throughout
the perioperative period until oral intake is tolerated. During surgery on the limbs, tourniquets should not be used. Should rhabdomyolysis and myoglobinuria occur, renal injury may be prevented
by establishing an alkaline diuresis.

Tarui’s disease
Muscle phosphofructokinase deficiency produces a condition with
similar clinical features to McArdle’s disease. In this case, however,
glucose is not utilized as the enzyme defect lies distal to the entry
of glucose in the glycolytic pathway. An intravenous fatty acid solution should be infused during periods of starvation.

Pompe’s disease
Pompe’s disease is caused by a deficiency in acid maltase. There is
an infantile variety where all tissues are affected leading to accumulation of glycogen, with death from cardiac failure usually before
the age of 2 years. In the adult variety, the condition only affects
the skeletal muscles to cause weakness, ultimately involving the respiratory muscles.

Disorders of muscle lipid metabolism
Sustained muscle activity exhausts glycogen stores and becomes
dependent on the oxidation of fatty acids by the mitochondria. The
uptake of long-chain fatty acids by the mitochondria utilizes carnitine
as a carrier. Muscle cells cannot synthesize carnitine (it is produced
in the liver) and are dependent on active uptake from the plasma.

Carnitine deficiency
Systemic primary carnitine deficiency is as a result of defective
renal tubular reuptake. The condition is characterized by either
a cardiomyopathy or by hypoglycaemia. Muscle weakness may
accompany either of the main clinical presentations. An infusion of
glucose should be maintained during perioperative fasting in order
to prevent a potentially fatal acidosis.
Myopathic carnitine deficiency is caused by defective muscle
uptake. It usually presents in childhood with proximal muscle
weakness. A fatal cardiomyopathy may also occur.

Carnitine palmitoyl transferase II deficiency
Carnitine palmitoyl transferase II (CPT-II) is an enzyme found on
the inner mitochondrial membrane that is involved in the transfer of long-chain fatty acids into mitochondria where they can be
metabolized by β-oxidation. Various mutations in the CPT2 gene
lead to distinct phenotypes so that CPT-II deficiency ranges from a
lethal neonatal form, through infantile onset to late onset. Muscle
symptoms include weakness, painful cramps, and susceptibility to
rhabdomyolysis, the latter two features associated with exercise.
Anaesthetic management includes intravenous glucose administration throughout the fasting period in order to provide a usable
substrate and avoidance of succinylcholine.

Myoadenylate deaminase deficiency
Myoadenylate deaminase, alternatively known as adenosine
monophosphate deaminase (gene name AMPD1), is a key enzyme
in the purine nucleotide cycle which enables fumarate to be
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generated from aspartate, thus enhancing the capacity for oxidative phosphorylation in muscle through the ability of fumarate to
act as a terminal acceptor of electrons as an alternative to oxygen.
Myoadenylate deaminase deficiency (MADD) is purported to be
the most prevalent human genetic disease but many of the approximately 2% of homozygotes are asymptomatic (Genetta et al. 2001;
Castro-Gago et al. 2011). When symptoms occur they include muscle cramps and pain with exercise and these can be associated with
rhabdomyolysis. It would be prudent to avoid the use of suxamethonium in patients with MADD. There is no good evidence that
patients with MADD are at increased risk of developing MH under
anaesthesia despite the report of Fishbein et al. (1985).

Mitochondrial myopathies
Mitochondrial disorders may be caused by defects in genes
encoded either by mitochondrial or nuclear DNA. Defects in mitochondrial DNA are inherited down the maternal line. The principal
organs affected are the liver, brain, and cardiac and skeletal muscles. Anaesthetic management of these rare conditions will require
consideration of the child’s psychological and emotional status,
potential sensitivity to sedative drugs, cardiac conduction defects,
substrate provision, tendency to develop lactic acidosis and muscle weakness, including bulbar and respiratory muscle weakness.
Potent inhalation agents have been used without adverse effects as
have induction doses of propofol (Footitt et al. 2008). As disruption
of mitochondrial metabolism has been implicated in the aetiology
of propofol infusion syndrome (Vasile et al. 2003), infusions of
propofol should be avoided.
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Central nervous system
pathologies and anaesthesia
Steven J. Gill and Michael H. Nathanson
Introduction

Cerebral palsy

While any patient presenting for anaesthesia (general, sedation,
neuraxial, or regional) requires a thorough evaluation and assessment, those with neurological disease present the greatest challenge in that the very action of the anaesthetic technique must
directly alter neurological function in order to produce the desired
effect. Thus, patients with neurological disease provide three challenges: assessment of the disease itself—including its course or
stage, its prognosis, and current or recent treatment; pharmacodynamic or pharmacokinetic interactions that may require a modification of the proposed anaesthetic technique or influence the
intra-or postoperative care; and the possibility that the patient or
their carers in some way attach blame to the anaesthetist for any
contemporaneous deterioration in neurological status. The latter,
while sounding defensive, is more than that, as such impressions
may influence future care.
The importance of a good history and physical examination are
described elsewhere. Neurological diseases are often chronic and
the history may stretch back many years, if not the whole of life.
Some neurological diseases have a remitting/relapsing course or
have years of relative stability interspersed with more acute deteriorations. Thus, the present state of the patient and how that
relates to current treatment is important. Detailed examination
may be felt to be the role of the neurologist, but an assessment of
current disability (and, if necessary, of consciousness using the
Glasgow Coma Scale) is easy to perform, to record, and to relay to
other carers. Furthermore, motor weaknesses and abnormal sensation will inform positioning of the patient, as will fixed skeletal
deformities.
There is no evidence that the process of anaesthesia in itself,
providing it is conducted carefully, influences the course of the
majority of neurological diseases. Of course, some agents can cause
short-term adverse events, an example being succinylcholine (suxamethonium) causing rhabdomyolysis in patients with a myopathy.
There is much debate about the role of anaesthetics in causing postoperative cognitive dysfunction and whether chronic deterioration
is accelerated after anaesthesia and surgery. There is also concern
that anaesthesia may affect the growing brain (particularly in neonates), but this topic is not discussed further here.
In general, the role of the anaesthetist is to adapt their technique
in the light of the pre-existing disease, reassure the patient that
their condition will not be affected, and to provide safe and secure
postoperative care.

Like many other neurological conditions, anaesthetizing children
and adults with cerebral palsy requires a sympathetic understanding of the underlying condition, and the degree and type of disability it causes in the individual patient, rather than a specific
anaesthetic technique. There are, however, some commonly used
drug therapies that the anaesthetist should be aware of and knowledge of the common types of surgery and associated risks is useful.
Cerebral palsy is a term to describe a range of disabilities—
mental and physical—that occur perinatally or in early life. It was
thought that most were due to hypoxia at the time of birth, but in
many the damage occurs before birth. The risk is higher with multiple births, prematurity, prenatal infections, and peripartum maternal haemorrhage. Acquired causes include infections (meningitis,
encephalitis), seizures, head injury, intracerebral haemorrhages,
and hyperbilirubinaemia. While the degree of physical disability
can vary hugely, by far the most common symptom is muscle spasticity, particularly in the lower limbs. If the patient can walk, this
leads to a spastic gait and walking on ‘tip toes’. Many patients have
associated impaired mental function and communication difficulties. Epilepsy is common.
While many patients with cerebral palsy are children, many survive into adulthood. Common operations include release of contractures, scoliosis surgery, insertion of baclofen pumps, diagnostic
procedures including endoscopy, antireflux surgery, and dental surgery. Release of contractures, for example by the use of tenotomies,
tendon lengthening, or osteotomies, improves patient comfort and
eases nursing difficulties.
Spasticity can be eased by antispasmodics—
in particular
baclofen, a γ-aminobutyric acid (GABA)B agonist. Baclofen is
given orally or intrathecally via an implanted catheter and pump.
Patients may present for a test dose, for catheter and pump insertion, or for a pump refill. Baclofen should not be stopped abruptly
as there may be ‘rebound’ seizures, disorientation, and dyskinesia (Siegfried et al. 2001). Oral baclofen has been associated with
delayed recovery after anaesthesia and with intraoperative bradycardia and hypotension (Sill et al. 1986; Gomar and Carrero 1994).
More severely disabled patients may have a number of co-morbidities, including gastro-oesophageal reflux, drooling, repeated
lung infections (in part due to chronic aspiration) and subsequent
bronchiectasis, pressure sores, and poor nutrition. A significant
scoliosis may cause restrictive lung disease and cardiac impairment. It is important to assess the extent of the disability and assess
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the patient’s general condition. Co-morbidities may determine the
need for high dependency or intensive care unit admission postoperatively. Spasticity and contractures can cause difficulties with
positioning, and increase the likelihood of pressure damage, for
example, to nerves and skin. Postoperative muscle spasms may be
a sign of pain. Careful attention to postoperative care, particularly
pain control, is essential in view of the intellectual disability and
communication difficulties in many patients with cerebral palsy
(Nolan et al. 2000). The minimum alveolar concentration (MAC) of
halothane is approximately 20–30% lower in children with cerebral
palsy than in controls (Frei et al. 1997). Although an upper motor
neurone lesion, cerebral palsy is not associated with increased
release of potassium compared with controls after administration
of succinylcholine (Dierdorf et al. 1985).

Dementia
Dementia is a chronic, irreversible, global decline in cognitive
function, without clouding of consciousness. Diagnosis, while frequently suggested by carers or relatives, requires specialist assessment. Some therapeutic options, such as anticholinesterases, are
available, and it is important to ensure that neither depression nor
acute delirium is mistaken for dementia. Of note, a pre-existing
diagnosis of dementia is a risk factor for the development of acute
delirium after surgery (Smith et al. 2009). The relationship of pre-
existing dementia to postoperative cognitive dysfunction is less
clear, as studies of postoperative cognitive dysfunction usually
exclude such patients.
The main anaesthetic implications are consent in patients who
are not competent, the management of concurrent medication, and
the care of patients who are often frail or have other co-morbidities.
The overall epidemiology is well known to physicians and lay-
people. Dementia is predominantly a disease of the elderly; the
idiopathic type is known as Alzheimer’s disease. However, variants
in young (<65 years) patients are seen, and other common causes
include multi-infarct dementia in arteriopaths, and the advanced
stages of Parkinson’s disease. The presence of cognitive decline (as
assessed preoperatively by the mini mental test score) is associated
with an increase in mortality after surgery (Maxwell et al. 2008).
A more complete test of cognitive function is the Mini-Mental State
Examination (Folstein et al. 1975).
Some patients with dementia are agitated and a small dose of a
benzodiazepine may help (Verbough 2004). The concurrent use of
anticholinesterases (such as donepezil and rivastigmine) does not
appear to increase early mortality or the risk of respiratory complications in hip fracture patients (Seitz et al. 2011). However, long-
term anticholinesterase therapy may reduce heart rate variability
(Masuda and Kawamura 2003), and bradycardia should be managed with an anticholinergic that does not cross the blood–brain
barrier (e.g. glycopyrronium bromide). Anticholinesterases may
induce a degree of resistance to non-depolarizing neuromuscular
blockers (Sanchez Morillo et al. 2003).
There may be other changes that affect the anaesthetic. For
example, the baseline Bispectral Index™ (BIS™, Covidien, now
Medtronic Minimally Invasive Therapies, Minneapolis, MN,
USA) value is lower in patients with Alzheimer’s disease. In a
group of patients aged more than 75 years, the mean (95% confidence interval) baseline BIS™ (Ver. 4.0) value was 89.1 (86–92)
and 94.7 (93–96) in patients with Alzheimer’s disease or multi-
infarct dementia [mean (sd) MMSE 16.5(8.1)] and controls,

respectively (Renna et al. 2003). However, there are no hard
data on which to base further titration of anaesthetic agents. The
increased sensitivity of the elderly to anaesthetic agents (intravenous and inhalation) is well known. Algorithms can assist in
predicting the likely MAC value of inhalation agents (Nickalls
and Mapleson 2003).
In other respects, care of these usually frail, elderly patients is
similar to that of other elderly patients.

Epilepsy
Epilepsy is a disorder of the brain characterized by the enduring
propensity to generate seizures (Fisher et al. 2005). Seizures are a
symptom of an underlying abnormality within the brain and are
a relatively common phenomenon; up to 5% of the population
will suffer a single non-febrile seizure during their lifetime. Most,
however, do not go on to develop epilepsy, which has a population
incidence of up to 2%. Between a quarter and a third of patients
with epilepsy have an identifiable underlying cause (The National
Society for Epilepsy). This is typically a structural lesion within
the brain, such as a tumour or previous injury which may have
been traumatic, ischaemic, or hypoxic. Drugs and toxins may also
cause seizures, either in excess or upon abrupt withdrawal. There
are also a number of genetic, infective, and metabolic conditions
that predispose to seizures. Where seizure activity is recurrent
and no cause is identified, the term idiopathic or primary epilepsy is applied.
A seizure is caused by abnormal, excessive, and oscillating discharge from a group of neurones, analogous to feedback through a
microphone-amplifier circuit (Voss et al. 2008). The clinical manifestation of this neuronal activity, sometimes termed a convulsion, can
vary greatly and depends on the anatomical location of this group of
neurones; hence seizures can be motor, sensory, or autonomic in nature
(Table 81.1). If the seizure focus is surrounded by hyperpolarized and

Table 81.1 Different types of seizure
Seizure type

Subtypes

Partial
Motor, sensory, autonomic
or psychiatric symptoms
according to which part of
the brain is involved

Simple—without impairment of
consciousness
Complex—with impairment of
consciousness
Partial onset developing into generalized

Generalized
A large portion or all of the
brain is affected, consciousness
is reduced

Inhibitory
Absence—abrupt onset of impaired
consciousness and interruption of activity,
blank stare, unresponsive, rapid recovery
Atonic—loss of skeletal muscle tone also
called ‘drop attacks’
Excitatory
Myoclonic—brief involuntary contraction
of muscle group
Clonic—rhythmic muscular contractions
Tonic—involuntary stiffness
Tonic–clonic

Pseudo or non-epileptic

Varied but often stereotyped and
convincing
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inexcitable neurones, the seizure activity remains localized or focal. If
the seizure activity spreads into neighbouring regions and then gathers sufficient energy to spread through non-synaptic pathways the seizure becomes generalized (Stoetling and Dierdorf 2008).
Pharmacological treatment of epilepsy controls seizures completely or almost completely in the majority of cases. However,
even the newer anticonvulsant medications have a number of
side-effects. Some are mild such as skin rashes or gastrointestinal
upset, but more serious complications such as aplastic anaemia or
drug-induced systemic lupus erythematosus are well recognized
(Herman and Pendley 1998). Treatment of women of childbearing age is challenging, as many drugs have a risk of teratogenicity;
however, seizures in pregnancy increase the risk of morbidity and
mortality to mother and fetus (Tomson and Hiilesma 2007). Drug
interactions are also a common problem and may alter the efficacy
of many drugs, including other antiepileptic drugs.

central nervous system pathologies and anaesthesia

A patient with epilepsy may present a number of challenges for the
anaesthetist. The patient may have an associated disorder or underlying cause for their epilepsy. These conditions are dealt with elsewhere
and this section is primarily targeted at the patient with idiopathic
epilepsy. The anaesthetic considerations can be divided into two
parts. Firstly, it is important to consider how a patient’s epilepsy and
its treatment may affect the delivery of anaesthesia; this is particularly significant when considering the pharmacology of anaesthesia. It is unsurprising that antiepileptic drugs and anaesthetic drugs
influence a number of shared neurotransmitters and receptors. It is
also unsurprising that much of their actions and interactions are not
fully understood. Secondly, one must consider how the proposed
anaesthetic may affect the patient’s epilepsy, in particular keeping the
patient safe and avoiding perioperative seizures.

have a number of relevant actions and side-effects that must be
considered by the anaesthetist (Table 81.2). Two common effects of
antiepileptic drugs are sedation and hepatic enzyme induction, in
particular the cytochrome P450 pathway. The drugs with sedative
effects will reduce the required dose of anaesthetic agent, a familiar
effect that is often utilized by pre-medicating patients with benzodiazepines. Antiepileptic drugs that induce liver enzymes (such
as carbamazepine, phenytoin, and topiramate) lead to increased
metabolism and hence reduced efficacy or duration of action of
drugs such as the aminosteroid non-depolarizing neuromuscular
blocking agents and some opioids, local anaesthetics, and non-
steroidal anti-inflammatory drugs (Sweeney and Bromilow 2006).
These effects are difficult to quantify accurately and careful clinical monitoring, possibly in conjunction with enhanced monitoring such as a peripheral nerve stimulator or a depth of anaesthesia
monitor may be appropriate, especially in patients taking multiple
antiepileptic drugs (Voss et al. 2008). Sodium valproate inhibits
hepatic enzymes and so can prolong the effects of other drugs,
including antiepileptic drugs.
Many antiepileptic drugs are highly protein bound, a feature they
share with a number of anaesthetic drugs. When given in combination the resultant increase in the unbound fraction of either or both
drugs can quickly produce toxicity. This is particularly a problem
with phenytoin which is typically more than 90% protein bound. Its
therapeutic range is just below the concentrations associated with
zero-order kinetics, so any change to its protein binding not only
affect the concentration of free drug but may dramatically alter its
rate of elimination, leading rapidly to toxicity (Craig 2005).
Finally, some antiepileptic drugs have unique effects, such as the
reduction in platelet number or function caused by sodium valproate or the antiarrhythmic effects of phenytoin, which may or
may not be relevant to the delivery of anaesthesia (Table 81.2).

Pre-anaesthetic assessment

The impact of anaesthesia on epilepsy

When discussing epilepsy during the pre-anaesthetic interview, the
anaesthetist must establish the nature and frequency of the patient’s
seizures. This should include any triggering factors such as sleep
deprivation or stress (which might be avoided with appropriately
timed sedative pre-medication). A detailed medication history
including the timing of antiepileptic drugs should be taken and the
patient should be advised to continue this medication as normal
before anaesthesia. Many antiepileptic drugs are not available in an
intravenous preparation, and some cannot be crushed to administer
via a nasogastric tube, or require the nasogastric feed to be discontinued. If the patient’s usual drugs cannot be continued orally, a plan
should be established in discussion with a neurologist or pharmacist, and it may be appropriate to stabilize the patient on a treatment
which can be given parenterally before anaesthesia.
Assuming that any perioperative seizure is dealt with quickly and
safely, the most significant implication for the patient may be on
their ability to drive. In the United Kingdom, a period of 1 year free
from seizures is required in order to hold a driving licence (Driver
and Vehicle Licensing Agency 2011). It may therefore be pertinent
to enquire about the patient’s driving status and discuss the implications of perioperative seizures with them.

There are three possible relevant effects of an anaesthetic drug on
the epileptic patient (Voss et al. 2008). Firstly, epileptiform activity
may be seen on the electroencephalogram (EEG) and is as a result
of small areas (<1 cm2) of neuronal hypersynchrony. This is best
detected on cortical rather than scalp EEG and rarely produces any
clinically detectable activity. They are commonly caused by anaesthetic drugs, but rarely evolve in to a clinically detectable phenomenon; only a weak correlation between epileptiform spikes and
clinically detectable seizures has been described (Garcia-Morales
et al. 2002; Bromfield et al. 2006). Secondly, the EEG may demonstrate widespread epileptiform oscillations. This is termed a
seizure, though it may not be clinically apparent in the case of non-
convulsive seizures. Typically seizures are evident without EEG
monitoring, most commonly leading to tonic–clonic movements
of the limbs and a reduction in consciousness. This is the third
possible effect of anaesthesia on the patient with epilepsy and is
often referred to as a convulsion. Almost all anaesthetic drugs have
been associated with EEG changes or seizure activity to a greater or
lesser extent (Gratrix and Enright 2005). This is often based upon
animal studies or single case reports. Animal studies are difficult to
translate to human practice with any degree of accuracy and should
generally be considered as hypothesis-forming only. Similarly any
anaesthetic is likely to involve numerous drugs given in rapid succession making it very difficult to establish the causative drug in
a case report of possible anaesthetic-related seizure. Furthermore,
many of the same anaesthetic drugs have been associated with

Implications for anaesthesia

The impact of epilepsy and antiepileptic drugs
on anaesthesia
The major impact of epilepsy on the delivery of anaesthesia is that
of the drugs used to prevent or control seizures. Antiepileptic drugs
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Table 81.2 Relevant effects and side-effects of antiepileptic drugs
Drug

Effects relevant to anaesthesia

Carbamazepine

Reduces duration of activity of aminosteroid
neuromuscular blocking drugs
Induces hepatic metabolism of itself and other drugs

Phenytoin

Sodium valproate

Table 81.3 Relative pro-and anticonvulsant effects of various
anaesthetic drugs
Anaesthetic agent

Proconvulsant effect

Anticonvulsant effect

Nitrous oxide

+

−

Halothane

+

++

Potent inducer of hepatic enzymes and multiple
interactions
More than 90% protein bound
May decrease MAC of volatile agents
Increases CNS toxicity of local anaesthetics
Increases required dose of all neuromuscular blocking
drugs except atracurium
Vaughan Williams class 1 antiarrhythmic effects
Metabolic effects include hyperglycaemia,
hypocalcaemia and suppressed ADH secretion

Isoflurane

++

+++

Sevoflurane

++

Desflurane

−

Thiopental

++

++++

Etomidate

+++

+++

Induces hepatic enzymes
90% protein bound
High doses may displaces barbiturates and
benzodiazepines from binding sites
May reduce platelet function or number, though in
isolation of limited clinical significance
Contraindicated in acute liver disease

Lamotrigine

Fewer interactions and less enzyme induction than
other antiepileptic drugs
Duration of action reduced if taken with enzyme
inducing drugs (e.g. other antiepileptic drugs)
Associated with leucopenia
Possible reduced analgesia requirements

Levetiracetam

May cause drowsiness
Low protein binding and no hepatic metabolism make
interactions very uncommon
Possible use in status epilepticus

Data from Smith S, Scarth E and Sasada M (2011) Drugs in Anaesthesia and Intensive Care.
Oxford University Press; and Bonicalzi V, Canavero S, Cerutti F, Piazza M, Clemente M, Chio A
(1997). Lamotrigine reduces total postoperative analgesia requirement: A randomised
double-blind, placebo controlled pilot study. Surgery, 122(3), 567–570.

control of seizure activity. Table 81.3 quantifies the relative convulsant or anticonvulsant activity of some common anaesthetic drugs
(Gratrix and Enright 2005). These drugs are thought to have multiple binding sites with both excitatory and inhibitory actions, and
this probably accounts for the varied effects on seizure threshold.
The overall clinical effect depends on the balance of the drug’s pro-
and anticonvulsant properties and the use of other drugs and the
patient’s physiological status.
The clinician is left with a dilemma—how to balance the incomplete theory of neuropharmacology and physiology, with at times
conflicting animal studies and case reports to deliver a safe anaesthetic. What follows is a pragmatic and practical guide to safe
anaesthesia of a patient with epilepsy.
Benzodiazepine premedication delivered orally on the ward
may be useful in those patients with poor seizure control or stress-
related seizures. An intravenous dose of midazolam is a commonly
used co-induction technique and may produce some seizure prophylaxis during anaesthesia. However, in the event of an overdose, the

Benzodiazepines

+++

Ketamine

++

+

Propofol

++

++

Opioids

+++

Reproduced from Gratrix, A. P., and Enright, S. M. Epilepsy and anaesthesia in intensive care.
Continuing Education in Anaesthesia, Critical Care and Pain. Volume 5, Issue 4, pp. 118–121,
Copyright © 2005, by permission of the British Journal of Anaesthesia.

benzodiazepine antagonist flumazenil has been associated with
seizures (British National Formulary 2014). Etomidate has been
shown to induce epileptiform changes in the EEG (Ebrahim et al.
1986) and is effective in identifying the seizure focus during epilepsy surgery (Pastor et al. 2010). It seems prudent to avoid this
drug when anaesthetizing patients with epilepsy.
Ketamine is used for its haemodynamic stability or preservation of airway reflexes and spontaneous ventilation. Its effect on
epilepsy is not clear. Ketamine has been shown to produce epileptiform EEG changes and commonly produces abnormal movements at induction (Ferrer-Allando et al. 1973), but it is probably
more anticonvulsant than proconvulsant (Celsia et al. 1975) and
has been used in resistant status epilepticus (Borris et al. 2000).
Thiopental is a thiobarbiturate with anticonvulsant properties
typical of barbiturates and for many years has been considered
the anaesthetic agent of choice in status epilepticus (Brown and
Horton 1967). The recovery characteristics, lack of airway reflex
attenuation, and greater risk of anaphylaxis compared with propofol deter some from using this drug; however, it is undoubtedly
anticonvulsant and the lasting impact of all these problems, with
the exception of anaphylaxis, is minimal. There is no consensus
on the use of propofol in patients with epilepsy. Excitatory phenomena associated with its use, including seizures, are described
at both anaesthetic and sub-anaesthetic doses (Sneyd 1992).
However, it has also been shown to be effective in resistant status
epilepticus (Parviainen et al. 2006) and also shortens seizure duration in electroconvulsive therapy when compared with thiopental (Fear et al. 2005). The current prescribing data in the United
Kingdom recommends avoiding it in patients with epilepsy, as do
other experts in the field (Sneyd 1999). While our understanding
of the full mechanisms of action of propofol is limited it is unlikely
that consensus will be established. Pragmatically, when faced with
the choice of an induction agent with proven anticonvulsant activity and one where there remains doubt it would seem prudent to
choose the anticonvulsant agent when anaesthetizing a patient
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with epilepsy, unless there is a contraindication such as allergy or
a strong indication for propofol.
The major metabolite of atracurium and cisatracurium, laudanosine, crosses the blood–brain barrier easily and at high concentrations is neurotoxic. However, there is no evidence to suggest this
is a clinically relevant issue and animal studies have suggested its
use is safe (Tateishi et al. 1989). All other neuromuscular blocking
agents are considered safe in epilepsy.
All of the volatile anaesthetic agents have been associated with
epileptiform EEG changes to varying extents and, at times, abnormal movements (Ito et al. 1988). The clinical significance of these
and the incidence of progression to clinically evident seizure activity are probably very small. Conversely, there are case reports of
volatile anaesthesia being used to treat refractory status epilepticus
with some success though its application is limited by side-effects
and logistical problems (Shorvon and Ferlisi 2011). Sevoflurane
has been widely studied and a review concluded that no lasting
neurological or EEG sequelae of these changes had been demonstrated. The authors recommended that these EEG changes
could be reduced by avoiding hypocapnia, limiting the end-tidal
concentration to less than 1.5 MAC, and by the use of benzodiazepine pre-medication, opioids, and nitrous oxide (all of which
may in themselves offer some anticonvulsant effects). The authors
also recommended cerebral function monitoring in high-risk cases
to titrate sevoflurane dose and detect major epileptiform changes
(Constant et al. 2005).
Opioid drugs have both pro-and anticonvulsant properties,
which probably relates to their ability to bind to both opioid and
non-opioid receptors, which exert opposing effects on seizure
threshold (Cheng and Templehoff 1999). Studies suggest that doses
far in excess of those used in the opioid-naive surgical patient
are needed to induce seizures and it may be that receptor down-
regulation protects chronic opioid users. However, intrathecal
morphine has been associated with seizures (Kronenberg et al.
1998) and small intravenous doses of alfentanil, and possibly fentanyl, have been shown to induce EEG changes (Manninen et al.
1999). Given the popularity of these drugs it is unlikely that these
effects are of clinical relevance. Tramadol is known to reduce the
seizure threshold, especially if used in combination with selective serotonin reuptake inhibitors or tricyclic antidepressants, and
should be avoided in patients with epilepsy. Most other commonly
used analgesics are safe in epilepsy.
Avoidance of general anaesthesia may seem a sensible approach
for the patient with epilepsy. Local anaesthetics are another group
of drugs with varied effects on the likelihood of seizures. Low doses
of local anaesthetic reduce cerebral blood flow, metabolic activity,
and electrical activity, producing an anticonvulsant effect. This is
utilized in neonatal medicine where lidocaine is used for resistant
seizures (Shany et al. 2007). At higher doses, local anaesthetics are
neurotoxic and commonly cause convulsions. Some have suggested
that patients with seizure disorders are more likely to develop local
anaesthetic-related seizures and that regional techniques should be
modified by selecting a low-potency local anaesthetic and minimizing the dose (Faccenda and Finucane 2001). There is, however,
little evidence for this, and a retrospective review of 411 procedures undertaken with regional or central neuraxial anaesthesia
in patients with epilepsy found that the timing of the most recent
preoperative seizure was the best predictor of postoperative seizures (Kopp et al. 2009). The anaesthetist must therefore balance

the likelihood and the risk of an intraoperative seizure based on the
patient’s seizure frequency, any precipitating factors such as stress
or anxiety, and the nature of the surgery.

Perioperative seizures
Abnormal perioperative movements have a wide differential
diagnosis and it may be difficult to accurately diagnose what is
a true seizure, and even harder to attribute a specific drug as a
cause. A careful clinical assessment of the whole episode including any impairment in consciousness and the recovery from any
possible seizure is essential and should be carefully documented.
True perioperative seizures should be managed in the same manner as any other seizure. If local anaesthetic toxicity is suspected
then Intralipid®, which was initially recommended only for the
treatment of cardiac arrest as a result of local anaesthetic toxicity,
may be effective in managing seizures and arrhythmias (Foxall
et al. 2007) and guidelines have changed to encourage its use
earlier (The Association of Anaesthetists of Great Britain and
Ireland 2010).
With careful pre-assessment, an understanding of the pharmacology of anaesthetic and antiepileptic drugs and their interactions,
along with consideration of the patient and the surgical intervention, safe and effective anaesthesia can be delivered to patients with
epilepsy or a propensity for seizures with a high degree of safety.

Multiple sclerosis
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS), characterized by axonal demyelination.
Its clinical course is varied and, although there are common clinical syndromes associated with MS, theoretically any nerve within
the CNS can be affected, producing an almost infinite number of
signs and symptoms. The prevalence varies geographically, with
the highest rates in Northern and Western Europe, Australasia, and
central North America and a very low incidence in those of African
or Asian origin (Kurtzke 1991). There is significant evidence of
genetic predisposition with monozygotic twin concordance rate six
times higher than that of dizygotic twins (Sadovnick et al. 1993),
and a high prevalence of human leucocyte antigen (HLA)-DR
and -DQ genotypes in sufferers (Weinshenker et al. 1998). There are
also suggestions of environmental and infectious triggers including
human herpes virus 6 and Chlamydia pneumoniae (Challoner et al.
1995; Sriram et al. 1999).
The diagnosis is based on clinical features initially, typically after
detection of two separate episodes of possible symptoms which
are distant both in time and their focus within the CNS. Common
early symptoms include optic neuritis, paraesthesia, ataxia, bladder
dysfunction, or neuropathic pain including trigeminal neuralgia.
Magnetic resonance imaging typically reveals ‘plaques’ of demyelination (Goodkin et al. 1994). Examination of the cerebrospinal
fluid may also be useful, with elevated concentrations of immunoglobulin (Ig)-G, oligoclonal bands, and lymphocytic pleocytosis
common. Visual and somatosensory-evoked potentials may demonstrate sub-clinical evidence of impaired neuronal conduction
secondary to demyelination (Noseworthy et al. 2000).
The subsequent clinical course varies greatly but typically follows
one of four patterns (Hauser and Goodwin 2008):
◆

Relapsing and remitting: discrete episodes of symptoms, with
complete or near complete recovery in between.
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Secondary progressive: after a period of relapsing/remitting MS,
symptoms become permanent and more severe over time.
Primary progressive: similar to secondary progressive MS,
but without the preceding period of relapsing and remitting
symptoms.
Progressive and relapsing: episodes of acute exacerbations of symptoms with partial recovery but an overall chronic deterioration.

There is no cure for MS and although treatment is not always
needed, the aims of treatment are to reduce the duration and frequency of exacerbations with disease-modifying therapies such as
corticosteroids, plasma exchange, and interferon beta. Symptomatic
treatment is essential (Cree 2007).

Anaesthetic implications
Patients may present for a wide range of surgical interventions both
related and unrelated to their MS. As the disease may develop relatively early in adult life it is also one of the more common neurological diseases encountered during pregnancy. For some time it
has been thought that both emotional and physiological stress may
produce a relapse of MS, although the strength of this relationship
is probably weak and may relate to number of stressors rather than
their severity (Brown et al. 2006). This makes it very difficult to
establish the cause of a postoperative exacerbation, and particularly
difficult to prove any association with a particular anaesthetic drug
or technique.

Preoperative assessment
During preoperative assessment, attention must be given to the
patient’s current neurological symptoms, in particular those affecting the airway, respiratory system, and cardiovascular system.
Various respiratory effects may be seen ranging from diaphragmatic weakness or paralysis secondary to cervical cord lesions,
altered response to arterial tension of carbon dioxide, or impaired
bulbar function affecting coughing and swallowing. While total
lung volume and vital capacity may remain within normal ranges,
maximal inspiratory and expiratory efforts may be reduced by up
to 50%, reducing the functional residual capacity and good pre-
oxygenation will be important (Smeltzer et al. 1992). A simple bedside assessment of cough strength, ability to clear secretions, and
exhale deeply may be as useful as formal pulmonary function testing and arterial blood gas analysis (Tantucci et al. 1994).
Demyelination within the high thoracic cord may lead to autonomic neuropathy causing intraoperative haemodynamic instability; there are reports of severe hypotension resistant to fluid and
vasopressor, in particular related to central neuraxial anaesthesia
(Kattula et al. 1999). Patients with a history of syncope, impotence,
bladder or bowel dysfunction, or orthostatic hypotension should
alert the clinician to the possibility of autonomic dysfunction
(Darotta and Schubert 2002).
Finally, it is essential to consider recent and current drug history.
Significant steroid use may necessitate perioperative supplementation or have caused side-effects such as myopathy. Baclofen may
also cause weakness and increased sensitivity to non-depolarizing
neuromuscular blocking agents. Anticonvulsants used either for
seizures or neuropathic pain may lead to resistance to these drugs.
Immunosuppressant drugs may have significant side-effects such as
pulmonary fibrosis or myocarditis, and the obvious increased risk
of perioperative infection.

Choice of anaesthetic technique
For many years, there have been concerns that central neuraxial and regional anaesthesia may increase the risk of relapse
in patients with MS. There are three potential mechanisms for
this. The first is that of mechanical trauma at the time of injection (either by the needle or increased pressure) may provide a
‘focus’ for demyelination to occur. Second, demyelinated nerves
(which may not be clinically evident) may be more susceptible to
neurotoxicity from local anaesthetic drugs, a concern particularly
during spinal anaesthesia. Finally, these same nerves may be more
at risk of ischaemia secondary to compression by injectate within
the nerve sheath, or from additives to the local anaesthetic. There
are no large prospective studies comparing anaesthetic techniques
in patients with MS. The published retrospective data are from
small cohorts, but do not support these concerns about regional
or central neuraxial techniques. The largest study to date included
139 patients with CNS disease, 25% of whom had MS, undergoing
epidural, combined spinal–epidural, ‘single-shot’, or continuous
spinal anaesthesia. They found no documented new or worsening neurological symptoms, with a mean duration of follow-up of
approximately 6 weeks (Hebel et al. 2006).
The anaesthetist must balance the risks and benefits of each possible technique on an individual patient basis and after discussion
help the patient make an informed decision. Where a central neuraxial technique is needed, there may be a theoretical advantage to
choosing an epidural if possible as lower concentrations of local
anaesthetic can be used, and direct contact with the spinal cord is
avoided.
There are few specific concerns about general anaesthesia in
patients with MS. Attention should be given to positioning in
patients with contractures or altered posture, and the general principles of maintaining oxygen delivery to potentially ‘at-risk’ neuronal
tissue should be observed. In patients with significant upper motor
neurone weakness, the risk of significant hyperkalaemia with
suxamethonium should be considered carefully (Cooperman 1970).
Irrespective of the technique chosen, careful attention to perioperative temperature control is essential. Conduction in demyelinated nerves slows as temperature increases and may lead to new
or worsened postoperative symptoms (Guthrie and Nelson 1995).
Postoperatively, the patient should be carefully assessed for new
symptoms or signs and if there is concern discussion with a neurologist is advisable.

Multiple sclerosis and pregnancy
MS is one of the more common neurological diseases in women
of childbearing age. Seventy per cent of cases present between the
ages of 20 and 40 years, and 1 in 10 cases in this age group present in pregnancy (Drake et al. 2006). A study assessing relapses of
MS in pregnancy followed a total of 227 pregnancies. The authors
found a reduced incidence of relapse during pregnancy, especially
the third trimester. In the first 3 months postpartum the relapse rate
was higher than the pre-pregnancy risk, after which it reduced back
to baseline. Epidural analgesia was used in 42 cases and was not
identified as a risk factor for relapse (Confavreux et al. 1988). Data
on spinal anaesthesia for delivery is more limited but does not support the theoretical concerns of relapse as a result of increased local
anaesthetic neurotoxicity in demyelinated nerves. Careful antenatal
assessment and planning is essential to consider each patient individually and agree and plan which she finds agreeable.
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Myasthenia gravis
Myasthenia gravis (MG) is an auto-immune disease in which
antibodies are generated against the postsynaptic nicotinic acetylcholine receptors of the neuromuscular junction. This results
in weakness and the cardinal clinical feature of fatigability in voluntary muscle. The exact pathophysiology is not fully understood;
however, the thymus gland is abnormal in many patients with MG
with the majority showing hyperplasia and a thymoma is present
in 10–15% (Hughes et al. 2004). The severity of clinical manifestations is variable; though many patients will go on to develop severe
weakness. Table 81.4 shows a widely used classification of myasthenic symptoms (Osserman and Genkins 1971).
The diagnosis is based on history and examination suggesting
fatigability of muscle, supported by detection of auto-antibodies
to the acetylcholine receptor (typically IgG) which are present in
80–90% of cases (Lindstrom et al. 1976). Electromyography usually
demonstrates a reduction in compound muscle action potentials
with repeated stimulation despite normal conduction velocities
(Baraka 1992). The Tensilon test may also be performed, where a
dose of edrophonium (a synthetic acetylcholinesterase inhibitor)
is administered and a there is transient improvement in power
and reduction in fatigability (Osserman and Kaplan 1952). This is
measured in an easily quantifiable muscle group, for example, by
assessing grip strength (forearm and hand muscles) or forced vital
capacity (FVC) respiratory muscles.
Treatment of mild disease is with acetylcholinesterase inhibitors,
such as pyridostigmine, to reduce the clearance of acetylcholine
from the neuromuscular junction, a therapy with clear relevance to
the anaesthetist. The usefulness of these drugs is usually limited by
muscarinic side-effects. In more severe disease, immunosuppressive
therapy is used, typically with steroids with or without azathioprine
or cyclophosphamide. A myasthenic crisis is an acute exacerbation of MG causing respiratory weakness necessitating ventilatory support, and is often accompanied by severe bulbar muscles
weakness. This life-threatening complication is often treated with
plasma exchange or intravenous immunoglobulin therapy which
may provide rapid but short-term improvement. When a thymoma
is present, thymectomy is recommended to avoid local invasion,
and may improve myasthenic symptoms. Similarly in patients with
thymic hyperplasia, thymectomy may improve symptoms or lead to
remission (Kumar and Kaminski 2011).

Table 81.4 The Osserman and Genkins classification system
of severity of myasthenia gravis
Type Clinical appearance
1

Ocular signs and symptoms only

2A

Generalized mild muscle weakness responding well to treatment

2B

Generalized moderate muscle weakness responding less well to
treatment

3

Acute fulminating presentation and/or respiratory dysfunction

4

Myasthenic crisis requiring invasive ventilation

Reproduced with permission from Osserman KE, Genkins G. Studies in myasthenia
gravis: Review of a twenty-year experience in over 1200 patients. Mount Sinai Journal of
Medicine, Volume 38, pp. 497–537, Copyright © 1971 Mount Sinai School of Medicine.
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Anaesthetic implications
The focus of anaesthetic management is to preserve and support
respiratory function as much as possible in the perioperative
period. This requires preoperative assessment and possibly optimization, intraoperative considerations of the use of neuromuscular
blocking agents and analgesics, and postoperative monitoring and
support.

Preoperative assessment
Preparation for elective surgery should involve a multidisciplinary
team of neurologist, surgeon, anaesthetist, and critical care team.
Careful assessment of respiratory function is essential and regular
measurement of FVC may be most useful. In patients with severe disease or limited response to treatment, preoperative plasma exchange
may be considered. Factors associated with the need for postoperative respiratory support include a FVC less than 40 ml kg−1, a
pyridostigmine dose greater than 750 mg day−1, other chronic respiratory disease, grade 3 or 4 MG, and disease duration of longer
than 6 years (Thavasothy and Hirsch 2002; Hines and Marshall 2008).
Medications need reviewing carefully and plans may be needed for
corticosteroid supplementation and alternative routes of administration if surgery involves the gastrointestinal tract. It is usual to omit
acetylcholinesterase inhibitors on the morning of surgery.

Anaesthetic management
Whenever possible, it is best to avoid general anaesthesia. It is
important, however, to consider that certain regional anaesthetic
techniques, such as interscalene blockade, may reduce respiratory
function, which can be critical in patients with borderline respiratory function preoperatively. When general anaesthesia is unavoidable then neuromuscular blocking agents should not be used if
possible, and often tracheal intubation can be achieved under deep
anaesthesia and opioids alone. When this is not possible, especially
when rapid sequence induction is necessary, a thorough understanding of the pathology of MG and the pharmacology of neuromuscular blocking agents is essential.
Succinylcholine binds to the same postsynaptic acetylcholine
receptors as are affected by MG. The reduction in functional receptors results in resistance to the effects of suxamethonium and,
theoretically requires, an increase in dose to achieve sufficient neuromuscular block for intubation. A dose–response study suggested
that MG increases the ED50 and ED95 of suxamethonium by a factor of 2–2.6; however, the commonly used dose of 1–1.5 mg kg−1
is three to five times the normal ED95, and hence no dose increase
may be needed (Eisenkraft et al. 1988). This was supported by a subsequent study which demonstrated a dose of 1 mg kg−1 to be fully
effective in patients with MG (Wainwright and Brodrick 1987).
Conversely, patients with MG are markedly more sensitive to
the effects of non-depolarizing neuromuscular blocking agents
(Thavasothy and Hirsch 2002), an effect which may be significant
even in those with minimal disease (including patients in remission
and those with clinical undetectable MG) (Enoki et al. 1989; Kim
and Mangold 1989; Lumb and Calder 1989). The ED50 and ED95
of atracurium and vecuronium are reduced by approximately 50%
(Baraka 1992). When rapid sequence induction is not required,
small doses can be titrated while monitoring neuromuscular function with a peripheral nerve stimulator, and further doses titrated
intraoperatively. Such small doses will probably reverse spontaneously and an anticholinesterase will not be required. Caution
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is required if neostigmine is needed, especially if the patient has
taken their usual acetylcholinesterase inhibitors that day, as a cholinergic crisis (excessive acetylcholine producing flaccid weakness
and respiratory failure along with other cholinergic symptoms such
as sweating, salivation, meiosis, and bradycardia) may develop.
Sugammadex has been used in a patient with MG, and may be
useful in preventing residual weakness causing respiratory compromise, or in permitting use of rocuronium as a rapid sequence
induction agent (Unterbuchner et al. 2010).
When respiratory function is significantly impaired by MG or
surgery (e.g. thoracotomy), effective analgesia is essential. A multimodal approach to reduce opioid use is essential, and epidural
analgesia should be considered when appropriate. Postoperatively,
it should be possible to extubate the trachea of most patients with
reasonable preoperative respiratory function. Most patients should
be observed in a critical care unit, for respiratory monitoring and
optimization of myasthenia treatment.

Table 81.5 Clinical features of Parkinson’s
disease of relevance to anaesthetist
Central nervous system
◆

Tremor (pill rolling)

◆

Rigidity (cogwheel or lead-pipe)

◆

Bradykinesia

◆

Postural imbalance

◆

Expressionless face

◆

Slow gait

Cardiovascular system
◆

Orthostatic hypotension

Respiratory system
◆

Restrictive and/or obstructive lung defect

Lambert–Eaton myasthenic syndrome

◆

Obstructive sleep apnoea

The Lambert–Eaton myasthenic syndrome (LEMS) is a relatively
common disorder of the neuromuscular junction, often associated with neoplasia, most typically small cell lung cancer. Auto-
antibodies are formed which interact with voltage-gated calcium
channels in the pre-synaptic cleft, resulting in reduced release of
acetylcholine and hence weakness which typically improves with
repetition as more acetylcholine is released. Patients with the
Lambert–Eaton myasthenic syndrome are sensitive to both depolarizing and non-depolarizing neuromuscular blocking agents, and
doses should be reduced, though there is limited data to guide this
(Baraka 1992).

◆

Aspiration

Parkinson’s disease and parkinsonism
Parkinson’s disease is an idiopathic form of parkinsonism and
accounts for the majority of cases. Other causes of parkinsonism
include atherosclerotic multi-infarct disease, drugs [such as phenothiazines, butyrophenones (e.g. droperidol), and metoclopramide],
repeated head trauma (as was said to affect the boxer Mohammed
Ali), some types of poisoning, and other neurodegenerative diseases including progressive supranuclear palsy, multiple system
atrophy, Shy–Drager syndrome, and Lewy body disease (early
dementia and hallucinations). The prevalence of Parkinson’s disease increases with age, with 1.6–3% of those older than 65 years
affected (Moghal et al. 1994; de Rijk et al. 1997). There may be a
familial factor or subtype.
The classic features are tremor, rigidity, and bradykinesia often
associated with postural imbalance. Other features of relevance
to an anaesthetist are described in Table 81.5; some are the result
of autonomic dysfunction. There is, however, no specific test for
Parkinson’s disease.
Parkinson’s disease arises as a result of depletion of dopaminergic neurones in the substantia nigra of the basal ganglia. There are
two main therapies—to pharmacologically increase the amount
of dopamine in the basal ganglia, or neurostimulation to mimic
the actions of dopamine. The commonly used drugs are listed in
Table 81.6.
Dopamine does not cross the blood–brain barrier. Instead, a
prodrug, levodopa (L-dopa), is used, which is enterally absorbed
and crosses the blood–brain barrier. In the brain, is it converted

Others
◆

Excess salivation

◆

Dysphagia

◆

Nausea

◆

Depression

◆

Dementia

◆

Flexion deformity of neck

to dopamine, while peripheral conversion is blocked by co-
administration of a peripheral dopa decarboxylase inhibitor (such
as carbidopa or benserazide) to reduce systemic side-effects.
Levodopa requirements increase over time and ‘on/off ’ effects
may be seen. When ‘on’ the levodopa is working and voluntary
Table 81.6 Common drug therapies for Parkinson’s disease
Drug

Anaesthetic considerations

Levodopa (L-dopa)

Dyskinesia; neuroleptic malignant
syndrome; do not stop abruptly

Oral dopamine agonists
(e.g. ropinirole, pergolide,
bromocriptine)
Apomorphine

Nausea and vomiting, severe hypotension

Type B monoamine oxidase
inhibitors (e.g. selegiline)

Possible interaction with pethidine
(Zornberg et al. 1991) and
sympathomimetics

Anticholinergics (e.g.
orphenadrine)

Central anticholinergic syndrome

Catechol-O-methyl transferase
inhibitors

Interaction with other drugs using COMT
pathway (e.g. adrenaline)

Others: amantadine
Data from Zornberg GL, Bodkin JA, Cohen BM (1991). Severe adverse interaction between
pethidine and selegiline. The Lancet, 337, 246.
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movement may be good; however, as the concentration of dopamine decreases towards the end of a dosing interval. the patient
can rapidly go into an ‘off ’ period marked by a rebound increase
in rigidity and bradykinesia (fixed dyskinesias). Long-term use of
levodopa can be associated with extrapyramidal dyskinesias and
choreiform movements. Alternatively, dopamine agonists, type B
monoamine oxidase inhibitors, or catechol-O-methyl transferase
inhibitors can be used. The purpose of these drugs is to delay the
onset of use of levodopa and its associated adverse effects, or to
be used with levodopa to smooth out the ‘on/off ’ fluctuations.
Apomorphine, which must be given subcutaneously or sublingually, is a short-acting dopamine agonist that, while very emetogenic, can dramatically smooth out ‘on/off ’ effects, or be given
while patients are ‘nil by mouth’. Domperidone is given concurrently to reduce nausea.
A sudden cessation of treatment can precipitate a dramatic worsening of the symptoms of the disease. If levodopa is stopped or
withdrawn abruptly, the neuroleptic malignant syndrome (rigidity,
hyperthermia, autonomic dysfunction, and muscle breakdown)
can be precipitated.
Some patients with very debilitating or refractory disease have
brain electrodes inserted to enable deep brain stimulation. More
experimental treatments include cell transplantation. Long-term
care of patients with Parkinson’s disease requires specialist neurologist and nursing inputs, and these professionals will usually be
involved in planning elective surgery.

Perioperative care and anaesthetic considerations
The basis of perioperative care is to continue the patient’s usual
treatment for as long as possible, and to restart it as soon as possible afterwards. If necessary, a nasogastric tube can be used to
administer levodopa, which must be taken enterally. If levodopa
cannot be restarted, or the ‘off ’ effects are very severe, apomorphine
can be given. However, this drug should only be used under expert
supervision because of the complexities of dosing and managing
the problematic side-effects.
Centrally acting anticholinergic drugs should be avoided, along
with those known to be associated with parkinsonism (e.g. some
antiemetics). If an antisialagogue is required for drooling, glycopyrrolate should be used. Patients with severe lung disease or chronic
aspiration may have worsened respiratory function postoperatively.
Regional anaesthesia may offer a way to avoid general anaesthesia
and allow earlier resumption of oral therapy. However, tremor and
rigidity may hamper attempts to place neuraxial blocks or to use
regional techniques.
There is little evidence on which to base the choice of general
anaesthetic drugs or techniques (Zornberg et al. 1991). For example, while inhalation anaesthetics have complex interactions with
dopaminergic pathways, there is no known contraindication to
their use in patients with Parkinson’s disease. Parkinsonism has
been seen after use of thiopental, but the clinical significance of
the few available reports is unclear (Nicholson et al. 2002). The
lack of evidence is particularly pertinent to the use of propofol,
as it is, otherwise, a useful agent for patients undergoing asleep–
awake–asleep surgery for insertion of deep brain electrodes to
manage their Parkinson’s disease. Propofol induced dyskinesias
in two Parkinson’s patients temporarily off treatment (Kraus et al.
1996) and in a patient undergoing deep brain electrode placement
(Deogaonkar et al. 2006), and it reduces neuronal activity in the

subthalamic nucleus, interfering with accurate placement of the
electrodes (Raz et al. 2010), although it has been used successfully
for this procedure.
Morphine and other opioids may interact with dopamine
pathways. In two patients morphine caused a reduction of dyskinetic movements at low doses and akinesia at higher doses
(Berg et al. 1999). An acute dystonic reaction was observed after
alfentanil 20 µg kg−1 in a patient with untreated Parkinson’s disease (Mets 1991). A possible association between Parkinson’s
disease and suxamethonium-related hyperkalaemia has been
reported, but others have failed to find a link (Gravlee 1980;
Muzzi et al. 1989).

Stroke and cerebrovascular disease
Stroke is defined by the World Health Organization as a clinical
syndrome of rapid onset of focal (or global, as in subarachnoid
haemorrhage) cerebral deficit, lasting more than 24 h (unless interrupted by surgery or death), with no apparent cause other than a
vascular one. With the ageing population, the incidence of stroke
is rising. More than 150 000 people in the United Kingdom have a
stroke each year (Stroke Association 2016), and many hundreds of
thousands of patients are alive in the United Kingdom having suffered a stroke in the past.

Pathophysiology
About 85% of strokes are ischaemic (most commonly thrombotic, and less commonly embolic) and the rest are haemorrhagic. The immediate importance of this distinction is that
thrombotic stroke may be suitable for acute thrombolysis,
whereas haemorrhagic strokes are not. The important risk factors
are hypertension, diabetes, smoking, high cholesterol, and atrial
fibrillation (embolic stroke). Patients with atrial fibrillation are
likely to receive warfarin; other patients surviving a thrombotic
stroke will have medical conditions treated and lifestyle factors
modified. Secondary prevention with low-dose aspirin is common, while the benefits of other antiplatelet agents are less clear.
High cholesterol will be treated with diet and statins and blood
pressure will be controlled.
Previous stroke or transient ischaemic attack is a significant risk
factor for a perioperative stroke. In general, patients with symptomatic carotid stenosis should undergo carotid endarterectomy
before major surgery (Selim 2007). The use of such surgery in
patients with asymptomatic carotid bruits is much less clear, and
referral for specialist advice is warranted (Selim 2007).

Recent stroke
The immediate management of stroke (ischaemic, haemorrhagic
including subarachnoid haemorrhage, and embolic) is not the remit
of this chapter. Some stroke patients require urgent anaesthesia for
thrombectomy or other interventional neuroradiology procedures,
or for decompressive craniectomy for malignant middle cerebral
artery syndrome. Again, these conditions, as well anaesthesia for
carotid artery disease, are covered elsewhere. In nearly all other
situations surgery in patients with a recent stroke can be deferred.
If urgent anaesthesia is required, they are best served by treating
them like any other patient with a recent brain injury—with careful attention to blood pressure control, hydration, oxygenation, and
blood sugar concentration.
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Perioperative management of patients with a
previous stroke
There is very little data on how long-standing stroke patients
should be managed. Many will present with the same conditions
requiring surgery seen in other elderly patients needing urological,
ophthalmic, or orthopaedic procedures. Previous stroke is often
but one of their co-morbidities, and their care should be tailored
to these conditions; a good common-sense approach with maintenance of normal (for that patient) blood pressure, good hydration,
and monitoring after surgery for adequate recovery of respiratory
function is required.
Patients with significant upper motor neurone loss are at risk
of an exaggerated hyperkalaemic response to succinylcholine (as
mentioned elsewhere). While one approach would be to balance
the risks and benefits of using this agent, rocuronium is a satisfactory alternative in many circumstances.

Managing antiplatelet and anticoagulant therapies
Many patients will be taking aspirin and may also be taking clopidogrel (or other antiplatelet agents). Alternatively, warfarin is commonly given to patients with atrial fibrillation. Statins will also be
commonly prescribed and, of course, should be continued in the
perioperative period. A number of guidelines about the management of these agents in patients undergoing surgery have been produced (Gogarten et al. 2010; Horlocker et al. 2010; Harrop-Griffiths
et al. 2013). Chronic use of aspirin rarely leads to difficulty, but use
of clopidogrel and, of course, warfarin can lead to bleeding problems. Similarly, these agents will preclude the use of central neuraxial blockade.

dysfunction of the basal ganglia can result in abnormal movement
or difficulties controlling movement. This dysfunction may result
from degenerative or inherited disease, drug toxicity, or injury
from hypoxia or trauma. The anaesthetic management of these
conditions is broadly similar as the underlying abnormalities are
also similar. Table 81.7 summarizes some of the basal ganglia disorders that are seen in clinical practice. Parkinson’s disease is the
most common of these disorders and is dealt with in more detail
elsewhere in this chapter.
Consideration of the individual’s health, reserve, and frailty is
an important part of the anaesthetic assessment and perioperative
plan. Careful attention should be paid to medications and potential interactions with anaesthetic drugs. Drugs acting on dopaminergic pathways may exacerbate movement disorders and should
be avoided where possible and the patient’s regular drug therapy
should be continued wherever possible.
Patients with Sydenham’s chorea need to be assessed carefully
for evidence of cardiovascular compromise as a result of rheumatic
fever. In particular, mitral valve stenosis may cause significant perioperative cardiovascular instability. In Huntington’s chorea, basal
ganglia GABA concentrations are decreased and somatostatin concentrations are increased (Benumof 1998). Despite this there are no

Table 81.7 Summary of the commoner basal ganglia related
movement disorders
Parkinson’s
disease

Idiopathic onset aged 4–70 years
Characterized by bradykinesia, pill-rolling tremor, shuffling
gait, and expressionless face
Caused by dopamine deficiency in caudate and putamen
Autonomic dysfunction and dementia may occur
Treated with dopamine or drugs to boost CNS dopamine

Huntington’s
chorea

Autosomal dominant trinucleotide repeat disorder
Onset typically 35–40 years
Chorea, ataxia, and dysarthria initially
Dementia increases as disease progress
No treatment

Sydenham’s
chorea

Also known as ‘St. Vitus’s dance’
Typically seen in children as an auto-immune complication
of group A β-haemolytic streptococcal infection
Seen in 20–30% of cases of rheumatic fever
Chorea, dysarthria, and loss of fine motor control
Associated with endocarditis and ECG abnormalities

Spasmodic
torticollis
(and other
craniocervical
spasms)

Intermittent irregular spasms of the muscles of head and/
or neck, typically sternocleidomastoid
Onset is early to mid adulthood
Possibly due to hypersensitivity to dopamine in striatum
Surgical interruption of spinal accessory nerve and C1–3
motor roots is effective

Torsion dystonia

Also known as Oppenheim’s disease
Genetic disease with varied inheritance and onset
Gradual onset involuntary writhing movements and
torsion spasms
Spasms may cause spinal deformity needing correction or
making airway management difficult

Rare neurological conditions
Intermittently an anaesthetist will be asked to care for a patient
with a condition they have never encountered, or possibly never
heard of, before. A good grasp of the basic science underlying
both the intended anaesthetic and the condition involved can help
immensely. Rather than provide a commentary on an endless list
of rare neurological conditions, what follows is a summary of some
related conditions and their implications for anaesthesia. While this
may not cover every condition that an anaesthetist may encounter,
it is hoped that the basic principles and science can be transferred
to manage such patients.
The core principles of careful preoperative assessment to establish the deficit and problems caused by the condition, with a careful
assessment of airway, breathing, and circulation are essential and
must be coupled with an understanding of the pathophysiology of
the disease and relevant pharmacology in order to provide a safe
anaesthetic. An awareness of associated conditions and diseases is
also important and where relevant these are outlined in the following sections.
Muscle diseases, including myotonic dystrophy, are covered in
Chapter 80.

Movement disorders
The basal ganglia are found at the base of the forebrain and
interlink with the upper cortex, brainstem, and cerebellum. This
allows them to act as a coordinating centre that moderates and
fine-tunes movement initiated in the motor cortex. Consequently
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convincing reports of complications of anaesthetic drugs acting on
GABA-ergic pathways (Gaubatz and Wehner 1992). Plasma cholinesterase activity may be decreased and may result in prolonged
duration of muscle weakness after succinylcholine, although this is
not a consistent finding and should not be considered a contraindication to its use (Costarino and Gross 1985). Anticholinergic
agents which cross the blood–brain barrier, such as atropine, may
exacerbate chorea.
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Table 81.8 Summary of conditions involving degeneration of motor
neurones
Spinal muscular atrophy
Type 1 to 4

Inherited condition ranging from rapidly
progressive weakness usually fatal in the first year
of life (type 1), to chronic indolent weakness
developing in adulthood (type 4)

Friedrich’s ataxia

Inherited progressive ataxia with degeneration of
motor neurones within spinal cord. Typical signs
include upper and lower motor neurone and
cerebellar deficits

Guillain–Barré syndrome

Acquired typically post-infectious autoimmune
demyelination of lower motor neurones
Autonomic dysfunction is common. Respiratory
support may be required

Acute disseminated
encephalomyelitis (ADEM)

Immune mediated demyelination of brain and
spinal cord closely related to multiple sclerosis.
Typically following infection or occasionally
vaccination or sporadic. Recovery is seen in
50–70% but a more aggressive necrotizing form
also exists

Diseases causing motor neurone degeneration
A wide variety of degenerative, acquired, and inherited diseases
can lead to weakness and muscle wasting without sensory deficit.
The most common form is motor neurone disease (also known as
amyotrophic lateral sclerosis).

Motor neurone disease
This is a pre-junctional condition that causes upper and lower
motor neurone degeneration. Its most common form is sporadic, but inherited forms sometimes associated with dementia
have been described. It causes a rapidly progressive weakness of
skeletal, respiratory, and bulbar muscles (McDermott and Shaw
2008). There is no curative treatment and death from neuromuscular respiratory failure is typical, although this may be delayed
with the use of non-invasive ventilation and tracheostomy. The
glutamate release inhibitor riluzole can extend survival by a few
months. Its important side-effects include interstitial lung disease, bone marrow suppression, and hepatitis (Lacomblez et al.
1996). The numbers of extra-junctional acetylcholine receptors
increase in denervated muscle, leading to the risk of significant
hyperkalaemia with suxamethonium, which should be avoided.
The effective dose of non-depolarizing neuromuscular blocking
agents is reduced and their effect should be closely monitored
(Marsh and Pittard 2011). Patients with significant respiratory
muscle weakness pose a clinical and ethical challenge for the
anaesthetist.
As with most patients suffering from respiratory disease, regional
or central neuraxial anaesthesia may be considered superior; however, care must be taken with techniques which can cause respiratory muscle weakness such as interscalene block, or respiratory
depression such as intrathecal opioids.
Postoperative respiratory failure is common in these patients.
This may not be easily reversed as the remaining respiratory muscle mass will atrophy rapidly limiting their ability to wean back to
unsupported spontaneous breathing. Detailed preoperative assessment and discussion with the patient is essential, and, if appropriate,
limitations of care or plans for a tracheostomy at the time of surgery
may need to be made. Ideally postoperative respiratory support is
provided with non-invasive ventilation only and weaned rapidly.
Other conditions that involve motor neurone degeneration
are summarized in Table 81.8. The anaesthetic considerations
are largely similar to those described previously for patients with
motor neurone disease.

Spinal cord injury
The anaesthetic management of patients sustaining an acute spinal cord injury is dealt with elsewhere within this text; however,
patients with an established spinal cord injury and neurological
deficit will present for a variety of surgical procedures. During preoperative assessment it is essential to consider the level and nature

of the cord lesion and its subsequent neurological deficit, and any
previous surgical interventions.
Neck movement may be limited as a result of muscular contractions or surgical fixation leading to potential difficulty achieving
satisfactory laryngoscopy for intubation. Any deficit originating
from a thoracic vertebral level will reduce intercostal muscle function, though after a period of adaption this is often well tolerated.
For quadriplegic patients dependent on diaphragmatic breathing,
respiratory function is optimal in the supine or mild Trendelenburg
position (Baydur et al. 2001). Assessment of respiratory function
and planning for postoperative care or support may be informed
by spirometry and arterial blood gases. Tracheal intubation and
mechanical ventilation of the lungs is likely to be necessary for most
patients with high thoracic or cervical cord injury and the choice of
anaesthetic agents and analgesic strategy should be aimed at minimizing respiratory depression postoperatively. It may be necessary
to plan for a period of postoperative ventilation and slow weaning
of support depending on the baseline function of the patient and
the expected impact of surgery on the respiratory system.
High thoracic and cervical cord lesions will produce significant
reduction in sympathetic tone below the lesion resulting in vasodilation, relative hypotension, and a reduction in the tachycardic
response to hypotension. The impact of this will need to be considered carefully by the anaesthetist as it will be exacerbated by
most anaesthetic agents, and may mask the typical signs of hypovolaemia. The inability to vasoconstrict below the level of the cord
lesion also has implications for thermoregulation. Careful attention
should be paid to monitoring and maintaining a normal temperature, especially during long procedures.
Chronic kidney disease is common as a result of urinary retention, infection, and calculus formation. Baseline renal function
should be checked and when abnormal the patient should be
assessed for common complications of chronic kidney disease.
Extra-junctional proliferation of nicotinic acetylcholine receptors is common in denervated muscle after spinal cord injury and
can cause life-threatening hyperkalaemia even with normal renal
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function (Martin and Richtsfeld 2006). Suxamethonium is best
avoided in patients with an established spinal cord injury.
It may seem logical to question the necessity of any form of anaesthesia when a patient has been rendered insensate below the level
of their spinal cord lesion; however, spinal and autonomic reflexes
often persist and can lead to significant problems. Autonomic
hyperreflexia is a generalized autonomic over-activity in response
to stimulus below the level of the cord lesion. This typically may
include bowel or bladder distension or other intra-abdominal
pathology such as appendicitis or labour, or soft tissue or bone
injury including surgery. The physiological effects may be mild or
can be life-threatening. Severe hypertension may lead to pulmonary oedema, cardiac failure, and intracranial haemorrhage. The
risk of autonomic hyperreflexia increases with higher cord lesions.
It is said to be very rare below T10, but occurs in 65–85% of patients
with a lesion above T7 (Lindan et al. 1980). The best management
is to avoid triggers by good bowel management, catheter care, and
anaesthesia for surgical interventions, even minor procedures.
The choice of anaesthetic technique will depend on many patient
factors and the proposed surgery. Central neuraxial techniques are
not always contraindicated; however, there may be difficulties positioning the patient or identifying the relevant anatomy. The procedure itself may cause an autonomic hyperreflexia and the extent
of the block may be impossible to assess. This means that the first
sign of an inadequate block or missed segment may be significant
autonomic hyperreflexia in response to surgical stimulus.

Table 81.9 Causes of autonomic neuropathy

Diseases of the autonomic nervous system

Reproduced from Journal of Neurology, Neurosurgery and Psychiatry, Mathias CJ.
Autonomic diseases: clinical features and laboratory evaluation. Volume 74, Supplement 3,
pp. iii31–iii41, Copyright © 2003, with permission from BMJ Publishing Group Ltd.

Autonomic neuropathy is most commonly encountered as a secondary effect of another pathology. Rarely it may be seen as a congenital disease or an isolated idiopathic acquired disease. Table 81.9
summarizes the different aetiologies within these categories.
These conditions cause varying severity of autonomic dysfunction but as a rule the inherited forms and acquired pandysautonomia are the most severe forms. These lead to a patient with a low
systemic vascular resistance and a cardiac output which is largely
pre-load dependent. Inotropic and chronotropic responses to
increased demand are poor and responses to adrenoceptor stimulation by drugs acting either by intrinsic or extrinsic (direct or indirect) mechanisms are variable. Respiratory impairment is common
as responses to hypoxia and hypercapnia may also be impaired;
some of these conditions are associated with scoliosis and subsequent restrictive lung disease.
When severe, these disorders present a significant challenge
to the anaesthetist. Preoperative aims are to ensure respiratory
function is optimized with physiotherapy and antibiotics where
required. Circulating volume should be restored and maintained at
normal levels during preoperative fasting. Ensuring euvolaemia at
the time of induction may reduce the risk of severe hypotension in
response to anaesthetic agents. Delayed gastric emptying may not
be clinically evident and rapid sequence induction should be considered for all patients with autonomic neuropathy. Atropine is usually effective at reversing bradycardia and hypotension should be
managed with fluid challenges and a directly acting alpha-agonist.
Invasive monitoring and central venous access is recommended
(Lindan et al. 1980). Postoperative care should be undertaken in a
high-dependency environment where respiratory and cardiovascular monitoring and support can be offered. Non-opioid analgesia is
preferable, when possible.

Classification Diseases
Congenital

Familial amyloid polyneuropathy
Hereditary sensory autonomic neuropathy I–V
Fabry disease
Acute intermittent and variegate porphyria

Primary
acquired

Pandysautonomia
Idiopathic distal small fibre neuropathy
Holmes–Adie syndrome
Ross syndrome
Chronic amyloid anhidrosis
Amyloid neuropathy
Postural orthostatic tachycardia syndrome (POTS)

Secondary
acquired

Diabetes
Uraemia
Liver disease
Vitamin/nutrient deficiency
Infections (Lyme disease, HIV, Chagas disease, botulism;
diphtheria, leprosy)
Autoimmune diseases (coeliac disease, Sjögren’s syndrome,
rheumatoid arthritis, systemic lupus erythematosus, Guillain–
Barre syndrome, Lambert–Eaton myasthenic syndrome,
paraneoplastic neuropathy, inflammatory bowel disease)

In less severe cases, autonomic neuropathy may be suggested by
exercise intolerance, postural hypotension, or resting tachycardia
in a patient with an associated disease—typically diabetes mellitus. Further detection may be undertaken by assessing heart rate
responses to deep breathing, a Valsalva manoeuvre or standing, or
analysis of R-R variability on an ECG. The anaesthetist should be
wary of the risks of aspiration at the time of induction and disordered cardiorespiratory autoregulation during, and after, an anaesthetic (Oakeley and Emond 2011).

Neurofibromatosis
Neurofibromatosis type 1 and 2 are autosomal dominant conditions,
although a high number of cases are as a result of a spontaneous mutation. The characteristic lesions are tumours arising from nerve tissue.
Neurofibromatosis type 1 is the more common form with predominantly cutaneous lesions. The main complication of these lesions is
compression of the involved nerve leading to pain or neuropathy.
Renal artery stenosis occurs in 1–2% of cases. Neurofibromatosis
type 2 is a rarer, but more serious, form with tumours originating
from the central nervous system including acoustic neuromas (more
correctly called vestibular Schwannomas; typically bilateral) and
meningiomas. Epilepsy is common. The most important anaesthetic
consideration in a patient with neurofibromatosis is to understand
and recognize the associated conditions. These include pulmonary
fibrosis, phaeochromocytoma (occasionally as part of multiple endocrine neoplasia type 3), and skeletal deformity including scoliosis.
There are no specific reports of complications arising from anaesthetic agents in patients with neurofibromatosis (Hirsch et al. 2001).
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Pulmonary disease
and anaesthesia
Gary H. Mills
Why is pulmonary disease important?
Pulmonary disease predisposes patients to intra-and postoperative
complications and in some cases may be so severe that the proposed surgery is impossible. Knowledge of the type and severity of
the pulmonary disease enables clinicians to determine risk, inform
patients, and plan therapy (Featherstone 1932) that may be needed
before, during, or after surgery and could also affect the timing of
an operation.
Postoperative pulmonary complications are arguably the most
common complications in the perioperative period, ranging in
incidence from 2% to 19% for non-cardiac elective surgery (Rosen
et al. 1992; Pedersen, 1994; Escarce et al. 1995; Lawrence et al. 2002;
Mazo et al. 2014). Many are related to underlying pulmonary disease. In the ARISCAT study, postoperative complications leading
to respiratory failure occurred in 2.6% of patients in all surgical
groups. Postoperative pulmonary complications are at least as common as cardiac complications after non-cardiac surgery (Pedersen
1994; Pedersen et al. 1990, 1992; Lawrence et al. 1996) and in some
situations the rate is higher (Khuri et al. 1995). They may create serious morbidity or death. The most common postoperative pulmonary complications are atelectasis, pneumonia (Khuri et al. 1995),
respiratory failure, and exacerbation of an underlying chronic lung
disease (Smetana et al. 2006). This is important not just in the short
term, but also because pulmonary complications are a predictor
of longer-term survival. Postoperative pneumonia is, for example,
a strong indicator of longer-term outlook after oesophagectomy
(Kinugasa et al. 2004). Therefore, it is vital to understand and prepare for the effects of pre-existing respiratory disease or for clinical
issues that will expose the respiratory system to more risk.

Preoperative risk prediction
Intuitively, diseases of the respiratory system are likely to have a
major impact in the perioperative period. However, there are other
factors that also impact respiratory outcomes, and it is important
to understand these as they will greatly affect who with respiratory
disease is most at risk.
Arozullah et al. (2000) looked at 81 719 male patients undergoing major non-cardiac surgery and examined how many developed respiratory failure, which was defined as more than 48 h of
postoperative mechanical ventilation or unplanned tracheal intubation and ventilation. This work divided the risk into operative-
and patient-specific factors and led to the development of a risk

algorithm (Arozullah et al. 2000, 2001). The operation-specific factors relate largely to the proximity of the incision to the diaphragm,
respiratory system, or its control. Abdominal aortic aneurysm surgery, thoracic surgery, upper abdominal surgery, peripheral vascular surgery, neurosurgery, and head and neck surgery topped the
list, with emergency surgery adding to the likelihood compared
to elective surgery. Patient factors added to this, including plasma
albumin concentration, renal function, age and dependency, and
chronic obstructive pulmonary disease (COPD). There was 23%
mortality where tracheal extubation had not been achieved within
2 days postoperatively, while reintubation of the trachea was associated with 31% mortality: 3.6% of patients developed postoperative
pneumonia and 3.4% respiratory failure.
Later, Arozullah et al. (2001) examined the ability to predict the
30-day risk of postoperative pneumonia. This involved gathering
data from 160 805 patients for the initial derivation sample and
another 155 266 patients for the validation sample. A major disadvantage of this very large study was that 700 patients with respiratory failure requiring mechanical ventilation were excluded because
pneumonia had not been formally diagnosed at this point, even
though pneumonia would be expected to be affecting at least some
of these patients. Despite this, some of the factors identified were
similar, including site of surgery, emergency vs elective surgery,
and age. Importantly, the study included a measure of dependency,
which proved influential and also found a history of cerebrovascular accident, renal impairment, and COPD to be significant. The
impact of COPD has often been controversial, especially when
classified according to spirometry only. Clinical features appeared
more important than spirometry.
Smetana et al. (2006) looked at postoperative complications
and found a slightly higher incidence of respiratory complications
(2.6%) compared to cardiac problems (2.0%). Advanced age, higher
ASA class, congestive heart failure, functional dependency, albumin concentration below 35 g litre−1, and abnormal preoperative
chest X-ray, all produced an odds ratio greater than 2. Smetana
et al. examined chronic lung disease and found COPD confirmed
in 13 of 15 studies containing multivariate analysis as a risk factor
for postoperative pulmonary complications with an odds ratio of
1.79 [95% confidence interval (CI) 1.44–2.22]. In these patients the
cough test also indicated an increased risk. This is when a patient
takes in a deep breath, then coughs and continues to cough. It suggests a 3.8 times higher risk of postoperative pulmonary complications. Abnormal findings on chest examination such as crackles or
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wheezes were a strong predictor of postoperative pulmonary complications with an odds ratio of 5.8 (95% CI 1.04–32.11).
More recently, respiratory outcomes have been examined in a
prospective multicentre study of 2500 patients, finding seven key
factors that predicted the risk of postoperative respiratory complications, including respiratory failure, with an 88% area under the
receiver operating characteristic curve (Canet et al. 2010). These
independent risk factors were age, preoperative SpO2 , respiratory
infection in the last month, preoperative anaemia (haemoglobin
concentration <100 g litre−1), upper abdominal or thoracic surgery, duration of procedure over 2 or 3 h, and whether the surgery
was an emergency procedure. These were weighted as part of the
ARISCAT score. A score of 26 indicated a moderate risk and a score
higher than 45 indicated a high risk of postoperative pulmonary
complications.

Functional dependence
In the United States, the National Surgical Quality Improvement
Program data generated two studies that looked at postoperative
pulmonary complications and functional dependence (Arozullah
et al. 2000, 2001). These examined the difference between no
dependence, partial dependence (requiring help with some activity
of daily living), and total dependence (unable to perform any activities of daily living). Partial dependence increased the odds ratio
by 1.65 (95% CI 1.34–2.01) and total dependence by 2.51 (95% CI
1.99–3.15).

Principles of ventilation and anaesthesia
in patients with lung disease
It is vital to be aware of the diagnosis, severity, and current state
of control of lung disease as they will affect the decision to proceed to surgery and the perioperative provision that is needed.
Consideration must be given to the current status of the disease
and the therapies the patient may be using, which could include
steroids and immunosuppressive drugs. Some patients with lung
disease or diaphragmatic paralysis may not tolerate lying flat and
will be unsuitable for a regional anaesthetic technique if the supine
position is required for the surgery. Often, it is not necessary for the
patient to be fully supine from the surgical perspective and regional
anaesthesia will be an option. Lung disease may impact the difficulty of the airway or the speed and risks associated with securing the airway. There may be a risk of pneumothoraces in patients
with bullous disease and there is a potential lack of recruitability
and increased lung stiffness in patients with fibrotic or inflammatory lung diseases. Obstructive lung disease may involve limited
expiratory flow and the risk of air trapping. Consideration needs to
be given to what is the most protective form of ventilation for the
patient (PROVE Network Investigators 2014). Lung disease may
create pulmonary hypertension. Therefore, it is important to determine the appropriate fluid balance to maintain cardiac output, but
not exacerbate right ventricular failure. Prevention or reduction
of bronchospasm with preoperative bronchodilators may reduce
the stress on the respiratory and cardiovascular systems. These
can be nebulized in theatre, providing a suitable system is available, and may allow timely tracheal extubation. Reversal of residual
neuromuscular block is important. Tracheal extubation with the
patient sitting upright when feasible, followed by direct application

of continuous positive airway pressure (CPAP) (Squadrone et al.
2005, 2010) or non-invasive ventilatory support may avoid extra
atelectasis. In patients with severe lung disease, it is important to
discuss the risks of respiratory failure and the potential need for
postoperative ventilation on the intensive care unit (ICU), which
could involve weaning with the aid of a tracheostomy.
This chapter considers the respiratory tract and intrinsic lung disease, disorders of the chest wall, including the pleura, diaphragm,
and respiratory muscles, and the impact of problems below the diaphragm. It also looks at those conditions that affect the drive to
breath and obstructive sleep apnoea (OSA).

Diseases of the respiratory system
Upper respiratory tract infection
Patients presenting with a cold (rather than influenza) may have
surgery postponed. However, patients may require urgent surgery,
so an assessment of the balance of risks should be made and in
some cases the symptoms are mild and a pragmatic judgement as
to whether to proceed is needed (Fendrick et al. 2003). Studies so
far have looked at the risk to the patient with a cold, but have not
considered the effect of spread to staff or to other patients.
Viral upper respiratory tract infections (URTIs) may lead to airway hyper-reactivity and narrowing of upper airway passages, especially in the nose and throat as a result of inflammation, congestion,
and nasal discharge. There is an increased risk of perioperative
adverse events including coughing, breath-holding, laryngospasm,
bronchospasm, atelectasis, post-extubation breathing difficulties,
and pneumonia. The effects of viral URTIs are mediated by chemical transmitters such as bradykinin, prostaglandins, interleukins,
and histamine. Vagal reflexes are produced by inhibition of muscarinic receptors, so increasing acetylcholine release and increasing
the risk of bronchospasm. Viral URTIs may inhibit endopeptidases, which would normally reduce tachykinin activity. This
increases tachykinin-induced smooth muscle contraction (Empey
et al. 1976).
Despite these effects, studies have shown that in some circumstances it may be reasonable to proceed with elective surgery, providing the diagnosis is clear (Tait and Knight 1987; Tait and Malviya
2005). Positive signs to proceed would include a patient who looks
well, who is apyrexial with clear nasal secretions, normal peripheral
oxygen saturation on air, and with no abnormal physical signs in
the chest. However, if the patient looks unwell, is pyrexial, has purulent nasal discharge, nasal congestion (Tait et al. 2001), a productive cough, or signs in the chest, then postponement is indicated,
unless the surgery is urgent. The type of anaesthesia and surgery
will also influence cancellation. If the surgery is major, especially
if it impacts the airway, chest, or abdomen and if a tracheal tube is
required, this would indicate an increased risk. A history of asthma
and, in children, paternal smoking (Skolnick et al. 1998) and prematurity (Tait et al. 2001) increase risk. Common complications
include laryngospasm and bronchospasm (Tait and Knight 1987),
increased breath-holding, oxygen desaturation below 90%, and a
greater incidence of overall respiratory adverse events (Tait et al.
2001). The need for an inhalation induction or the use of thiopental
are also risk factors. Tracheal intubation may increase the risk of
intra-or postoperative adverse events, especially in patients under
5 years of age. Anaesthesia via a laryngeal mask up to 2 weeks after
the URTI appears to have settled, may also increase perioperative
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problems (von Ungern-Sternberg et al. 2007). Patients who are very
young, especially if less than 1 year old, are at increased risk.
The common cold is implicated in acute sinusitis, otitis media,
and lower respiratory tract infection. Common colds may also
exacerbate COPD and asthma and impact immune-suppressed
patients.
Patients who have recovered from an URTI may have reactive
airways producing respiratory complications during and after
anaesthesia. Therefore a further period of 4–6 weeks should be
avoided unless surgery is required urgently (McGill et al. 1979; Tait
and Malviya 2005).

Trachea and bronchi
The average tracheal coronal and sagittal diameters for men aged
20–79 are 25 mm and 23 mm, with the lower limit for normal being
13 mm and 10 mm respectively (Breatnach et al. 1984). The trachea
is D-shaped with incomplete cartilaginous rings lying anteriorly
(A)
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and laterally with a flat membranous part posteriorly. The trachea
extends from the cricoid complete ring of cartilage immediately
below the larynx down an average of 11 cm to the carina at the level
of the space between the fourth and fifth thoracic vertebrae, where
it bifurcates into the two main bronchi. The left main bronchus is
angled at 45° to the line of the trachea and the right main bronchus is angled at 25–30°. The left main bronchus bifurcates after
5 cm, but the right has an early branch into the ‘clover leaf ’ of the
right upper lobe. The right main bronchus is about 2.5 cm long.
Occasionally, the entrance to the right upper lobe can even lie in
the trachea. These dimensions can be impinged upon by extrinsic
compression or by diseases affecting the airway wall of lumen.
Anterior to the trachea lies the thyroid, which is a common
cause of extrinsic compression, especially if it is enlarged posterior to the sternum, causing upper airway obstruction beneath the
vocal cords (Fig. 82.1). Other benign causes include a thymoma,
mediastinal lymphadenopathy, such as that caused by tuberculosis
(B)

(C)

Figure 82.1 Upper airway obstruction due to retrosternal thyroid compressing the trachea and presenting with breathlessness and ventilatory failure. (a) Plain Chest
Xray shows upper midline radioopacity (b and c) CT scans show a retrosternal mass encircling and compressing the trachea.
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or lymphoma, and vascular anomalies such as enlargement of the
innominate artery. Malignant causes include thyroid cancer, lymphoma, and lung cancer with related lymphadenopathy.
Compression can itself lead to tracheomalacia, which can also be
associated with rheumatoid disease. Intrinsic narrowing may occur
as a result of laryngeal trauma or burns, bilateral vocal cord paralysis, foreign bodies, sarcoidosis, or amyloidosis. Impairment of vocal
fold mobility can occur with rheumatoid arthritis, intubation-
related damage, infections such as epiglottitis and diphtheria,
respiratory papilloma or polyps, congenital laryngeal stenosis, or
atresia. Cancer of the thyroid, oesophagus, lung cancer, or primary
tracheal cancers can erode into the airway. Below the larynx, intubation can damage or render the trachea ischaemic. The trachea
may also be damaged by inflammatory or connective tissue diseases, such as granulomatosis with polyangiitis (formerly known as
Wegener’s granulomatosis), amyloidosis, relapsing polychondritis,
tracheomalacia, or bronchomalacia. Other abnormal tissue may be
present in the airway such as haemangiomata or tracheal cysts.
Damage to the trachea can occur after tracheostomy, with clinically significant, usually subglottic tracheal stenosis occurring in
approximately 1% of cases of percutaneous dilatational tracheostomies, with death in 0.6% (Walz et al. 1998). Occasionally, this may
not be discovered until intubation is attempted for a subsequent
operation.
Tracheo-oesophageal fistulae can present at birth or occur as a
result of malignancy or injury, sometimes secondary to trauma
(Fig. 82.2), oesophageal or tracheal surgery, or tracheostomy. To
provide a safe airway, the lesion will have to be passed by a tracheal
tube or tracheostomy tube. A tracheo-oesophageal fistula sometimes presents as excessive belching or air filling of the nasogastric
tube, with or without surgical emphysema. It may be possible to
stent the lesion, or perform an awake fibreoptic intubation to get
past the lesion under visual guidance. Sometimes it is possible to
pass a tracheal tube into a main bronchus and then pull it back into
the trachea to a point still distal to the lesion.

Figure 82.2 Trauma to the trachea, oesophagus, and spine after gunshot injury.

Epidermolysis bullosa
Epidermolysis bullosa is a defect in the dermoepidermal junction.
It affects the skin and upper airway, leading to blistering and bullae formation on handling. Even heavy pressure to achieve a well-
fitting face mask may be too much for the skin to remain intact.
Similar problems can occur in the mouth and pharynx and this can
result in poor mouth opening or tracheal stenosis. Patients may
also develop oesophageal stenosis and reflux as part of the disease
and so reflux precautions may be needed. From the anaesthetic
perspective, the greatest hazards are from mucous membrane and
skin damage. This is especially an issue in the airway. Despite this,
patients with epidermolysis bullosa can be anaesthetized relatively
safely, but patients do require extremely careful handling, which
may involve the omission of ECG monitoring and non-invasive
blood pressure monitoring—used in only 16.6% of one paediatric
series (Iohom and Lyons 2001). In this series, 73% underwent inhalation anaesthesia and 65% had tracheal intubation. Despite these
problems, successful prolonged anaesthesia for a 12 h operation
has been described, involving endotracheal intubation and careful
airway handling (Yonker-Sell and Connolly 1995). Management of
the airway by face mask or by laryngeal mask has been described.
Ketamine monoanaesthesia has been reported (Idvall, 1987).
Regional anaesthesia has been used for vaginal and Caesarean section delivery (Baloch et al. 2008) and other regional techniques,
especially involving ultrasound guidance (Englbrecht et al. 2010),
have been described for limb surgery.

Diseases of the bronchi
Obstructive lesions can develop in the bronchi and the trachea and
many of the causes are the same. These can be benign or neoplastic.
Bronchopleural fistulae
Bronchopleural fistulae are formed by a connection between the
bronchi and the pleura. Most commonly they are caused by the
breakdown of bronchial stumps after pneumonectomy or lobectomy. Other causes include abscess break through or erosion as a
result of cancer. This results in contamination of the pleural space,
often with accompanying sepsis and a pneumothorax on the side
of the leak, which will require urgent drainage and isolation of the
relevant lung, usually with the aid of a double-lumen tube (see
Chapter 57).
Carcinoid
Carcinoid tumours most commonly develop in the small intestine
(40%) or the area around the appendix, but they can occur in many
other areas including the lung in 25%, where they may occlude a
bronchus (Powell et al. 2010). However, they account for only 2%
of primary lung tumours (Fig. 82.3). They are usually perihilar and
present with pneumonia, cough, haemoptysis, and occasionally
chest pain.
Lung carcinoid may produce cushingoid or acromegalic effects.
They may also be present as carcinoid miliary lung with many
deposits. Those primarily occurring within the gastrointestinal
tract may manifest themselves by obstruction, perforation, bleeding, and weight loss, or even malnutrition, anaemia, and electrolyte imbalance. However, once they spread into the liver, or
if they have developed in a site outside the gastrointestinal tract,
they begin to show the effects of hormonal secretion. It is this
behaviour that makes them particularly important to anaesthesia.
The main compounds produced include 5-hydroxyindoleacetic
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cautiously in some patients. To counter hypertension related to the
carcinoid, labetalol or α-blockade has been used.
Some procedures are debulking in nature and the carcinoid
remains in situ, limiting potential treatments in the postoperative
period, so complicating provision of analgesia and necessitating the
continued use of octreotide. Postoperative monitoring for 48 h on a
high dependency unit (HDU) or ICU is usually necessary.

Lung cancers

Figure 82.3 Carcinoid occluding main bronchus.
Reproduced from Powell B, Al Mukhtar A, Mills GH. Carcinoid: the disease and its implications
for anaesthesia. Continuing Education in Critical Care, Anaesthesia, and Pain, Volume 11, Issue 1,
pp. 9–13, Copyright © 2011, by permission of the British Journal of Anaesthesia.

acid (5-HIAA), which produces the classic signs of flushing and
diarrhoea, and these may be exacerbated by consumption of
serotonin-containing foods such as chocolate or bananas (Veall
et al. 1994). Stimulation of a carcinoid tumour may lead to asthma,
hypotension, or hypertension. Right-sided cardiac lesions may
occur with pulmonary and tricuspid stenosis and right ventricular hypertrophy, and consequent high right-sided pressures and
a pulsatile liver. High serotonin formation may lead to tryptophan and niacin deficiency. Handling of the tumour during surgery causes release of the hormones and most commonly causes
flushing, a decrease in blood pressure, and bronchoconstriction
(Mason and Steane 1976). It is therefore a priority to reduce the
effect of these hormones by commencing octreotide in advance
of surgery and continuing the infusion through the whole perioperative period. Octreotide has an action very similar to somatostatin, inhibiting growth hormone, insulin, glucagon, luteinizing
hormone, splanchnic blood flow, as well as serotonin, vasoactive
intestinal peptide, secretin, motilin and pancreatic polypeptide. It
also can cause QT prolongation on the ECG, bradycardia, nausea,
and vomiting.
Epidural techniques reduce the stimulus to the carcinoid tumour,
provide good pain relief, and reduce the incidence of pneumonia.
General anaesthesia may be required separately or in addition,
depending on the nature of the operation. Drugs with the potential to release histamine (e.g. atracurium and morphine) are normally avoided. Invasive monitoring is usually utilized and in terms
of vasoactive drugs, vasopressin is commonly used. Noradrenaline
can activate kallikrein that leads to activation of bradykinin and so
is not normally used. Small doses of phenylephrine have been used

Lung cancers are grouped into small cell and non-small cell lung
cancers and are important to anaesthetists because of potential
involvement in their treatment, and also because of the effects
these diseases have on body systems outside the lung, which may
be encountered during the perioperative period or as part of a critical care referral.
Non-small cell lung cancers include squamous, adenocarcinoma,
and bronchoalveolar. Small cell lung cancers are very aggressive
and fatal in a few weeks if not treated. They spread early to the liver,
bones, brain, and adrenal glands and produce the syndrome of
inappropriate antidiuretic hormone (SIADH). The lung may also
be attacked by other tumours such as lymphoma, carcinoid, and
metastases from distant sources.
The primary lung cancers can themselves produce widespread
effects, which may be local as a result of obstruction or invasion
including cough; pneumonia; pleural effusions; haemorrhage;
damage to the phrenic nerves (hemidiaphragm paralysis) or left
recurrent laryngeal destruction (vocal cord paralysis); or sympathetic chain involvement producing miosis, ptosis, enophthalmos,
and anhidrosis on the ipsilateral half of the face (Horner’s syndrome). Superior vena cava obstruction may occur, which may
have been treated with dexamethasone, radiotherapy, or intraluminal stents with or without anticoagulation. Hormonal effects
include SIADH or ectopic ACTH production. SIADH increases
vascular volume and so may lower urea. Hyponatraemia is usually
the alerting feature with urinary sodium greater than 40 mmol
litre−1 (sometimes confused by loop diuretics which elevate this
figure) and urine osmolarity greater than 100 mOsm kg−1 (usually
lower in water overload). Normally treated with fluid restriction,
demeclocycline, or tolvaptan. Hyperparathyroidism can occur
either from ectopic production of parathyroid hormone, producing high calcium and low phosphate concentrations, or bone
metastases which will elevate both. It is treated with rehydration
with saline and sometimes furosemide to help eliminate calcium.
Bisphosphonates may be indicated to reduce bone resorption.
Bone metastases may present at surgery as pathological fractures
or as a cause of cord compression. Cerebral metastases may present as raised intracranial pressure, confusion, or seizures (which
may present in the perioperative period).

Thoracic surgery and preoperative
prediction of outcome
One of the first areas where attempts were made to predict the
impact of surgery on lung function, especially in patients with lung
disease, was lung resection surgery. This was important because
these patients commonly have more than one lung disease, including those related to smoking. Assessments of the respiratory system are vital when assessing suitability for lung resection, because
postoperative ventilator dependency is a real risk and achieving
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a reasonable quality of life after surgery is crucial. Traditionally,
patients who could not climb two flights of stairs needed very careful consideration and might not be suitable for pneumonectomy.
Unfortunately, the lack of a standard staircase and standard speed
up the staircase made this imprecise and not easily compared.
Although decisions should not be wholly made on the basis of lung
function and exercise testing, these can be helpful, because they
have a degree of objectivity. The downside is that they are at least to
some degree volitional and affected by technique.
Predicted postoperative forced expiratory volume in 1 s (ppo-
FEV1) is useful in choosing further tests or even demonstrating
patients are unsuitable for lung resection. A ppo-FEV1 of less than
40% or less than 30% of predicted is associated with mortalities of
16–50% (Markos et al. 1989; Wahi et al. 1989; Holden et al. 1992;
Pierce et al. 1994; Bolliger et al. 1995) and 60% (Nakahara et al.
1985, 1988) respectively. However, a recent study showed a ppo-
FEV1 of less than 40% to be associated with a mortality of 4.8%.
This could be because of the lung volume-reducing effect of a
lobectomy, which may diminish over-inflation. Therefore, a value
of 30% has been assessed as more appropriate. Low preoperative
transfer factor (ppo-TLco) of less than 30% predicted is suggested
as a high-risk threshold. The equations used to calculate predicted
postoperative values for FEV1, TLco, and maximal oxygen consumption (V̇o2max) rely on the ratio of postoperative functioning
segments divided by the functioning preoperative lung segments
times the preoperative values. An algorithm for assessing cardiopulmonary reserve has been produced. In patients with a ppo-V̇o2
peak of less than 40% or less than 10 ml kg−1 min−1, surgical therapy is contraindicated, unless either PPO-FEV1 or TLco are greater
than 40%. Exercise tests are recommended in anyone with a FEV1
or TLco less than 80% of normal predicted values. An alternative
is the shuttle test, as recommended by the British Thoracic Society.
This consists of repeatedly walking between two cones placed 10 m

(A)

apart. The time allowed progressively diminishes and failure to
complete 25 shuttles may indicate high risk.
The Thorascore was derived from a study of 15 183 patients with
a mortality of 2.2% and is a model of in-hospital mortality (Falcoz
et al. 2007). Respiratory symptoms featured strongly in the score,
which included age; ASA score; performance status; dyspnoea
score; elective, emergency, or urgent classification of surgery; procedure; diagnosis of benign or malignant; and co-morbidity score.
Age, procedure group, and dyspnoea score were also identified as
important by Harpole et al. (1999) and Berrisford et al. (2005).

Bronchiectasis
This is an abnormal widening of the airways, which makes sputum
hard to clear. This results in frequent respiratory infections, which
in turn lead to further lung damage. Patients often show signs of
clubbing and lung crackles and may cough up blood. Bronchiectasis
may follow pneumonia or tuberculosis or problems associated with
abnormal sputum clearance such as primary ciliary dyskinesia,
which also affects the ciliary motility in the fallopian tubes, sinuses,
middle ear, and sperm flagella (or Kartagener’s syndrome, when
associated with situs inversus, chronic sinusitis, and bronchiectasis), or the more common chloride ion transport disease known as
cystic fibrosis. Bronchiectasis may also be associated with inflammatory bowel disease, especially Crohn’s disease. Prompt appropriate antibiotic use is needed to combat infections, although
development of resistant organisms is common. Staphylococcal,
Klebsiella, or Bordetella pertussis infections are commonly associated with bronchiectasis. HIV and related infections may also cause
bronchiectasis. Prophylactic antibiotics may be used. Chemical
damage as a result of aspiration of gastric contents may cause bronchiectasis, as may inhalation of toxic gases. Traction bronchiectasis
is often seen with inflammatory lung diseases (Fig. 82.4).
(B)

Figure 82.4 Computed tomography scans that show (a) bronchiectasis, with traction on surrounding tissues and cuffing of bronchi and (b) worsening bronchiectasis
with fibrosis in left lung and empyema.
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Cystic fibrosis
Cystic fibrosis is a multisystem disease caused by an autosomal
recessive genetic abnormality, affecting 1:2500 births, that causes
bronchiectasis and other major problems. Cystic fibrosis is caused
by a mutation on the long arm of chromosome 7 resulting in major
issues for anaesthesia and complications that may need surgical
intervention. Traditionally it is diagnosed by applying pilocarpine
to stimulate sweating and then using iontophoresis to drive the
medication into the skin. One electrode is placed on the pilocarpine and the other on normal skin. An electric current is passed
through the electrodes and sweating is produced. The sweat has
an abnormally high NaCl content in patients with cystic fibrosis.
Screening tests that detect raised blood concentrations of immunoreactive trypsinogen are now used and genetic testing is possible. Cystic fibrosis used to cause death in infancy or childhood,
but median survival is now in the 30s or 40s. It affects the production of the cystic fibrosis transmembrane regulator protein, which
controls a chloride channel. If chloride cannot be transported, this
disturbs the sodium and chloride balance in mucous making it too
thick to be moved by cilia. This means bacteria are not eliminated
and a biofilm is generated leading to infection and inflammation
and blockage of small airways. This produces bronchiectasis and
chronic colonization with Pseudomonas aeruginosa, Staphylococcus
aureus, Haemophilus influenza, Stenotrophomonas maltophilia,
Burkholderia cepacia, Mycobacterium avium, and Aspergillus
fumigatus. Recurrent infections eventually destroy lung tissue leading to right heart failure and respiratory failure. Lung function
tests usually show an obstructive picture, but patients may develop
pneumothoraces. Eventually lung damage leads to increased pulmonary vascular resistance and then pulmonary hypertension and
right heart failure. Prolonged antibiotic use and the use of steroids
to damp down inflammation increases the risk of fungal growth
and also promote an inflammatory response to the fungi, producing allergic bronchopulmonary aspergillosis, which is an immune
response to Aspergillus.
Cystic fibrosis also leads to nasal polyps, paranasal sinusitis, pancreatic fibrosis, osteoporosis from impaired vitamin D and calcium
absorption, infertility, focal biliary cirrhosis, and meconium ileus
in neonates. Patients also have clubbing. Liver diseases may include
fatty infiltration, cirrhosis and portal hypertension, cholelithiasis and
cholecystitis, and hepatocellular carcinoma. The damage to the pancreas is as a result of the absence of the cystic fibrosis transmembrane
regulator, which impairs chloride–bicarbonate exchange. Pancreatic
secretions become more viscous and lower in pH, resulting in pancreatic autodigestion and fibrosis. This causes malabsorption, pancreatitis, and eventually destruction of pancreatic B cells. This leads
to diabetes requiring insulin in approximately 30% of patients by the
age of 30. Intestinal obstruction may be caused by intussusception,
constipation, or distal intestinal obstruction syndrome. Lung, pancreas, and liver transplants are needed for end-stage disease and so
patients may present for this type of surgery. However, they may also
present for other surgery partially or not at all related to cystic fibrosis. All these issues will complicate the likelihood of a patient presenting for surgery, and how best to conduct anaesthesia, the physical
handling of the patient, and management in the perioperative period.
Cystic fibrosis cannot be cured, but it can be ameliorated, such
that patients now survive well into adulthood. All these issues mean
that patients with cystic fibrosis now have a much greater chance
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of surviving to present with surgical conditions later in life. It is
essential that sufferers receive good nutrition, avoid dehydration,
have suitable antibiotic therapy and physiotherapy, and keep as
active as possible—all of which may be disrupted by surgery. Drug
therapy incorporates prophylactic antibiotics including nebulized
tobramycin, and additional antibiotics during chest infections,
which may be administered by many routes including Hickmann
lines. Mucolytics and other treatments to clear sputum or open
airways include saline or a recombinant human deoxyribonuclease (dornase), which decreases sputum viscosity. Steroids may be
used to reduce inflammation. Later in the disease course patients
may present on oxygen or non-invasive ventilation (NIV) as they
develop type 1 and type 2 respiratory failure. Some patients may be
suitable for lung transplantation.
Patients with cystic fibrosis who present for surgery are at elevated
risk, particularly from respiratory complications. A clear understanding of their current respiratory status, together with sputum
production and exercise tolerance is vital. Up-to-date lung function
is important in addition to information on their respiratory therapy, including any requirement for supplemental oxygen or NIV.
Chest X-rays will give an indication of heart size and degree of lung
inflation. Peribronchial thickening and cyst formation, consistent
with bronchiectasis may be visible. Chest computed tomography
(CT) will quantify these findings (Fig. 82.5). Lung function tests
usually show signs of obstruction (worsening FEV1 and reduced
FEV1/forced vital capacity ratio, with an increase in residual volume compared with total lung capacity). Initially this will lead to a
decrease in oxygenation and then eventually raised Pa CO2 , so where
this is suspected, baseline blood gases are important to provide
an understanding of risk and how to manage oxygen and ventilator therapy. Patients with cystic fibrosis may also be predisposed
to bronchospasm. Nasal polyps and sinuses may be a reservoir for

Figure 82.5 Computed tomography scan of a patient with cystic fibrosis,
showing complete occlusion of the left lung by secretions, with resulting collapse
and midline shift.
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infection, which may be aspirated during anaesthesia or intubation.
The nasal route may be difficult for passage of tracheal, nasogastric, and nasojejunal tubes, which can become very important in
patients unfortunate enough to have a difficult airway.
Obstetric anaesthesia and pregnancy bring physiological changes
that may further load the right ventricle. This is particularly a problem in patients with a FEV1 of less than 50% predicted.
Anaesthesia should be designed to minimize the impact on the
respiratory system with local or regional options considered first.
However, where a general anaesthetic is needed, efforts should be
made to use short-acting agents. Volatile anaesthetic agents normally have bronchodilatory properties so should be helpful. Gases
should be warmed and humidified and every effort made to avoid
further damage to the respiratory system. Endobronchial suction
may well be needed and protective ventilation, although unproved,
is probably beneficial. The aim should be to allow patients to breath
as normally as they can as soon as possible after surgery. NIV or
CPAP should be started very early in the postoperative period
(Huffmyer et al. 2009), together with physiotherapy.

Alveoli and small airways
Asthma
Asthma is characterized by an increased airway reactivity related
to airway inflammation, which leads to bronchoconstriction, with
oedema and increased mucous production, resulting in variable
small airways obstruction, which may be responsive to treatment.
It causes the death of around 250 000 people a year worldwide.
Anaesthesia often involves instrumenting the airway or giving drugs, which could trigger bronchospasm or inflammation.
Airborne allergens and viral infections are very important in the
development of immunoglobulin E-mediated allergic asthma,
together with genetic components and other factors such as obesity.
Non-allergic asthma occurs in adults and is associated with
aspirin-induced asthma related to the inhibition of cyclooxygenase
enzymes and eosinophilic rhinosinusitis, nasal polyps, and non-
steroidal anti-inflammatory drug-induced bronchospasm.
The degree of preoperative control is very important when planning anaesthesia. A history of a recent cold or a patient demonstrating reduced peak flows or feeling their asthma is not under control
should be regarded as a major risk factor for surgery. Current and
recent drug therapy is important, especially steroid use, which may
need restarting or supplementing. Bronchospasm can be life-threatening in the perioperative period, particularly on induction (Cook
et al. 2011), where it may be part of an exacerbation of asthma, an
anaphylactic response, or may be mediated through mechanical or
drug factors. In its most extreme form, the anaesthetist will be faced
with intubating a patient, who moments earlier appeared relatively
well, but now is extremely difficult to ventilate, who demonstrates
an inadequate end-tidal CO2 trace, perhaps with unilateral or bilateral wheeze and markedly reduced breath sounds. At this point the
anaesthetist needs to consider whether this is asthma, some other
cause of bronchospasm such as an anaphylactic reaction, blockage
of the airway with mucous or a foreign body, a blockage of the tracheal tube, or an oesophageal intubation. Sometimes the cause of
wheeze may be severe pulmonary oedema or the difficulty in ventilation may be unilateral or bilateral pneumothoraces (Dewachter
et al. 2011). The treatment of anaphylaxis and airway emergencies is
dealt with elsewhere (Chapters 22 and 48).

Chronic obstructive pulmonary disease
and anaesthesia
Chronic obstructive pulmonary disease (COPD) is most commonly caused by cigarette smoking, affects 3 million people in the
United Kingdom, and may be present in 5–10% of general surgical patients. It is the fifth most common cause of death and causes
30 000 deaths per year in the United Kingdom, 90% of which
involve people above the age of 65 years. It is a chronic inflammatory condition of the airways and lung parenchyma, which can also
lead to pulmonary hypertension and right heart failure. Patients
produce large amounts of sputum as a result of increased numbers
of mucus secreting cells. There is poorly reversible narrowing of
small airways resulting in airways obstruction and destruction of
lung parenchyma reducing the elastic recoil of the lung. This causes
air trapping and hyperinflation. The loss of lung tissue reduces the
surface area for gas exchange and the number of capillaries through
the lung and ventilation/perfusion (V̇/Q̇) mismatching occurs.
The National Institute for Health and Care Excellence (NICE)
and the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) have produced guidelines on COPD management (NICE
2010; GOLD 2013). Patients with COPD are at increased risk after
surgery and anaesthesia and frequently exhibit the other complications of smoking. Five-year survival from COPD may be an
important factor when we consider the risk:benefit balance of surgery. Severe disease, requiring oxygen or nebulized therapy, results
in a 30% survival in men and 24% in women (Soriano et al. 2000).
See Table 82.1.
COPD may also be caused by α1-antitrypsin deficiency and has
been associated with the FAM13A genetic variant (Cho et al. 2010),
which leads to more emphysema and thicker airway walls on CT.
Higher concentrations of CD46 can reduce inflammation in smokers; however, proline–glycine–proline (PGP) causes persistent neutrophil release leading to chronic inflammation in COPD. LTA4H
is a proinflammatory enzyme that produces leukotriene B4, but in
acute inflammation LTA4H degrades PGP, so reducing inflammation (Snelgrove et al. 2010). Unfortunately, LTA4H is reduced by
smoking, so promoting chronic inflammation. There is also evidence for elevated C-reactive protein and tumour necrosis factor
even in stable COPD patients (Gan et al. 2004).
The combination of small airway inflammation and repeated
damage to the lung tissue leads to loss of alveolar tissue and airways obstruction. This leads to air-trapping and over-distension,
with an increase in functional residual capacity. The loss of tissue
then also leads to a loss of support for small airways so increasing their tendency to narrow on expiration (Fig. 82.6). There has
frequently been debate as to whether the respiratory muscles are
weak. Much of this is accounted for by the hyperinflation of the
chest (Hamnegard et al. 1995), which puts the diaphragm in a poor
position to generate inspiratory force. However, some patients do
generate an inflammatory response and become generally weak
and also develop disuse weakness in their leg muscles. This may
be combined with weight loss. COPD is an independent risk factor for mortality in critically ill patients presenting with ventilator-
associated pneumonia (Makris et al. 2011) and is linked to a higher
rate of reintubation of the trachea (Ramachandran et al. 2011),
morbidity, and mortality after major surgery (Greenblatt et al.
2011). COPD produces an increased risk for major surgery of the
chest or abdomen. Treatment of COPD requires smoking cessation,
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Table 82.1 Severity classification for COPD
Post-bronchodilator
FEV1/FVC

FEV1% predicted

Severity of airflow obstruction
NICE Clinical Guideline 12 ATS/ERS (2004)
(2004)

GOLD (2008)

NICE update Clinical
Guideline 101 (2010)

Post-bronchodilator

Post-bronchodilator

Post-bronchodilator

Mild

Stage 1—mild

Stage 1—mild*

<0.7

≥80%

<0.7

50–79%

Mild

Moderate

Stage 2—moderate

Stage 2—moderate

<0.7

30–49%

Moderate

Severe

Stage 3—severe

Stage 3—severe

<0.7

<30%

Severe

Very severe

Stage 4—very severe†

Stage 4—very severe†

* Symptoms should be present to diagnose COPD in people with mild airflow obstruction.
† Or FEV < 50% with respiratory failure.
1

National Institute for Health and Clinical Excellence (2010). CG 101 Chronic obstructive pulmonary disease: Management of chronic obstructive pulmonary disease in adults in primary and
secondary care (partial update). Manchester: NICE. Available from www.nice.org.uk/CG101. Reproduced with permission. Information accurate at time of press. For up-to-date information,
please visit www.nice.org.uk. ATS/ERS Score: Reproduced with permission of the European Respiratory Society ©: European Respiratory Journal Jun 2004, 23 (6) 932–946; DOI: 10.1183/
09031936.04.00014304. GOLD 2008 Score: Reproduced with permission from Global Initiative for Chronic Obstructive Lung Disease (GOLD) Global Strategy for the Diagnosis,
Management, and Prevention of COPD 2016, ©.

(A)

(B)

Figure 82.6 (a) Emphysema and kyphoscoliosis with hyperinflation on chest X-ray. (b) Chest computed tomography scan shows severe emphysema with bullae and
lung masses.

exercise where possible, bronchodilator therapy, oxygen to reduce
pulmonary vasoconstriction, NIV (Lightowler et al. 2003), lung
volume reduction surgery to reduce the effects of high lung volume on chest wall and diaphragm mechanics, and sometimes lung
transplantation.
Patients are likely to be on theophylline drugs, which have a narrow therapeutic window and also have metabolism changed by
other drugs, plus inhaled therapy. Patients may be on long-term,
15 h day−1 oxygen if their Pa O2 is less than 7.3kPa. Patients who suffer frequent exacerbations are at increased risk. The ECG may show
right heart strain or ischaemic heart disease. A Pa O2 of less than 7.9
kPa and Pa CO2 greater than 5.9 kPa suggest a worse prognosis, especially if accompanied by malnutrition (albumin <35 mg litre−1).

Many patients are likely to be smokers. It is helpful if they can stop
smoking 8 weeks or more before surgery. Regional or local anaesthesia is preferable to general anaesthesia where possible. Epidural
anaesthesia reduces the incidence of postoperative pneumonia by
50%. However, some patients are unable to lie sufficiently flat while
awake to facilitate surgery. A combined technique is likely to help in
patients where general anaesthesia is required (van Lier et al. 2011).
There are concerns about the risk of blocking the phrenic nerves
with cervical epidural, interscalene, or supraclavicular blocks.
During surgery under general anaesthesia, patients are likely
to show signs of cardiovascular disease, exacerbated by smoking, and may develop right ventricular failure secondary to the
COPD and increased pulmonary vascular resistance during
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COPD. As with asthma, airways obstruction will slow expiration
and may lead to a failure to reach a plateau on the capnography
trace and an expiratory flow pattern that does not return to zero
flow before another breath is delivered. This results in air trapping and further hyperinflation, which may raise intrathoracic
pressure further and prevent venous return to the heart. Longer
expiratory times are needed and are achieved by lengthening the
I:E ratio and slowing the respiratory rate. There may be an element of reversibility, so bronchodilator therapy may be helpful.
Sometimes positive end-expiratory pressure (PEEP), at levels up
to intrinsic PEEP, may help keep airways open and allow expiration. However, it is difficult to set a PEEP that is ideal for all the
different regions of the lung.
Experience with COPD in intensive care has shown the usefulness of NIV in the management of exacerbations of COPD
(Lightowler et al. 2003). NIV is being investigated as a means of
weaning, allowing early tracheal extubation onto NIV in patients
receiving invasive ventilation after an acute exacerbation of COPD.
Similarly, NIV may have a role in COPD patients in the immediate postoperative period. This is especially the case in patients with
elevated Pa CO2 .

The Haldane effect also contributes as haemoglobin combines
with CO2 to form carbamino compounds, especially in its deoxygenated form. Therefore if we administer high flow and high concentrations of oxygen the haemoglobin will bind more oxygen and
be less able to combine with CO2, which will be made available to
increase the Pa CO2 . If the Pa CO2 then reaches high enough levels, the
patient will become narcotized.
These effects have great implications for general anaesthesia
and recovery of COPD patients after waking from anaesthesia.
Controlled oxygen therapy is needed to target oxygen saturations
between 88% and 92%, to achieve a compromise, whereby these
patients are not so hypoxaemic that they deprive the body of oxygen and the Pa O2 is not so high that hypercarbia is produced by
the effects described previously. To minimize the work of breathing and to reduce increasing V̇/Q̇ mismatch and increasing dead
space, CPAP and NIV may be required. During anaesthesia, volatile anaesthetic agents impact hypoxic pulmonary vasoconstriction
and so worsen V̇/Q̇ mismatch, while opioid drugs decrease the
drive to breathe.

Oxygen-induced hypercapnia in chronic
obstructive pulmonary disease

Smoking is at least partly responsible for many of the diseases that
require surgery, including thoracic surgery, coronary artery bypass
grafting, gastrectomy, bladder cancer, and femoral neck fracture in
addition to affecting plastic surgery flaps, vascular surgery, colorectal anastomoses, and wound healing. Intraoperatively irritable
airway effects, including bronchospasm, laryngospasm, hypoxaemia, and retained secretions, are more common. Smoking also
increases gut diseases such as Crohn’s, peptic ulcer disease, and
gastro-oesophageal reflux (Moppett and Curran 2001).
Originally, Morton described a six-fold increase in postoperative
respiratory morbidity in patients smoking more than 10 cigarettes
per day. Smoking 40 pack-years increased the odds of postoperative respiratory complications by a factor of 5.7 (McAlister et al.
2003). Smoking 21–50 pack-years showed a significant increase
in pulmonary complications (Warner et al. 1984). Unfortunately,
when patients succeeded in stopping smoking before coronary
artery bypass surgery they needed to stop for more than 8 weeks
for pulmonary complications to drop significantly. There may even
have been a small increase in those who stopped for 2–4 weeks. In
non-cardiac surgery, an increase in risk was found in those who
stopped for a similar period (Bluman et al. 1998). This may be as a
result of a combination of factors including a transient increase in
tracheo-bronchial secretions, which become more viscous, the respiratory epithelium is altered, and ciliary activity poor. Therefore
smokers are more reliant on coughing to clear secretions. In thoracic surgery, stopping smoking for a short period did not appear
to help (Barrera et al. 2005). However, short-term preoperative
smoking abstinence may benefit the patient by reducing carbon
monoxide concentrations within a day. Airway irritability may
improve within 2–10 days of smoking cessation. A regional anaesthetic technique improves postoperative lung function where feasible. Past-smokers who underwent a general anaesthetic vs regional
anaesthesia were four times as likely to suffer postoperative pulmonary complications.
Smokers have a faster yearly decline in FEV1 than non-smokers.
The rate of decline decreases from 60 ml year−1 to 20 ml year−1
within 1 year of stopping smoking and 6 months’ cessation may

Patients with a number of conditions that lead to chronically raised
Pa CO2 , most commonly COPD, develop ventilatory failure characterized by hypercapnia and an elevated plasma bicarbonate as a
result of renal metabolic compensation for what would otherwise
be a respiratory acidosis. Traditionally, following the work in the
1940s by Davies and Mackinnon (1949), the explanation was a loss
of response to high Pa CO2 ; patients become acclimatized to this and
rely on hypoxic drive to maintain the drive to breathe. Donald
(1947) described a patient with COPD, who developed high Pa CO2
(16 kPa) when given oxygen and became unconscious. This was
explained as a result of hypoventilation secondary to loss of hypoxic
drive and so oxygen was discontinued and the patient woke up.
However, the explanation is more complicated than this (Abdo and
Heunks 2012). The effect of high-flow oxygen, at 15 litres min−1, on
Pa CO2 was studied by Aubier et al. (1980b, 1980a). This produced
very high Pa O2 levels, with dramatic increases from 4.9 to 29 kPa,
with an accompanying increase in Pa CO2 from 8.4 to 11.4 kPa. There
was an initial decrease in minute ventilation, which then started to
recover, but Pa CO2 continued to increase. In addition, the drive to
breathe as indicated by P0.1 fell from a very high average of 8.3 cm
H2O to a still high 4.9, when oxygen was given, but minute ventilation and change in Pa CO2 did not correlate well (Aubier et al. 1980a).
Therefore the change in hypoxic drive is not the whole explanation
of the worsening hypercapnia seen in these patients (Hanson et al.
1996). The situation is explained by the impact of V̇/Q̇ mismatch
and the Haldane effect (Hanson et al. 1996).
V̇/Q̇ mismatch can be countered by hypoxic pulmonary vasoconstriction. Alveoli with poor ventilation would normally shut down
their pulmonary arterial supply, allowing blood to flow preferentially to well-ventilated alveoli. High-flow oxygen will increase oxygen tension in these poorly ventilated alveoli and reduce hypoxic
pulmonary vasoconstriction, so producing increased physiological dead space (Aubier et al. 1980b; Milic-Emili and Aubier 1980;
Robinson et al. 2000).

Smoking
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bring the postoperative pulmonary complications rate down to the
level of those who have never smoked (Fletcher and Peto 1977).
Unfortunately, a lower percentage of lung volume is available to
smokers compared with non-smokers (Woodhouse et al. 2005) and
cigarette smoke contains the highest concentrations of nitric oxide
to which humans are commonly exposed, which produces a major
oxidative and nitrosative effect in asymptomatic current chronic
smokers and GOLD stage 0 COPD (Rytila et al. 2006). Recent
smoking increases ST depression in humans during general anaesthesia (Woehlck et al. 1999). Carbon monoxide combines with
haemoglobin and so reduces oxygen carriage, which because of
the similar light absorbance characteristics of carboxyhaemoglobin
and oxyhaemoglobin may confuse pulse oximeters, producing an
overestimate of oxygen saturation. Smoking also increases platelet
aggregation and fibrinogen concentration (Levine 1973), while nicotine may lower tissue oxygenation and slow wound healing (Jensen
et al. 1991). Smoking damages collagen production by affecting the
conversion of proline to hydroxyproline (Jorgensen et al. 1998) in
addition to reducing bone and tendon healing (Galatz et al. 2006).

Other effects of oxygen on the lung
Obesity and sleep apnoea
Obesity is a cause of restrictive lung physiology, which may combine with the atelectasis associated with anaesthesia and postoperative complications such as pain, to worsen atelectasis. Its prevalence
is increasing, affecting approximately one-third of adults in developed countries. Importantly, obesity causes severe practical problems once complications become serious and invasive ventilation
and invasive monitoring is needed. Obesity increases the risk of
pulmonary aspiration during anaesthesia. It also causes airway collapse, increasing atelectasis and V̇/Q̇ mismatch. This results in a
more rapid desaturation after induction of anaesthesia, because of a
rapid and major reduction in end-expiratory lung volume.
A high FIO2 increases absorption atelectasis, especially above FIO2
levels of 0.7–0.8 (Edmark et al. 2003). When this is combined with
V̇/Q̇ mismatch we see even more rapid absorption (Hedenstierna
and Rothen 2012) and further atelectasis (Magnusson and Spahn
2003). This occurs in all patients, but is more prominent, because of
increased airway compression, closure, and partial closure, in the
obese. PEEP with recruitment manoeuvres helps reduce atelectasis and V̇/Q̇ mismatch (Rothen et al. 1995; Reinius et al. 2009) and
on intensive care may reduce the incidence of ventilator-associated
pneumonia (Manzano et al. 2008). During general anaesthesia in
the operating theatre, protective ventilation using tidal volumes of
6–8 ml kg−1 ideal body weight appears to reduce respiratory complications in the perioperative period (Futier et al. 2013). However,
when the role of PEEP in patients beginning with normal or
near-normal lungs was investigated during surgery (low tidal volumes were combined with either no or very low PEEP vs 12 cm
H2O PEEP plus recruitment manoeuvres), no benefit was seen
in the PEEP group in terms of survival (Imberger et al. 2010) or
reduced perioperative respiratory complications (PROVE Network
Investigators 2014). In fact, there was an increase in intraoperative
hypotension. Therefore, whether intraoperative PEEP has a positive
effect on patient perioperative outcomes is in doubt (Serpa Neto
et al. 2015). It may be that lower levels such as 6 cm H2O are more
appropriate, similar to those used by Futier et al. (2013). This is an
area of continued study, especially in the obese patient.
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Obesity is also often accompanied by other co-morbidities that
may affect the respiratory system, such as OSA. Gupta showed a
20% vs 6% rate of unplanned intensive care transfers in obese compared with non-obese patients, a rate of serious complications of
24 vs 9%, and a length of stay of 6.8 days vs 5.1 days (Gupta et al. 2001).
OSA is a common sleep disorder characterized by intermittent
obstruction of the upper airway, together with periods of apnoea
lasting longer than 10 s. It is exacerbated by anaesthetic and analgesic drugs (Chung et al. 2008c). One screening method to detect
undiagnosed OSA is the STOP-BANG questionnaire (Chung et
al. 2012). Unfortunately, even when a history is present it remains
undetected by surgeons in 58% of cases and by anaesthetists in 15%
of cases (Singh et al. 2013) and unless screened for, it remains undiagnosed in the majority of cases of previously undiagnosed OSA.
This is a particular problem, because we know that in non-cardiac
surgery there is an increased risk of postoperative hypoxia, complications, ICU transfers, and length of stay (Kaw et al. 2012). There
is also an increased risk of pulmonary complications (Memtsoudis
et al. 2011), delirium (Bateman and Eikermann 2012; Flink et al.
2012), and pulmonary aspiration (Valipour et al. 2002). OSA is also
associated with myocardial infarction and cerebrovascular accident. Pulmonary aspiration may contribute to the increased risk
of acute respiratory distress syndrome (ARDS) in these patients,
combined with evidence of an upregulation of the proinflammatory
transcription factor nuclear factor kappa-light-chain-enhancer of
B cells and related proinflammatory genes (enhanced by repetitive
hypoxaemia) (Greenberg et al. 2006). Patients with OSA undergoing orthopaedic arthroplasty procedures have an elevated risk of
pulmonary embolism over other similar patients (Memtsoudis
et al. 2009). Spontaneous platelet aggregation and activation were
elevated in patients with OSA and reduced to normal with effective treatment with CPAP (Bokinsky et al. 1995). There was also
an increased risk of unplanned tracheal intubation and mechanical
ventilation in the perioperative period (Memtsoudis et al. 2011).
OSA occurs in adults and children and also occurs with craniofacial and palatal abnormalities (such as in trisomy 21 and Pierre–
Robin syndrome). In children, it is commonly associated with
tonsillar hypertrophy but now, as in adults, obesity-related obstruction is increasing and is becoming a major issue for anaesthetists.
The patient with disordered breathing during sleep is likely to have
even more disturbed breathing when sedated, because the normal
arousal process that opens the airway and stimulates breathing
is obtunded. The upper airway abnormalities that predispose to
breathing obstruction during sleep may also make tracheal intubation difficult (Chung et al. 2008a), although this has been disputed
in one study, which found a Mallampati score of 3 or 4 or male
gender predictive of difficult tracheal intubation in morbidly obese
patients (average BMI 49 kg m−2) in the ramped position (Neligan
et al. 2009).
The main group with sleep apnoea are overweight middle-aged
men in whom increasing fatty tissue within the oropharynx tips the
balance against the oropharyngeal dilator and abductor muscles,
which normally maintain airway patency, in favour of airway closure. This produces periods of apnoea, until increased oxygen and
carbon dioxide chemoreceptor activity and general arousal produces an increased inspiratory effort and oropharyngeal tone that
opens the airway (Chung et al. 2008b). The STOP-BANG questionnaire is a screening tool. More formal diagnostic sleep studies are
available including polysomnography and may well already have
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been carried out on patients with known sleep apnoea. These tests
range from simple overnight pulse oximetry to simultaneous pulse
oximetry, ECG, electroencephalography (to look at the phases of
sleep and arousal), snoring volume, oro-nasal air flow, and video
recordings of body position. These more complex recordings also
allow the temporal relationship of any abnormalities to be examined. This allows the calculation of the apnoea/hypopnoea index,
which examines the number of periods of hypopnoea or apnoea
lasting more than 10 s. Defining apnoea is relatively straightforward, but hypopnoea requires the setting of definitions such as
greater than 30% airflow reduction and greater than 4% desaturation or greater than 50% reduction in the change in nasal pressure
during inspiration with 3% desaturation.
These patients are at risk from cerebrovascular accidents and cardiovascular problems, including myocardial infarction, brady-and
tachyarrhythmias, biventricular failure, and pulmonary hypertension. Obesity and OSA are also associated with myocardial infarction as a result of the pro-inflammatory condition with endothelial
dysfunction, increased platelet aggregation, low antioxidant levels,
and raised inflammatory cytokines (Hung et al. 1990). These features are also seen in metabolic syndrome, which occurs in central obesity and includes raised triglycerides, reduced high-density
lipoprotein, raised blood pressure, and raised fasting glucose (diabetes) and may be associated with lowered testosterone and catecholamine concentrations. It is also associated with fatty liver
disease and steatohepatitis. All these features add to the risks during stressful surgery and mean that these patients may become too
sedated when exposed to opiates or benzodiazepines and this may
exacerbate sleep apnoea and atelectasis. Therefore, postoperative
CPAP is important and in severe cases tracheal extubation directly
onto CPAP may be needed. Patients should always bring their
CPAP machines with them to hospital, because although CPAP
may be available on the HDU, this may not be the case on the surgical ward, where they will be at ongoing increased risk of obstruction and ventilatory failure. In patients where hypoventilation
is severe, NIV may be needed and in some patients there may be
difficulty in tracheal extubation or recovery from anaesthesia and
mechanical ventilation, especially after longer-acting opioid drugs.
Therefore, short-acting agents such as desflurane and a multimodal
or regional approach to analgesia may be beneficial.

Central sleep apnoea
This may occur with disordered peripheral chemosensitivity. It is
seen in obesity, OSA, cardiac failure, after bilateral carotid body
surgery, and in disordered central ventilatory control, which can
occur after strokes or head injury. Other causes include neuromuscular disorders such as poliomyelitis, motor neurone disease, or
muscular dystrophy and rarely in acromegaly. In these situations,
NIV will be needed postoperatively. Bariatric surgery is increasing in frequency and most patients suffer from OSA and may
continue to need CPAP for some months after surgery. Morbidity
after Caesarean section surgery is frequently associated with
sleep-disordered breathing, because a large proportion of patients
are obese.
Obesity hypoventilation syndrome occurs in about 11% of OSA
patients and is characterized by a raised Pa CO2 , a BMI higher than
30 kg m−2, and daytime somnolence. Preoperative blood gases will
help identify a high Pa CO2 and an elevated bicarbonate, suggesting a condition that has been present for some time (Loadsman

Figure 82.7 Pulmonary arterial hypertension. Chest X-ray can be normal, but
can demonstrate cardiomegaly with prominent pulmonary arteries together with
peripheral pruning of vessels.

and Hillman 2001). These patients are at high risk of respiratory
failure in the postoperative period (Kaw et al. 2011a, 2011b) and
should receive NIV, with enough expiratory positive airway pressure to combat upper airway obstruction (10–13 cm H2O and
enough inspiratory positive airway pressure to maintain adequate
ventilation). Pulmonary hypertension occurs secondary to chronic
hypoxaemia, resulting in right heart failure. Therefore, preoperative assessment with echocardiography may be helpful. Anaesthesia
involves avoiding respiratory depression and residual effects of
anaesthetic drugs as far as possible.

Pulmonary hypertension
Progressive breathlessness that is not easily explained by left heart
dysfunction or intrinsic lung disease may suggest pulmonary
hypertension or chronic thromboembolic pulmonary hypertension
(CTEPH) if persisting after pulmonary embolism (Fig. 82.7).
Pulmonary hypertension is defined as a mean pulmonary artery
pressure of 25 mm Hg or higher at rest or 30 mm Hg on exercise
(British Cardiac Society et al. 2001). At the World Symposium on
Pulmonary Arterial Hypertension in 2003, the clinical classification
of pulmonary hypertension was revised to identify five major groups
(Elliot and Kiely 2006) and then updated in 2013 (Simonneau et al.
2013). These five groups now include the following aetiologies:
1. Pulmonary arterial hypertension (PAH):
1.1 Idiopathic PAH
1.2 Heritable PAH:
1.2.1 BMPR2
1.2.2 
ALK-1 (associated with hereditary haemorrhagic telangiectasia), ENG, SMAD9, CAV1, KCNK3
1.2.3 Unknown
1.3 Drug and toxin induced
1.4 Associated with:
1.4.1 Connective tissue disease
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1.4.2 HIV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart diseases
1.4.5 Schistosomiasis
1′. Pulmonary veno-occlusive disease and/or pulmonary capillary
haemangiomatosis
1′′. Persistent pulmonary hypertension of the newborn (PPHN)
2.

Pulmonary hypertension as a result of left heart disease where
treatment is best aimed at the underlying left heart disease:
2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4	
C ongenital/
acquired left heart inflow/
outflow tract
obstruction and congenital cardiomyopathies

3.

Pulmonary hypertension as a result of lung diseases and/or
hypoxia:
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3	Other pulmonary diseases with mixed restrictive and
obstructive pattern
3.4 Sleep-disordered breathing
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitude
3.7 Developmental lung diseases

4.

Pulmonary hypertension as a result of chronic thrombotic or
embolic disease (CTEPH)

5.

Pulmonary hypertension with unclear multifactorial mechanisms:
5.1	Haematological disorders: chronic haemolytic anaemia,
myeloproliferative disorders, splenectomy
5.2	Systemic disorders: sarcoidosis, pulmonary histiocytosis,
lymphangioleiomyomatosis
5.3	Metabolic disorders: glycogen storage disease, Gaucher’s
disease, thyroid disorders
5.4	Others: tumoural obstruction, fibrosing mediastinitis,
chronic renal failure, segmental pulmonary hypertension.

The type and hence the underlying cause for PAH has a major
impact on prognosis. Untreated severe idiopathic pulmonary
hypertension has a 5-year survival of only 27%, but this can be
more than doubled with targeted treatments. Systemic sclerosis
has a 5-year survival of 80% without PAH and 40% with (Stupi
et al. 1986).
Pathophysiology varies between the different types of pulmonary
hypertension and so right-heart catheter studies are normally carried out in specialist centres to establish where the restriction to
flow or increased pressure originates from and is combined with
echocardiography to establish if there are intracardiac shunts.
Clinical signs in PAH would include tachycardia, increased jugular
venous pressure, right ventricular heave, loud second heart sound
and tricuspid regurgitation, combined with hepatomegaly and
ascites and eventually ankle swelling.

pulmonary disease and anaesthesia

Factors indicating a poor prognosis include right atrial pressure greater than 10 mm Hg, cardiac index less than 2.1, and
mixed venous oxygen saturation of less than 63%. If the problem
is IPAH, that is, a vasculopathy resulting from proliferation of the
intima and media of the pulmonary arterial bed with narrowing
and over-reactivity of the pulmonary capillaries (McLaughlin et al.
2009), then the patient may overreact to vasoconstrictor drugs and
hypoxia. This is important when considering supportive therapies
in the perioperative period, particularly including oxygen, CPAP,
or NIV. The 6 min walking test appears to give an indication of
survival at 20 months. If the walking distance is less than 332 m,
survival is less than 20%.
It is important to distinguish between idiopathic pulmonary
arterial hypertension (IPAH) and pulmonary hypertension secondary to left-sided heart problems, in particular left ventricular diastolic dysfunction (LVDD). In IPAH, patients are younger
with fewer co-morbidities, ECG signs of right axis deviation, right
ventricular hypertrophy, and ST depression inferiorly and anteriorly (Fig. 82.8). Echocardiography shows normal left atrial size
and mitral flow. Magnetic resonance imaging shows increased
right ventricular mass, with moderate or severe impairment
of right ventricular function and the interventricular septum
pushed over from right to left. Pulmonary capillary occlusion
pressures are normal. Those with LVDD generally have a better
prognosis and tend to be older, with hypertension, diabetes, and
atrial fibrillation. ECG shows left axis deviation, left ventricular
hypertrophy, and lateral ST depression. Echocardiography shows
a large left atrium, and a high ratio (>15) of mitral peak velocity of early filling (E) to early diastolic mitral annular velocity
(EO). There is a normal ratio of right to left ventricular mass and
septal position. Right ventricular function is normal or mildly
impaired, with a raised pulmonary arterial wedge pressure
(Kiely et al. 2013). It is important that the two are distinguished,
because pulmonary arterial/capillary dilators may allow back
pressure into the pulmonary vasculature that causes pulmonary
oedema in the LVDD group.
Specialized therapies for idiopathic pulmonary arterial hypertension include oral therapies such as bosentan, an endothelin receptor agonist (Rubin et al. 2002; Denton et al. 2006), which may cause
reversible impairment of liver function. A small percentage of
IPAH alone respond to calcium channel blockers such as diltiazem
or nifedipine, but other forms of PAH do not. More recently, sildenafil, which is a phosphodiesterase inhibitor (and so should not be
used with nitrates), has been shown to improve walking distance
(Galie et al. 2005). Its action is via inhibition of phosphodiesterase 5, which would otherwise break down nitric oxide, which acts
via cyclic GMP to relax the pulmonary vasculature and to reduce
cellular proliferation. Intravenous or nebulized prostacyclin via a
central or Hickman line has been shown to improve survival (Barst
et al. 1996; Channick et al. 2006; McLaughlin et al. 2006). Iloprost
is more stable than epoprostenol and more commonly used in the
United Kingdom. Importantly, line infections often present with
worsening of dyspnoea. Nitric oxide concentrations are low in the
pulmonary circulation in PAH. It has been possible to inject controlled nitric oxide gas into the breathing systems in theatre and
ICU in these patients to dilate the pulmonary vasculature, but
metabolites are toxic and so need to be monitored. Arginine has
been used as a precursor of nitric oxide in sickle cell disease. These
therapies are not helpful in left-sided heart disease or pulmonary
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Figure 82.8 ECG with pulmonary arterial hypertension. ECG showing right heart strain with dominant R wave in V1, depressed ST and inverted T waves in the inferior
and right chest leads, and right axis deviation, consistent with pulmonary hypertension.

veno-occlusive disease and may even allow back pressure to produce pulmonary oedema.
CTEPH occurs in about 4% of patients at 2 years after a symptomatic pulmonary embolus. It particularly affects those who have
had a massive pulmonary embolus or ongoing breathlessness or
deep vein thrombosis (Fig. 82.9). The right ventricle can produce
a maximum systolic pulmonary artery pressure of 50 mm Hg in

Figure 82.9 CT pulmonary angiogram showing saddle embolus across the
division of the pulmonary artery into left and right main branches.

the acute situation. Higher levels suggest that there is pre-existing
pulmonary artery disease and CTEPH. Treatment is with anticoagulation and consideration for pulmonary endarterectomy. If the
mean pulmonary artery pressure in CTEPH exceeds 50 mm Hg, life
expectancy is 10% at 5 years, compared with a 5–10% perioperative
mortality for pulmonary endarterectomy.
Patients often present with worsening exercise tolerance and
even syncopal episodes as a result of borderline cardiac output as
pulmonary vascular resistance increases. As this happens, arrhythmias may occur and right heart coronary artery flow may decrease
as the pressures in the right heart and hence right heart wall tension increase. Treatment of right heart failure is therefore important in the perioperative period, which may include off-loading or
avoiding fluid overload with diuretics or considering continuous
veno-venous haemofiltration. Mechanical ventilation may increase
pulmonary artery pressures and so regional or local techniques are
important. Avoidance of hypoxia and atelectasis with CPAP or NIV
can be effective especially if patients are developing pneumonia.
Increasing right heart overload may occur in PAH in pregnancy
in patients who lack reserve. This used to be a major cause of mortality (30–56%) and often meant that pregnancy was avoided or
terminated. However, the situation has improved with nebulized
iloprost (Elliot et al. 2005). In a study of pulmonary hypertension patients scheduled for early delivery by Caesarean section,
nebulized iloprost was started in 9 of 10 patients. Three patients
required intravenous iloprost infusions. Nine patients delivered
by Caesarean and one delivered spontaneously. Low-molecular-
weight heparin was used in 9 of 10 pregnancies (five at full therapeutic dose and four at a prophylactic dose, including one woman
with a suprarenal inferior vena cava filter inserted during pregnancy). All patients received epidural or combined spinal–epidural
anaesthesia. The majority had radial arterial lines and central
venous catheters. Cardiac output monitoring was performed with
Swan–Ganz catheters in two women and LiDCO™ (LiDCO System,

1419

chapter 82

London, UK) monitoring in the remainder. All 10 pregnancies
produced live babies. One mother died at 4 weeks after deciding
to stop her treatment. One patient went on to pulmonary endarterectomy. This survival rate was very high compared with earlier
studies. Management was by a team of anaesthetists, intensivists,
pulmonary vascular physicians, obstetricians, and haematologists
(Kiely et al. 2010).
However, patients may present for non-obstetric surgery, either
cardiothoracic or non-cardiothoracic. They are at risk of developing
right heart failure, because of falling contractility, increased pulmonary vascular resistance, or fluid overload, and may initially present
at many locations, not just at specialized centres. Stress, hypoxia,
and tachycardia or arrhythmias may precipitate a decrease in contractility and increased pulmonary vascular resistance. Outcomes
will vary greatly depending on the indication for surgery, co-
morbidity, and the presence of sepsis. Studies have shown perioperative mortality rates for non-cardiac and non-obstetric surgery of
7% (Ramakrishna et al. 2005) and 14% (Minai et al. 2006). So far,
most non-cardiac and non-obstetric surgical cases requiring anaesthesia have either been managed with local or regional anaesthesia,
sometimes combined with sedation or by general anaesthesia, often
with a regional block. If mechanical ventilation is needed, risks are
higher and it should be with lung protective ventilation with tidal
volumes of 6 ml−1 kg and moderate PEEP to avoid over-distension
(Fernandez-Perez et al. 2008).
More recently, Price et al. (2010) studied 28 patients with mild
to moderate pulmonary hypertension, 21 of whom were New York
Heart Association functional class I-II, undergoing surgery from
2000 to 2007. Fifty per cent of surgery was under general anaesthetic combined with regional anaesthesia and 50% under regional
alone. Perioperative mortality overall was 7%. Death rates were
higher (50%) for emergency cases (n = 4). Perioperative complications occurred in 29% and were more common in emergency,
major and prolonged surgery (average 193 vs 112 min).

Restrictive lung disease
Interstitial lung diseases
These are a family of diseases sometimes known as idiopathic interstitial pneumonias that pose major problems to the anaesthetist
because of their physiological effects on the respiratory systems and
their relationship to other diseases. Their effects range from inflammation of the connective tissue within the lung, which is particularly
the case with sarcoid, to fibrosis in idiopathic pulmonary fibrosis,
and airspace filling with alveolar proteinosis or desquamative interstitial pneumonitis (Wallis and Spinks 2015). A precise diagnosis
is not always available, which makes planning and prognostication
difficult. This lack of clarity is a major issue for anaesthesia and
intensive care, because the outlook with the different diseases varies
considerably. They may also be confused with infection, connective
tissue diseases, vasculitis, lymphoma, and some lung cancers and
complicated by pulmonary embolism. Perioperative deterioration
may be as a result of an exacerbation of the disease itself, infection, or any of the complications associated with anaesthesia and
surgery. Pulmonary fibrosis may be drug induced. Drugs include
bleomycin, busulfan, cyclophosphamide, methotrexate, amiodarone,
and nitrofurantoin. High oxygen levels are a particular issue for
anaesthetists, who may be called upon to anaesthetize patients who
have had bleomycin therapy for lymphoma (Donat 1999). High
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oxygen levels can exacerbate pulmonary toxicity of bleomycin. This
is a long-term risk and therefore reduced inspired oxygen should be
used to target 90% saturation.

Idiopathic pulmonary fibrosis
Idiopathic pulmonary fibrosis is caused by chronic inflammation
of the alveoli, which leads to scarring and progressive fibrosis with
a poor prognosis. There is repetitive epithelial lung injury and loss
of alveolar capillary integrity which triggers inappropriate, progressive, widespread, and heterogeneous lung scarring. This decreases
compliance, increases resistance, reduces lung volumes (Nava and
Rubini 1999), and worsens gas diffusion, resulting in hypoxia and
eventually hypercapnia. It is the commonest interstitial lung disease, with an incidence of 7.44:100 000 of the population in the
United Kingdom (Navaratnam et al. 2011) and appears to have a
higher incidence in mainland Europe and the United States. The
incidence increases with age.
Clinically, patients may complain of progressively worsening shortness of breath, especially on exertion, with a dry cough.
Patients are usually more than 50 years old with a gradual onset
of breathlessness, usually over at least 3 months. There will be fine
crackles at the bases, tachypnoea, and the fingers may be clubbed. At
first, the chest X-ray may appear normal, but CT will reveal abnormal features (Fig. 82.10). Clinical signs include hypoxia, dyspnoea,
finger clubbing, and fine crackles at lung bases. Chest X-rays show
a reticular pattern, traction bronchiectasis, and volume loss. High-
resolution CT shows bibasal reticular shadowing and honeycombing, but only minimal ground-glass opacities (Fig. 82.11).
Idiopathic pulmonary fibrosis is progressive and generally fatal,
with a median survival of less than 5 years from diagnosis, with
chronic inflammation of the alveolar wall. Patients with disease
severe enough to require ventilation for acute respiratory failure while on the waiting list for lung transplantation often have a
higher elastance than non-survivors with respiratory ARDS, which
in turn is four times higher than ventilated patients with normal lungs. Chest wall elastance was 15% above normal, probably
related to the increased lung recoil, which would place the chest
wall into the lower flat portion of the pressure–volume curve (Nava
and Rubini 1999). These patients also have increased lung resistance despite the expected increased elastic recoil. Gibson and Pride
(1977) had suggested that this was as a result of the reduced lung
volume causing airway narrowing. However, this was less severe
than resistance changes in COPD, with all but one patient returning
to baseline pressure after a 3 s expiratory hold. In patients with end-
stage disease, in contrast to earlier disease, rapid shallow breathing
in response to the stiffness of the lungs, leads to alveolar hypoventilation with an increase in Pa CO2 . Lung and chest wall mechanics in
patients who are ventilated and have severe idiopathic pulmonary
fibrosis are a major problem. The poor compliance results in high
airway pressures, combined with poor diffusion of oxygen and to a
lesser extent carbon dioxide.
The diagnosis of idiopathic pulmonary fibrosis relies on the exclusion of known causes of interstitial lung diseases, including drugs,
environmental causes, and connective tissue diseases. Essentially
the aetiology is unknown, but there may be links to viruses, including Epstein–Barr, herpes simplex, hepatitis C, cytomegalovirus, parvovirus B19, torque teno, and herpes viruses 7 and 9, and sometimes
a familial association. It is more common in people who smoke
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Figure 82.10 Simplified diagram of typical high-resolution computed tomography appearance of the most commonly encountered interstitial lung diseases. Idiopathic
pulmonary fibrosis (usual interstitial pneumonia pattern; lower-lung predominant subpleural reticulations, traction bronchiectasis, and honeycombing with paucity of
ground-glass opacification). Non-specific interstitial pneumonia (lower-lung predominant subpleural ground-glass opacification and fine reticulations, with traction
bronchiectasis in the fibrotic stage and typically an absence of honeycombing). Hypersensitivity pneumonitis—acute: centrilobular or geographical ground-glass
opacification and air trapping (mosaic attenuation); chronic: fibrosis with reticulation, traction bronchiectasis, and possibly honeycombing. Sarcoidosis (mediastinal and
bihilar lymphadenopathy, perilymphatic nodularity; when fibrotic often perihilar, mass-like, or honeycombing). Organizing pneumonia (nodules or consolidation, often a
perilobular pattern, fluctuation).
Reproduced from The BMJ, Wallis A, Spinks K. The diagnosis and management of interstitial lung diseases. Volume 350, h2072, Copyright © 2015, with permission from BMJ Publishing Group Ltd.

(A)

(B)

Figure 82.11 Lung fibrosis on (a) chest X-ray and (b) chest computed tomography scan showing extensive lung fibrosis, bronchiectasis, and honeycombing with
large bulla.
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and in people who have been exposed to dust from wood, metals,
textiles, or stone, cattle or farming and there may be links to gastro-oesophageal reflux disease. Unfortunately steroids and immunosuppressive drugs show no major benefit, although steroids and
cyclophosphamide are often tried. Pirfenidone, nintedanib, and
N-acetylcysteine were postulated to reduce inflammation in the
lungs, but have not yet been shown to cause major improvement.
However, NICE recommends pirfenidone in patients with a forced
vital capacity of 50–80% of predicted, where it may slow the rate of
decline, but it does not reverse existing fibrosis (Noble et al. 2011;
King et al. 2014). The only long-term treatment that can prolong
survival is lung transplantation (Davies et al. 2003; Richeldi et al.
2003; Mason et al. 2007).
The main concern initially is to exclude a treatable cause.
Bronchoscopy may show certain cell types, such as lymphocytosis
in hypersensitivity pneumonitis or sarcoidosis (Wallis and Spinks
2015), or reveal malignant cells or infection, but may not be possible in the awake, spontaneously breathing patient. Lung biopsy
may be attempted, showing diffuse alveolar damage and fibrosis,
but risks pneumothorax or other complications. Video-assisted
thorascopic biopsy has an overall 30-day mortality risk of 2.1%,
compared with 4.3% in open lung biopsy. However, risks in individual cases may be much higher and increase with age (Nguyen
and Meyer 2013).
Acute exacerbations occasionally present on a background of
minimal symptoms, with unexplained worsening of dyspnoea over
30 days with new lung infiltrates. A CT pulmonary angiogram is
useful to exclude pulmonary embolism. Mechanical ventilation of
the lungs is often required before the diagnosis is clear, because
a full work-up may not be possible in the time available. Severe
acute exacerbations present major clinical and ethical challenges
because of the poor outcome. Transplantation in the ICU setting
is extremely difficult (Papiris et al. 2010). Patients may also require
their lungs to be mechanically ventilated because another pathology is overlying the condition, such as a pneumonia. Unfortunately
mechanical ventilation does not improve survival in patients
presenting with a terminal exacerbation of severely progressive
disease.
Idiopathic pulmonary fibrosis is a major problem for anaesthesia.
The first issue is one of the risk:benefit ratio of surgery in a patient
with a progressive life-limiting disease. The addition of perioperative atelectasis, mechanical ventilation, and drugs that depress the
respiratory centres may produce respiratory failure in a patient who
would otherwise continue to maintain adequate ventilation and gas
transfer for many months (Utz et al. 2001).
Postoperative causes of exacerbation have been found to have a
mortality of approximately 44% compared with 90% in the non-
operative group. Other exacerbating factors such as pneumothorax,
heart failure, and pulmonary embolism should be excluded.
The use of anaesthesia in the context of lung fibrosis requiring
lung transplantation is well described (Della Rocca et al. 2000;
Vicente et al. 2006). However, there is a major issue of how to deal
with a non-transplant patient with existing lung fibrosis in the
perioperative period. In lung fibrosis, the lungs are stiff and the
transfer factor is reduced, so making lung recruitment difficult and
the effects of PEEP unpredictable. High PEEP is associated with a
worsened outcome in exacerbations of idiopathic pulmonary fibrosis (Fernandez-Perez et al. 2008). Lung fibrosis is associated with a
large number of pathologies, many of which have wider systemic
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effects, while lung fibrosis itself will raise pulmonary artery pressures and elevate the work of the right ventricle.
Regional or local techniques are preferable, to maintain as
close to normal spontaneous breathing as possible. Unfortunately
some surgery requires general anaesthesia; most commonly intra-
abdominal and intrathoracic procedures. There are exceptions to
this where with gentle surgery, including those requiring pneumoperitoneum under low CO2 insufflation pressures, pressure-
controlled ventilation through the Supreme® (Teleflex, Inc., Wayne,
PA, USA) laryngeal mask airway, has been used with the position
confirmed by bronchoscopy, combining general anaesthesia with
an epidural during laparoscopic cholecystectomy in a patient with
severe pulmonary fibrosis (Carron et al. 2009). Epidural block from
T4 to L1 was established before induction with remifentanil and
propofol, plus cisatracurium. This technique, although producing
smoother wakening than endotracheal intubation, could be criticized because of the increased risk of pulmonary aspiration of gastric contents (Hohlrieder et al. 2007).
Although spontaneous breathing may potentially allow a more
normal pattern and distribution of ventilation, it produces three
other difficulties. Hypercarbic patients may hypoventilate further
as a result of the impact of anaesthetic drugs on respiratory drive
and this hypoventilation may increase Pa CO2 to unsustainable levels.
Atelectasis may occur as a result of hypoventilation in these patients
in whom lung recruitment is less effective. Conversion to tracheal
intubation and mechanical ventilation in the event of a deterioration adds complexity.
Lung fibrosis has very occasionally been described after anaesthesia in patients with no previous history, underlying disease,
or obvious drug cause (Kimura and Mizutani 2001); however, it
is likely that this is a form of lung damage secondary to a cause
inducing ARDS. Deterioration has been seen in the opposite lung
in patients with idiopathic pulmonary fibrosis who are undergoing lung biopsy under general anaesthesia (Hoshikawa and Kondo
2004; Kondoh et al. 2006). This may be as a result of other indirectly related factors such as hyperoxygenation or lung distension
(Mallick 2008). Mortality in this situation is higher than 50%.
There are other causes of interstitial lung disease (Chapman et al.
2014), such as non-specific interstitial pneumonia, respiratory
bronchiolitis-associated interstitial disease, desquamative interstitial pneumonia, and cryptogenic organizing pneumonia. These
have a better prognosis than idiopathic lung fibrosis.

Non-specific interstitial pneumonias
These may be related to connective tissue diseases, drugs, immunodeficiency, and infection. They present with breathlessness
and weight loss, with basal crackles, and sometimes finger clubbing; there is a restrictive pattern of lung function and impaired
gas transfer in some. Histology varies from inflammatory (NSIP1),
part inflammation and some fibrosis (NSIP2), to much more fibrosis (NSIP3). The treatment is with steroids, plus bisphosphonates,
proton pump inhibitors, and co-trimoxazole. Survival at 5 years is
more than 50% even in NSIP3.

Cryptogenic organizing pneumonia
Alveolar and even small bronchioles become plugged with granulation tissue. This can be cryptogenic or an organizing pneumonia
secondary to infection, radiotherapy, connective tissue disease,
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diffuse alveolar damage, inflammatory bowel disease, haematological malignancy, post-bone marrow transplant, lung malignancy,
or pulmonary infarction. Frequently these patients present with a
slow to resolve pneumonia and a history of increasing breathlessness of under 3 months, sometimes with crackles on examination,
but no finger clubbing. CT shows areas of consolidation, with air
bronchograms and ground glass. Bronchoalveolar lavage shows
neutrophils, eosinophils, and lymphocytes.

Acute interstitial pneumonias
This was previously known as the Hamman–Rich syndrome and is
an idiopathic form of lung disease probably related to ARDS, which
comes on over a few days, usually after a viral illness with fever,
arthralgia, and myalgia and crackles on examination. CT shows diffuse bilateral ground-glass appearance, consolidation, reticulation,
and cysts, with traction bronchiectasis. Bronchoalveolar lavage
shows increased cells of all types including red cells and haemosiderin. Treatment usually involves high-dose methylprednisolone
(1 g every 3 days intravenously, followed by 1 mg kg−1 day−1 maintenance of prednisolone), but fewer than 50% survive and the disease may recur or become chronic.

Respiratory bronchiolitis associated lung disease
This is usually a disease presenting in patients of 40 years of age or
more, with mixed restrictive and obstructive characteristics associated with smoking and pigmented macrophages in the bronchioles.
Treatment is to stop smoking and prolonged survival is common.
The disease may be desquamative interstitial pneumonia, which is
a form of alveolar macrophage pneumonia.

Lymphoid interstitial pneumonia
This is a rare disease associated with connective tissue disease,
immunodeficiency, infections such as pneumocystis pneumonia
(PCP), autoimmune diseases, and drugs. Breathlessness advances
over years and patients show lymphoid hyperplasia and lymphoid
lung infiltrates progressing to fibrosis.

Vasculitides
Neutrophils cause damage to small vessels in the lung, so damaging
the lung itself, resulting in infiltrates, infarction, and haemorrhage
into the lung.
Granulomatosis with polyangiitis affects small and medium-sized
vessels in the lung accompanied by haemoptysis, breathlessness,
and pleuritic chest pain. Cavitating lesions, alveolar haemorrhage,
pleural effusions, and bronchiectasis are often present (Fig. 82.12).
Nephritis occurs in 80%, with red cell casts on dip stick testing.
Classically granulomatosis with polyangiitis causes sinusitis, nasal
septal perforation, and epistaxis, in addition to a rash and muscle
and joint pains. Serologically c-ANCA and anti-PR3 are positive.
Treatment is with steroids and cyclophosphamide. Microscopic
polyangiitis has similar symptoms and signs to granulomatosis
with polyangiitis.
Goodpasture’s syndrome affects the lungs and the kidneys of men
more than women in the 20-to 30-year age group, although it can
occur later. Immunoglobulin G is deposited on the basement membranes of alveoli and glomeruli. The resulting damage causes alveolar haemorrhage (especially in smokers) and glomerulonephritis.
Anti-glomerular basement membrane antibodies are detectable.
The carbon monoxide transfer coefficient is elevated because of the
haemorrhage. Patients have haemoptysis and crackles in the lungs.
Polyarteritis nodosa affects middle-sized vessels and Takayasu’s
arteritis affects large vessels.

Sickle cell disease
Sickle cell disease produces important effects on the respiratory
system and patients with sickle cell disease are more likely than
most people to require surgery. Surgery typically includes cholecystectomy, or hip procedures after avascular necrosis of the femoral head. Other complications include acute splenic sequestration

Eosinophilic lung diseases
Eosinophilia can be a major feature of asthma, particularly when
associated with eczema or fungal infection with Aspergillus. Simple
pulmonary eosinophilia (Loeffler’s syndrome) is associated with
larvae, whereas the rarer tropical pulmonary eosinophilia is associated with filaria in the blood.
Chronic eosinophilic pneumonia gradually advances over
months and may be associated with asthma. Acute eosinophilic
pneumonia follows a febrile illness with increasing shortness of
breath. There are interstitial or alveolar infiltrates and eosinophils
on bronchoalveolar lavage. Both the chronic and acute forms
respond to steroids. Hypereosinophilic syndrome demonstrates
very high blood eosinophilia of greater than 1.5 × 109 cells litre−1
over many months. The disease may extend to affect the heart muscle, valves, and the pericardium and require steroids and immunosuppressant treatment. Churg–Strauss syndrome combines asthma,
eosinophilia, with pulmonary infiltrates and a small-and medium-
vessel vasculitis, which may affect the gastrointestinal tract and so
is sometimes called eosinophilic granulomatous polyangiitis. P-
ANCA and anti-MPO antibodies are usually positive. Treatment is
with prednisolone, cyclophosphamide, and azathioprine.

Figure 82.12 Computed tomography scan showing lung abscesses and
bronchiectasis.
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crises, splenic infarction or splenic abscess formation, peptic ulceration, ischaemic colitis, pancreatitis, or leg ulcers. Patients have a
chronic haemolytic anaemia and vasoactive crises. Sickle cell disease is associated with increased breathlessness and occasionally
pulmonary hypertension. Pneumonias occur especially as a result
of Streptococcus pneumonia and encapsulated bacteria, viruses,
and atypical pneumonias. Asthma and pulmonary emboli are common and fat emboli occur. Acute chest syndrome produces chest
pain, breathlessness, and lung injury. All these problems may lead
to ARDS. Treatment is to avoid sickling by giving oxygen, fluid,
and analgesia. Blood transfusion or exchange transfusion may
reduce sickling by reducing haemoglobin S to below 20% of the
total. Hydroxycarbamide may reduce sickling by increasing fetal
haemoglobin.

Immunocompromised patients
and pulmonary disease
Patients who are immunocompromised may develop respiratory
disease or respiratory failure as a result of either infectious or non-
infectious causes. This vulnerability to infection presents problems
for the anaesthetist, before, during, and after surgery. The risk of
surgical complications is high, including perioperative sepsis. The
non-infectious issues include the underlying disease (e.g. lymphoma, leukaemic infiltration), graft vs host disease, pulmonary
oedema after renal transplant, drug effects (e.g. cytarabine including chemotherapy), ARDS after blood transfusion, the effect of
radiotherapy, diffuse alveolar haemorrhage, idiopathic pneumonia, engraftment syndrome, post-transplant lymphoproliferative
disease, bronchiolitis obliterans syndrome (BOS), and pulmonary
veno-occlusive disease.
Pneumonia (PCP) is a major risk and may be present at the time
of surgery. Pneumocystis (fungal) pneumonia is often difficult to
diagnose. Features include chest X-ray showing bilateral perihilar
infiltrates, alveolar shadowing and rarely pneumothorax; CD4 less
than 200 μg litre−1, lactate dehydrogenase (LDH) is greater than
220 U litre−1.
Quantitative PCR for Pneumocystis helps distinguish between
colonization and active infection.
β-D-glucan (BDG) is present in the cell wall of many fungi,
including Candida, Aspergillus, and Pneumocystis. PCP may demonstrate extrapulmonary manifestations, affecting the central
nervous system, bone marrow (may have necrosis with resultant
pancytopenia), lymphadenopathy, eyes (may have retinal cotton-
wool spots), thyroid swelling (may present as a rapidly enlarging
thyroid mass), and the gastrointestinal tract.
PCP may be confused with ARDS, cytomegalovirus, lymphocytic interstitial pneumonia, Mycoplasma infections, viral pneumonia, pulmonary embolism, legionellosis, tuberculosis and
Mycobacterium avium complex infection. Treatment can be divided
into supportive, that aimed at the underlying diagnosis, and antimicrobial therapy.

Hypersensitivity pneumonitis
Hypersensitivity pneumonitis, previously known as extrinsic allergic alveolitis, is encouraged by neutropenia, impaired T-cell function, and hypogammaglobulinaemia. Infectious agents include
bacteria, fungi, Aspergillus, parasites, and viruses.
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Hypersensitivity pneumonitis occurs in farmers, or pigeon or
bird keepers, or those exposed to the house dust mite. It is caused
by microorganisms, animal proteins, including rat droppings, and
bloom from bird feathers, and paint chemicals such as toluene.
Organisms involved include Aspergillus clavatus, Trichosporon
cutaneum, and thermophilic Actinomyces. This leads to fever,
arthralgia, and myalgia, with crackles and wheeze in the lungs.
Pulmonary function shows restrictive lung disease, sometimes
with some obstruction. There is a neutrophilia, with a lymphocytosis on bronchoalveolar lavage. Blood immunoglobulin G precipitin
is high. Treatment is primarily avoidance of the cause. This is followed by corticosteroids.

Exposure diseases
Pneumoconioses result from inhalation of dust particles which
cause inflammation. Coal workers’ pneumoconiosis is produced by
coal dust causing cytokine release and then lung fibrosis. This may
progress from simple pneumoconiosis to progressive massive fibrosis with opacities forming that are more than 1 cm in diameter. This
can be further complicated by rheumatoid arthritis, which leads to
nodules and Caplan’s syndrome, which involves large nodule formation and cavitation. Other pneumoconioses include silicosis,
which produces nodules and lung fibrosis. Berylliosis can occur
acutely producing pulmonary oedema, which may be treated with
corticosteroids to reduce subsequent inflammation and chronic
berylliosis, which is a T-cell immune response causing granulomatous inflammation that is seen on chest X-ray as a reticulonodular
appearance, bronchiectasis, and honeycombing. Lung function test
show a restrictive defect with decreased carbon monoxide transfer
coefficient.
Asbestos exposure is mainly occupational and produces pleural plaques (usually posterolaterally), diffuse pleural thickening
and effusions, mesothelioma, and asbestosis. Asbestosis is chronic
interstitial fibrosis as a result of asbestos exposure. Radiology shows
bilateral reticulonodular patterns, which may progress to honeycombing if severe. CT shows ground-glass, subpleural opacities,
septal thickening and signs of fibrosis, with traction bronchiectasis. This is a restrictive lung disease. Mesothelioma is a malignant
tumour of the pleura.

Connective tissue diseases
Rheumatoid disease causes cricoarytenoid arthritis, pleuritic
chest pain, an exudative effusion with low glucose, and lung fibrosis. There may be pulmonary nodules, haemoptysis, and cavitation. There is also a vasculitis. On examination, finger clubbing
and basal crackles may be present. Lung function tests show a
restrictive lung disease. This may progress to organizing pneumonia or even lymphocytic infiltration of terminal bronchioles,
which causes obliterative bronchiolitis. Lung function tests show
an obstructive picture.

Systemic lupus erythematosus
Systemic lupus erythematosus is an autoimmune disease, characterized by double-stranded DNA antibodies. There is pleuritis and
exudative pleural effusions in 50% of cases, with diffuse lung fibrosis, together with a reduced carbon monoxide transfer coefficient
and restrictive defect on lung function testing. Occasionally there is
an acute pneumonitis, with crackles, which is treated with steroids
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Figure 82.13 Computed tomography scans to show (a) massive strangulated hiatus hernia, presenting with chest pain, clinical signs in the chest, and sepsis, and
(b) gas in infarcting stomach wall.

and cytotoxic drugs. Pulmonary hypertension as a result of vasoconstriction may occur in those with Raynaud’s and pulmonary
emboli may occur in those with antiphospholipid syndrome. The
lungs ‘shrink’ although the cause is unclear and alveolar haemorrhage can occasionally occur. Drug-induced lupus can be caused by
isoniazid, procainamide, hydralazine, minocycline, penicillamine,
and some anticonvulsants.

including renal stones), and myocarditis. Treatment is with steroids
and methotrexate.
Drug causes include cigarette smoking, amiodarone, bleomycin,
busulfan, methotrexate, and nitrofurantoin or exposure to beryllium. Other problematic treatments include radiotherapy.
Lung fibrosis may be caused or exacerbated by recurrent gastro-
oesophageal reflux.

Other interstitial lung diseases

Alveolar haemorrhage

Connective tissue illnesses producing interstitial lung disease
also include systemic sclerosis and sarcoidosis. It may also occur
associated with tuberculosis, ankylosing spondylitis, psoriasis, or
histiocytosis X.
Systemic sclerosis may present as CREST syndrome (calcinosis,
Raynaud’s, oesophageal dysmotility in 74%, and telangiectasia). In
this form, the skin becomes tight and may limit mouth opening.
However, pulmonary fibrosis occurs in 26% of cases, compared
with 41% in the diffuse cutaneous form. Renal disease affects 18%,
cardiac disease 12%, and pulmonary hypertension occurs in 17%
of patients. There is frequent gastrointestinal involvement resulting
in malabsorption. Lung involvement may be exacerbated by aspiration secondary to the oesophageal disease. Steroids and cyclophosphamide may improve lung function.
Sarcoidosis is a granulomatous multisystem disease, producing
lung fibrosis. Patients may have stage 1, hilar lymphadenopathy;
stage 2 begins to add parenchymal infiltrate; stage 3, parenchymal infiltrate; or stage 4, lung fibrosis. Angiotensin-converting
enzyme is released by macrophages and T-cell activation stimulates B cells and so serum immunoglobulins increase. Sarcoidosis
also causes Sjögren’s syndrome with dry eyes and mouth, laryngeal involvement, pancreatitis, hepatitis, diabetes, hypercalcaemia,
that is responsive to steroids (which brings its own complications

Anaesthesia may be required to allow the control of alveolar
haemorrhage. There is no consensus as to what constitutes a life-
threatening haemorrhage. The physiological impact on oxygenation
or airways obstruction will depend on the speed of haemorrhage
and location in the lung. Often it may be difficult to be certain that
the bleeding is not from the nose or mouth or even haematemesis.
Haemoptysis may originate from structural abnormalities such
as a bronchial tumour or tuberculosis eroding through vessels,
mitral stenosis, or even aortic or pseudo-aneurysm. Haemoptysis
is also seen in bronchiectasis, lung abscesses, pneumonia, pulmonary embolism, or foreign bodies. It may present in rarer conditions including anti-glomerular basement membrane disease
(Goodpasture’s), systemic lupus erythematosus, and granulomatosis with polyangiitis (Wegener’s granulomatosis) or pulmonary
haemosiderosis. Fungal or parasitic infections such as Aspergillus
mycetoma may cause major bleeds. Arteriovenous malformations,
which are mostly associated with hereditary haemorrhagic telangiectasia may bleed severely. Hereditary haemorrhagic telangiectasia
is a major issue, because patients are predisposed to cerebrovascular accidents and cerebral abscesses if right-sided clots or infection can pass through lung arteriovenous malformations relatively
unhindered. Prophylactic antibiotics may be needed and repeated
during future surgical procedures.
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Figure 82.14 Chest X-ray to show the results of embolization of alveolar
haemorrhage.

Treatment is of the underlying disease or by control of the haemorrhage, or both. In some cases, airway control is needed with
insertion of a double-lumen tube to isolate the good lung, while a
solution is being found. Correction of clotting abnormalities and
blood loss will be required. Alternative techniques will include a
single-lumen tube directed into the good lung or bronchial blocker
insertion. In many cases, management will be a CT scan and arteriography with embolization (Fig. 82.14). Surgical resection may be
more effective in some cases. Sometimes bronchoscopy may identify the lesion and allow balloon compression, but often the view is
obscured by the bleeding.

Diseases of the abdominal compartment
Hepatobiliary diseases and the lung
Chronic hepatic disease is frequently encountered in anaesthetic
practice. This may impact the lung in two ways: hepatic hydrothorax and hepatopulmonary syndrome. Hepatic hydrothorax is a
pleural effusion, as a result of defects in the diaphragm, that allows
ascites to spread usually to the right pleura. Therefore, spontaneous
bacterial peritonitis can spread to the chest and cause an empyema.
Hepatopulmonary syndrome is chronic liver disease, portal
hypertension combined with arteriovenous shunting in the lungs,
and arteriovenous malformations. This is as a result of increased
concentrations of nitric oxide which allow shunting of blood
through the lungs without the opportunity to adequately pick
up oxygen. Often patients present with platypnoea because more
blood flows through the lower section of the lungs when upright.
Microbubbles can be seen in the left heart on echocardiography
after injection on the right side. This problem will usually resolve
after liver transplantation.
Multiple liver cysts, sometimes of very large size, can gradually compress the lungs from below, leading to respiratory failure

pulmonary disease and anaesthesia

Figure 82.15 Computed tomography scan to show polycystic disease of liver
and kidneys. The patient developed breathlessness because of compression of the
lungs through the diaphragm. The picture shows a large cyst in the liver, which
extends to the left side, along with many other cysts in the liver and kidneys. The
inferior vena cava is also compressed by the large liver cysts.

(Fig. 82.15). These may belong to isolated polycystic liver disease
or more commonly to autosomal dominant polycystic kidney disease. Therefore, in the latter, the illness can be combined with renal
failure. Women are more susceptible to the development of massive
cysts. Patients often first complain of post-prandial fullness as the
cysts enlarge and as the stomach is compressed, the risks of aspiration during anaesthesia increase. The pressure effects of the cysts
may cause a blockage of venous drainage from the liver leading to
a pseudo-Budd–Chiari syndrome. Alternatively, cysts can impede
portal blood flow causing portal hypertension. Very occasionally
cystic carcinomas can develop. Patients may bleed into cysts, or
cystic fluid can become infected, both of which lead to pain. Cysts
can be drained radiologically, but often need deroofing surgically
with an open approach, especially when they become large and
prevent laparoscopic techniques. Sometimes liver resection or even
transplantation is required. Massive cysts have caused respiratory
failure as a result of physical compression of the lungs. Even after
surgery the diaphragm may need to remodel itself before it can take
up a new more efficient shape and NIV along with epidural analgesia is needed after extubation. Currently drug therapy is being
developed, but at present surgery is the mainstay option.

Intra-abdominal hypertension
Raised intra-abdominal pressure (IAP) has major consequences for
abdominal and pelvic organs, but also impacts the lung and other
organs. Lung involvement is predominantly related to chest wall
splinting, restricting and compressing the lung, through physical
pressure and impaired lymphatic drainage of the lung. Standard
techniques to avoid or reduce atelectasis are limited by raised IAP,
including PEEP and lung recruitment. Raised IAP also makes
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selection of suitable PEEP pressures very difficult. The application of
high ventilatory driving pressures, in an attempt to expand the lung
in these patients who essentially have a very stiff wall, can damage
lung tissue and impair the cardiovascular system. Intraoperatively,
raised IAP will compromise oxygenation, venous return, and cardiac output and renal function. Raised IAP may acutely present on
abdominal closure, when it is vital for a judgement to be made as to
whether the abdominal closure should be abandoned and the abdomen left open. If abdominal pressure is too high, this may initially
present with respiratory failure if extubation is attempted. Gradual
weaning via a tracheostomy may be possible in borderline cases, if
other abnormalities such as gut oedema can be corrected.
Raised IAP is associated with injury or disease in the abdominopelvic region including abdominal aortic surgery, pancreatitis,
emergency laparotomy, or abdominal packs. Secondary raised IAP
is associated with extra-abdominal pathology causing sepsis, capillary leak, or large volume resuscitation. If IAP exceeds 20 mm
Hg there are respiratory consequences: raised alveolar pressure,
compression atelectasis, V̇/Q̇ mismatch, hypoxaemia, hypercapnia,
and acute lung injury/ARDS. Treatment may be by reducing gut
oedema. However, surgery is often needed and a rapid sequence
induction of anaesthesia will need to be performed. There also
needs to be an awareness that venous return to the heart may
decrease further and lung recruitment will be very difficult.

Pleural effusions and pneumothoraces
Pleural effusions
Pleural effusions may contain a transudate (protein < 30 g litre−1), an
exudate (protein > 30 g litre−1 or pleural fluid protein/serum protein
greater than 0.5 or pleural LDH/serum LDH > 0.6), an empyema
(pH < 7.2) or blood. The cause of the effusion should be considered. If a transudate, it may commonly be related to low serum proteins, renal failure (and nephrotic syndrome), or heart failure and
generally respond to treatment of the underlying cause. Exudates
will depend on the cause (simple pneumonic effusions, tuberculosis, malignancy, rheumatoid (low pleural fluid glucose), post-
pulmonary embolus, or oesophageal rupture. Undrained empyemas
will be a constant source of sepsis and should be drained. If present at surgery they are likely to complicate postoperative recovery.
Unusual causes of the effusion will also have a major impact on outcome, for example, those that occur in connective tissue diseases,
chyle leak (such as after thoracic/oesophageal surgery), or secondary to sub-diaphragmatic causes such as pancreatitis (high amylase
content). The size of a pleural effusion will promote atelectasis and
will limit oxygenation and ventilation, and restrict the possibility of
lung recruitment, so consideration should be given to preoperative
drainage. However, rapid lung expansion may lead to pulmonary
oedema and if the fluid is a transudate it may recur rapidly.

Pneumothoraces
Pneumothorax is a common complication of trauma (Fig. 82.16).
However, spontaneous pneumothoraces occur in patients with
Marfan’s syndrome and homocystinuria or may have no obvious
underlying cause. Rarely, they are familial. They may occur secondary to lung diseases, including emphysema, asthma, idiopathic
lung fibrosis, pneumonia, including tuberculosis and pneumocystis,
pulmonary infarction, and oesophageal rupture. Treatment is normally with chest drainage and treatment of the underlying cause. In

Figure 82.16 Chest X-ray showing chest trauma with rib repair of flail segment.
Surgical emphysema in subcutaneous tissues. Chest drain in situ on left side.
Tracheal tube close to carina.

some cases, small pneumothoraces can be managed conservatively.
However, during anaesthesia, especially with mechanical ventilation, there is an increased risk of the pneumothorax increasing in
size or becoming a tension pneumothorax. Therefore, in most cases
a chest drain will be needed before anaesthesia. If a chest drain is
in situ and bubbling, it should not be clamped and if attached to an
underwater seal, this should be kept below the level of the patient.
Heimlich flutter valves or similar valvular devices are useful for
transporting patients and are used in some ambulant patients.
During mechanical ventilation, it is vital to ensure that the drain
is functioning and to suspect a worsening pneumothorax if inflation pressures increase in patients being ventilated with volume-
controlled techniques, and if tidal volumes decrease during
pressure-controlled procedures. Auscultation may be unreliable in
ventilated patients.
Pleurodesis for recurrent pneumothoraces or some effusions is
often very painful and may cause fever and a systemic inflammatory response, which rarely leads to ARDS and respiratory failure.
Adequate pain relief, which may include opiates will be required
and the procedure will usually need sedation. Graded talc is the
most effective sclerosant, although surgical abrasion is used where
there are concerns about the long-term safety of talc. In mesothelioma effusions, radiotherapy is often needed.

Anaesthesia and chest wall disease
The chest wall effectively includes the ribs, spine, and abdomen and
related musculature that surround the thoracic cavity. Diseases that
affect these structures will impact lung function.

Kyphoscoliosis
Kyphoscoliosis restricts the expansion of the lungs or causes the
muscles to act in an inappropriate direction, which will reduce
the effectiveness of their action. There may be underlying diseases
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that have produced a bony abnormality, including osteomalacia or
osteoporosis, or there may be neuromuscular diseases such as Von
Recklinghausen’s neurofibromatosis, polio, or inherited muscular
dystrophies, which will also add defects of motor nerve conduction
and muscle weakness, which will further impact breathing.

Ankylosing spondylitis
See also Chapter 80. The cartilages surrounding the bony structures
begin to fuse and ossify. The rigid chest wall limits lung expansion
and so makes lung recruitment and the application of high PEEP
ineffective or even harmful.

Diseases of the central nervous system
Neuromuscular disease
See also Chapter 80.Weakness of the respiratory muscles can be
produced by lesions at any level from the brain, through the spinal
cord, to the anterior horn cells, through the phrenic and intercostal nerves, to the motor end-plates and neuromuscular junctions,
and then within the muscle itself. At preoperative assessment it
is important to assess the impact of respiratory muscle weakness,
including lung function tests, which would be expected to show
a restrictive defect, with low a transfer factor but normal carbon
monoxide transfer coefficient. Maximal inspiratory and expiratory
mouth pressures may be low, although sometimes are unreliable
because of an inability to form a good seal around the mouthpiece.
Sniff pressures sometimes help get round this problem. Patients
may also have bulbar dysfunction, so may have difficulty in swallowing and communicating and have the complications of pulmonary aspiration. Arterial blood gases will indicate hypoventilation
and give some idea of the chronicity of the ventilatory failure as
indicated by an elevated bicarbonate and a pH returning from respiratory acidosis to normal pH. Peripheral oxygen saturation and
Pa O2 may indicate the amount of damage caused by aspiration, atelectasis, or other abnormalities. Patients may have signs of autonomic
neuropathy and may also have a cardiomyopathy, with decreased
contractility and arrhythmias. These may be exaggerated by electrolyte disturbances, which should be corrected. Even some peripheral
neuropathies can lead to autonomic dysfunction and cardiomyopathy including Charcot–Marie–Tooth and Friedreich’s ataxia. Patients
likely to have cardiomyopathy or autonomic dysfunction should have
an arterial line placed and arterial blood gases assessed.
Patients with neuromuscular disorders, including myopathies
and established demyelination or paralysis, that is, those not in the
first 24–48 h of spinal injury, may produce large numbers of acetylcholine receptors, which can be triggered by succinylcholine (suxamethonium), causing hyperkalaemia and rhabdomyolysis.
Before surgery, it is important to plan what level of care is appropriate in the case of major deterioration, so that patients fully understand the implication of surgery and its possible complications.

Spinal injury
The impact depends on the level and completeness of the cord
damage. High cord damage at or above C3–5 will lead to loss of all
respiratory muscle activity, other than some of the accessory muscles of respiration, which are insufficient to support ventilation.
Injuries above the thoracic cord and below C3–5 will allow the diaphragm to function, but there will be a loss of thoracic expansion
(Fig. 82.17). Atelectasis occurs commonly as the chest wall is drawn

Figure 82.17 Ankylosing spondylitis. Low cervical fracture, producing respiratory
failure in a patient with a stiff chest wall.

in by the decreasing intrathoracic pressure produced when the diaphragm contracts and descends. In addition, there will be a loss of
the contraction of the abdominal muscles which normally allow the
abdominal contents to act as a fulcrum as the diaphragm descends,
allowing the diaphragm to expand the rib cage, which contributes
to inspiration. Low thoracic cord injuries will remove the ability
to produce abdominal contraction to allow powerful coughing.
These varying degrees of impairment will impact particularly in the
postoperative period when atelectasis is present and patients are
at high risk of failure of extubation or development of subsequent
respiratory failure requiring mechanical ventilation. Sometimes
an abdominal binder helps overcome the effect of paralysis of the
abdominal muscles.

Diseases affecting the motor neurones
Unilateral and bilateral phrenic palsy
The diaphragm is innervated from the contralateral cerebral cortex.
However, in some people there is a bilateral cortical distribution,
which helps preserve function in strokes. The lower motor neurones originate from C3–5 nerve roots as the phrenic nerves, which
pass to the surface of each hemidiaphragm, where they divide into
several branches to provide muscle innervation. Diaphragm contraction causes the diaphragm to descend and also expands the
lower rib cage. The nerves may be damaged during their course
by trauma or malignant infiltration, neuropathies, myopathies, and
neuralgic amyotrophy.
Chronic unilateral diaphragm paralysis may produce only mild
symptoms on exertion, but does reduce exercise performance and
respiratory muscle endurance (Hart et al. 2002). Isolated bilateral diaphragm paralysis is much more noticeable, causing severe
breathlessness on lying supine with paradoxical movement of
the chest and abdominal wall. Similarly, breathing when partially
immersed causes severe dyspnoea as the abdominal contents push
up into the thorax. Therefore, if a patient with diaphragm paralysis
develops an ileus or another cause of abdominal distension, this
may compress the lungs and lead to respiratory failure, because the
diaphragm lacks tone.
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In isolated bilateral diaphragm paralysis at rest, the Pa CO2 is only
slightly raised to 6 kPa. Pa O2 is often between 8 and 9 kPa (Mills
et al. 1997). Acute weakness causes more noticeable symptoms and
if a patient is requiring ventilation, will lead to weaning difficulties,
because there has not been time for any adaptation and because
other lung dysfunction is likely. Therefore, during induction of
anaesthesia and during tracheal extubation and in the postoperative period, patients with bilateral paralysis will need to be sitting
up and the causes of increased IAP avoided. Abdominal distension
may rapidly cause respiratory failure and so patients and anaesthetists should be prepared for the potential need for weaning from
ventilator support after surgery.

Polio

Motor neurone disease
Motor neurone disease has a generally poor prognosis with mean
time from diagnosis to death of 2–3 years. Patients may present with
progressive weakness. However, they may also present with bulbar
abnormalities such as a spastic tongue, difficulty in swallowing, and
abnormal speech. The disease paralyses the respiratory muscles,
including the diaphragm, and so lying flat becomes impossible and
patients develop type 2 respiratory failure. Most major surgery is often
not appropriate for patients with motor neurone disease, because of
the risks and overall prognosis. However, they may require minor
surgery such as gastrostomy insertion. Careful consideration of how
to cope with weak respiratory muscles is vital and the supine position
may well be impossible without ventilatory support.

Poliomyelitis affects the anterior horn cells, but is now relatively
uncommon in Europe, because of vaccination. Polio epidemics
were responsible for the creation from necessity of intensive care
and long-term mechanical ventilation techniques in the late 1950s.
Older patients who suffered from the effects of polio as children
are still encountered. In some cases, the polio has involved the respiratory muscles. Some have borderline respiratory failure, exacerbated by kyphoscoliosis, which may have been produced by the
muscle imbalances caused by polio. Constipation and abdominal
distension as a result of abdominal pathology may be enough to
splint the diaphragm and produce respiratory failure. Anaesthesia
and surgery in this population can both lead to respiratory failure.
Postoperative respiratory support may be essential, either using
NIV or in more difficult cases ventilation initially via tracheal tube
and later via tracheostomy if weaning is slow. The possibility of respiratory failure, tracheostomy, and prolonged weaning will need to
be discussed with the patient preoperatively in appropriate cases.

Myasthenia gravis

Multiple sclerosis

These are an important cause of muscle weakness, including the
respiratory muscles, which may also impact on cardiac muscle
function and rhythm disturbance (see Chapter 80).

Multiple sclerosis can affect the brain, spinal cord, and the anterior horn cells. Stressful events, including surgery and anaesthesia,
may trigger exacerbations of multiple sclerosis. Weakness often
affects expiratory more than inspiratory muscles and may disrupt
bulbar function. About half of patients with multiple sclerosis die
as a direct consequence of the disease, with pneumonia being the
most common mechanism. Respiratory muscles are most affected
in patients who are wheelchair bound or bedridden. In the latter
case, on average, inspiratory muscle strength decreases to around
30% and expiratory muscle strength to around 20% of normal.
There is also the risk of disordered control of respiration, as a result
of medullary and brainstem involvement. This leads to central or
OSA, and abnormal control of bulbar function and aspiration.
Pyrexia also appears to exacerbate multiple sclerosis, so avoiding
this is helpful.
On preoperative assessment most patients do not complain
of being short of breath, unless they are experiencing an acute
exacerbation or pneumonia, because they are not able to exercise (Gosselink et al. 1999). Commonly in neuromuscular disease,
involvement of the respiratory system is avoided by using spinal
anaesthesia where appropriate. Unfortunately, there are concerns that high concentrations of local anaesthetic might cause
toxic damage to spinal nerve roots or the spinal cord. This may
not be true to the same extent for epidural analgesia/anaesthesia,
because the concentration around the nerve roots and the cord
may be lower.

Myasthenia gravis is an autoimmune disease affecting the acetylcholine receptors of the neuromuscular junction. This produces
fatigue in muscles and may produce chronic weakness. It is particularly associated with a history of thymoma. Acetylcholine receptor
antibodies can be measured as part of the diagnosis, which can be
confirmed functionally by the traditional Tensilon test, where edrophonium (an anticholinesterase) is given intravenously, which will
temporarily improve strength in fatigued muscles. The effect can
also be measured electrophysiologically. Patients with myasthenia
gravis are normally controlled on long-acting anticholinesterase
drugs such as pyridostigmine. This can become complicated in
the perioperative period if patients cannot take drugs orally and
so miss their usual dosage. These patients are very susceptible to
the action of non-depolarizing neuromuscular blocking agents and
weakness can be a major feature after surgery.

Myopathies

Conclusion
It is often possible to anticipate respiratory complications after surgery. This allows a judgement to be made with regard to the risks
and potential benefits of a procedure. Patients should understand
this balance of risks. Intra-and postoperative management should
be tailored to the disease and preparations made for suitable support
after surgery, including optimization of fluid balance and perfusion
to minimize the work of the respiratory muscles and to optimize
the condition of the lung. Postoperatively, this may involve HDU
and ICU admission, with tracheal extubation directly onto CPAP
or NIV. Optimization of the respiratory system is a balance between
load and capacity. The role of the anaesthetist is to ensure that load is
minimized and capacity is at a maximum for the individual patient.
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Heart disease
and anaesthesia
Stefan De Hert and Patrick Wouters
Introduction
Heart disease is a potential source of perioperative complications.
The risk of such complications depends on the patient’s condition
before surgery, the prevalence of co-morbidities, and the type of the
surgical procedure. Perioperative cardiac complications may specifically arise in patients with documented or asymptomatic ischaemic heart disease, left ventricular dysfunction, or valvular and
congenital heart disease when the perioperative period is associated with increased cardiac stress as a result of haemodynamic disturbances. It is therefore of utmost importance that such patients
are identified and adequately prepared for and carefully treated
during the perioperative period.

Hypertension
Cardiovascular disease is a leading cause of mortality worldwide.
Hypertension is one of the major risk factors for cardiovascular
disease, including stroke, coronary artery disease, heart failure,
peripheral vascular disease, and renal disease. Hypertension refers
to a chronic elevation of systemic arterial pressure above a certain
threshold value above which vascular damage starts to occur. This is
accepted to be the case when systolic blood pressure is higher than
120 mm Hg and diastolic blood pressure higher than 80 mm Hg.

Classifications of hypertension
Classically, hypertension is subdivided according to the underlying aetiology into primary and secondary hypertension. Primary
(essential, idiopathic) hypertension refers to the presence of a persistent elevated increase in blood pressure without any obvious or
clearly visible reason. Secondary hypertension is present when a
well-defined aetiology for the hypertension is identified, such as
renovascular disease or primary aldosteronism. Hypertension is
primary in about 95% of cases while secondary hypertension is
present in the remaining 5% of cases.
Hypertension can be classified into different categories according to the level of the elevated blood pressure. The cardiovascular
risk associated with an elevated blood pressure has been shown to
increase in a linear fashion starting from a blood pressure above
approximately 115/75 mm Hg (Kikuya et al. 2007). It may therefore be questionable to make a classification based on arbitrary
cut-off values. Nevertheless, the use of such cut-off values simplifies diagnostic and treatment strategies in daily clinical practice.
Table 83.1 summarizes the classification of blood pressure values

as proposed in 2013 by the task force for the management of arterial hypertension of the European Society of Hypertension and
the European Society of Cardiology (Mancia et al. 2013). The US
Joint National Committee guidelines on hypertension have unified the normal and high normal blood pressure categories into a
single entity that was termed ‘prehypertension’ (Chobanian et al.
2003). According to this approach, the presence of such pressures should be considered to constitute a higher than average risk
for cardiovascular events than those with lower blood pressures.
Adults with systolic blood pressures of 102–139 mm Hg and diastolic blood pressures of 80–89 mm Hg have indeed been shown
to have a 3.5 times greater relative risk for myocardial infarction
and a 1.7 times greater relative risk for symptomatic myocardial
ischaemia than subjects with lower blood pressure values (Qureshi
et al. 2005). This concept of ‘prehypertension’, however, gives little
objective support and structure in the design of specific preventive and therapeutic strategies with regard to the different levels
of elevated blood pressure. This has resulted in a new approach in
the definition of hypertension in which the disease is not confined
to an isolated elevated blood pressure but where blood pressure is
only one component of the global cardiovascular risk (Giles et al.
2005, 2009).
Table 83.1 Classification of blood pressures according to 2013
Guidelines for the management of arterial hypertension by the Task
Force for the management of Arterial Hypertension of the European
Society of Hypertension and of the European Society of Cardiology
Category

Systolic BP

Diastolic BP

Optimal

<120

and

<80

Normal

120–129

and/or

80–84

High normal

130–139

and/or

85–89

Grade 1 hypertension

140–159

and/or

90–99

Grade 2 hypertension

160–179

and/or

100–109

Grade 3 hypertension

≥180

and/or

≥110

Isolated systolic hypertension

≥140

and

<90

BP, blood pressure (reported in mm Hg).
Reproduced from Giuseppe Mancia et al. 2013 ESH/ESC Guidelines for the management
of arterial hypertension, European Heart Journal, 2013, 34, 28, pp. 2159–2219; www.escardio.
org/guidelines, by permission of European Society of Cardiology.
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Hypertension as a disease
Hypertension is a progressive cardiovascular disease that arises
from complex and interrelated aetiologies. Early markers of the
disease may be present before blood pressure elevation becomes
sustained. Progression of the disease is characterized by functional
and structural changes in the vasculature that may affect normal
function of the heart, the kidney, the brain, and other organs and
ultimately lead to premature morbidity and mortality. In this new
definition, elevated blood pressure (as a symptom of the disease) is
clearly separated from hypertension (the disease). As such, elevated
blood pressure serves as a biomarker for the disease hypertension
(Giles et al. 2005, 2009). It is important to note that individuals
with the same levels of elevated blood pressure might have different
stages of hypertension and even that some individuals may present
with elevated blood pressure in the absence of the disease hypertension. Subjects are in fact diagnosed as either normal or hypertensive
based on an integrated assessment of their cardiovascular status. The
progression of hypertension is then characterized by a cumulative
appearance of markers of hypertensive cardiovascular disease and
evidence of target organ damage, irrespective of the level of blood
pressure increase.
The classification of the ‘disease’ hypertension is summarized in
Table 83.2. Individuals with optimal levels of blood pressure and
no identifiable markers of cardiovascular disease are considered as
normal. Resting average blood pressure levels are usually less than
120/80 mm Hg but may occasionally be elevated to 140/90 mm Hg
or higher. Stage 1 hypertension is characterized by early signs of
functional or structural changes in the heart or small arteries of
various organs. Blood pressure levels are above 115/75 mm Hg and
may be elevated, especially in the presence of external stress factors.
These patients frequently have more than one cardiovascular risk
factor (Box 83.1). This category applies only to those individuals
with early markers of disease (Table 83.3) without any evidence of
target organ damage (Table 83.4). In stage 2 hypertension, individuals frequently have blood pressure of 140/90 mm Hg or higher, with
much higher levels in the presence of physiological or psychological stress. Of note, individuals with numerous markers of disease
or limited evidence of early target organ damage are also included
in this group regardless of blood pressure levels. Untreated patients
with stage 3 hypertension usually have sustained resting blood pressure levels of 140/90 mm Hg or higher, and higher levels are common. All individuals with clinical evidence of overt target organ

damage, cardiovascular disease, or both, and those who have
already suffered cardiovascular events are included in this category,
regardless of their blood pressure levels. Stage 3 hypertension therefore represents the advanced stage of the hypertensive continuum
in which overt organ damage is present and cardiovascular events
are to be expected or have already occurred.

Diagnostic evaluation
Diagnostic evaluation aims to establish the blood pressure levels,
identify potential secondary causes of hypertension, and evaluate the overall cardiovascular risk by searching for other risk factors, target organ damage, concomitant diseases, or accompanying
clinical conditions. The diagnostic procedures have been addressed
in several guidelines (Chobanian et al., 2003; O’Brie et al., 2003;
Mancia et al. 2013) and include repeated blood pressure measurements, medical history, physical examination, and finally laboratory and more invasive technical investigations.
As a result of the importance of subclinical organ damage in the
staging of hypertensive disease, signs of target organ involvement
should be carefully investigated. Investigations include electrocardiography and echocardiography, ultrasound scanning of the
carotid and peripheral arteries to assess vascular involvement, estimation of kidney function, fundoscopy, and evaluation of potential
cerebral damage. Availability, prognostic value, and relative cost of
the different investigations to detect subclinical organ damage are
summarized in Table 83.5.

Treatment
In hypertensive patients, the primary goal of treatment is to achieve
a maximal reduction of the long-term total risk of cardiovascular
disease. The decision to start antihypertensive treatment should
therefore be based on two criteria which are the level of systolic and
diastolic blood pressure and the level of total cardiovascular risk. This
implies treatment of the raised blood pressure as such but also of all
associated reversible risk factors. Although hard evidence is scanty,
most guidelines on treatment of hypertension treatment recommend a blood pressure target of less than 130/80 mm Hg for high-
risk patients (Chobanian et al., 2003; Zanchetti et al. 2009; Mancia
et al. 2013). Apart from lifestyle adaptations, several classes of drugs
are nowadays available including diuretics, angiotensin-converting
enzyme inhibitors, angiotensin receptor antagonists, β-blockers, and
calcium antagonists. Use of these different therapeutic strategies will

Table 83.2 Classification of hypertension
Classification

Definition

CV risk factors

Early disease markers

Target organ disease

Normal

Normal BP or rare BP elevations
No identifiable CV disease

None or few

None

None

Stage 1
hypertension

Occasional or intermittent BP increase
and early CV disease

Several

Usually present

None

Stage 2
hypertension

Sustained BP increase or
progressive CV disease

Many

Overtly present

Early signs

Stage 3
hypertension

Marked and sustained BP increase or
advanced CV disease

Many

Overtly present with
progression

Overtly present with or without
CV events

BP, blood pressure; CV, cardiovascular.
Reproduced from Giles et al., Definition and Classification of Hypertension: An Update, Journal of Clinical Hypertension, 11, 11, pp. 611–614, Copyright 2009, Wiley Periodicals, Inc and
World Hypertension League.
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Table 83.4 Hypertensive target organ damage

◆

Increasing age

System

Evidence of target organ damage

◆

Elevated blood pressure

Heart

◆

High heart rate

◆

Overweight/obesity → increased body mass index

LV hypertrophy (moderate to severe)
Systolic and/or diastolic cardiac dysfunction
Symptomatic heart failure
Myocardial infarction
Angina pectoris
IHD or prior revascularization

Vascular

Peripheral arterial disease
Carotid arterial disease
Aortic aneurysm
Wide pulse pressure (>65 mm Hg)

Renal

Albuminuria (>300 mg/day)
Chronic kidney disease (GFR <60 mL/min)
End-stage renal disease

Cerebrovascular

Stroke
Transient ischaemic attack
Decreased cognitive function
Dementia
Loss of vision

◆

◆

Central obesity → increased abdominal circumference
→ increased waist-to-hip ratio
Dyslipidaemia → elevated LDL or non-HDL cholesterol
→ Low HDL cholesterol → elevated triglycerides

◆

Elevated blood glucose, insulin resistance, or diabetes

◆

Chronic kidney disease

◆

Smoking

◆

Family history of premature CVD (age <50 years in men,
<60 years in women)

◆

Sedentary lifestyle

◆

Psychosocial stress factors

◆

Elevated hs-CRP.

CVD, cardiovascular disease; hs-CRP, high sensitivity C-reactive protein;
HDL, high-density lipoprotein; LDL, low-density lipoprotein.
Reproduced from Giles et al., Definition and Classification of Hypertension:
An Update, Journal of Clinical Hypertension, 11, 11, pp. 611–614, Copyright
2009, Wiley Periodicals, Inc and World Hypertension League.

Table 83.3 Early markers of hypertensive cardiovascular disease
System

Physiological alteration

Blood pressure

Loss of nocturnal BP dipping
Exaggerated BP responses to exercise or mental stress
Salt sensitivity
Widened pulse pressure

Heart

Vascular

LV hypertrophy (mild)
Increased atrial filling pressure
Decreased diastolic relaxation
Increased natriuretic peptide levels
Increased central arterial stiffness
Small artery stiffness
Increased systemic vascular resistance
Increased wave reflection
Increased systolic pressure augmentation
Increased carotid intimal-media thickness
Coronary calcification or stenoses
Endothelial dysfunction
Capillary rarefaction

Renal

Microalbuminuria (30–300 mg/day)
Elevated serum creatinine
Reduced estimated GFR (60–90 mL/min)

Retinal

Hypertensive retinal changes

BP, blood pressure; GFR, glomerular filtration rate; LV, left ventricular.
Reproduced from Giles et al., Definition and Classification of Hypertension: An Update,
Journal of Clinical Hypertension, 11, 11, pp. 611–614, Copyright 2009, Wiley Periodicals, Inc
and World Hypertension League.

Reproduced from Giles et al., Definition and Classification of Hypertension: An Update,
Journal of Clinical Hypertension, 11, 11, pp. 611–614, Copyright 2009, Wiley Periodicals,
Inc and World Hypertension League.

Table 83.5 Availability, prognostic value and cost of markers
of hypertensive disease on a relative scale scoring from 0 to 4 pluses
Marker

Availability

Predictive
value

Cost

Electrocardiography

++++

++

+

Echocardiography

+++

+++

++

Carotid intima–media thickness

+++

+++

++

Pulse wave velocity

+

+++

++

Ankle–brachial index

++

++

+

Coronary calcium content

+

+

++++

Cardiac/vascular tissue composition

+

?

++

Circulatory collagen markers

+

?

++

Endothelial dysfunction

+

++

+++

Cerebral lacunae white matter lesion

++

?

++++

Estimated GFR creatinine clearance

++++

+++

+

Microalbuminuria

++++

+++

+

GFR, glomerular filtration rate.
Reproduced from Giuseppe Mancia et al. 2013 ESH/ESC Guidelines for the management
of arterial hypertension. European Heart Journal Jul 2013, 34 (28) 2159–2219. DOI: 10.1093/
eurheartj/eht151. www.escardio.org/guidelines, Copyright © 2013, by permission of
European Society of Cardiology.

depend on the severity of the disease (Table 83.6 and Table 83.7).
The 2013 guidelines for the management of arterial hypertension of
the European Society of Hypertension and the European Society of
Cardiology have proposed a targeted therapeutic approach that is
based on the assessment of both the blood pressure and the presence
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Table 83.6 Recommendations for the initiation of antihypertensive treatment according to the 2013 guidelines for the management of arterial
hypertension of the European Society of Hypertension and the European Society of Cardiology
NORMAL

HIGH NORMAL

GRADE 1 HYPERTENSION

GRADE 2 HYPERTENSION

SBP 120–129 mm Hg
or
DBP 80–84 mm Hg

SBP 130–139 mm Hg
or
DBP 85–89 mm Hg

SBP 140–159 mm Hg
or
DBP 90–99 mm Hg

SBP 160–179 mm Hg
or
DBP 100–109 mm Hg

GRADE 3
HYPERTENSION

No other
risk factors

NO
treatment

NO
treatment

Lifestyle changes for several
months then drug treatment
if BP uncontrolled

Lifestyle changes for several Lifestyle changes
weeks then drug treatment if AND immediate drug
BP uncontrolled
treatment

1–2 risk factors

Lifestyle changes

Lifestyle changes

Lifestyle changes for several
weeks then drug treatment if
BP uncontrolled

Lifestyle changes for several Lifestyle changes
weeks then drug treatment if AND immediate drug
BP uncontrolled
treatment

≥3 risk factors
metabolic syndrome
organ damage

Lifestyle changes

Lifestyle changes
AND consider drug
treatment

Lifestyle changes AND drug
treatment

Lifestyle changes AND drug
treatment

Lifestyle changes
AND immediate drug
treatment

Diabetes

Lifestyle changes

Lifestyle changes AND
drug treatment

Lifestyle changes AND drug
treatment

Lifestyle changes AND drug
treatment

Lifestyle changes
AND immediate drug
treatment

Established CV or
renal disease

Lifestyle changes
AND immediate drug
treatment

Lifestyle changes
AND immediate drug
treatment

Lifestyle changes AND
immediate drug treatment

Lifestyle changes AND
immediate drug treatment

Lifestyle changes
AND immediate drug
treatment

SBP ≥180mm Hg
or
DBP ≥110 mm Hg

The different gradings of hypertension refer to the grading proposed by the 2013 guidelines for the management of arterial hypertension of the European Society of Hypertension and the
European Society of Cardiology (Mancia et al. 2013) and shown in Table 83.1. These allow for an objective classification of the disease. The concept of hypertension as a cardiovascular disease
is similar to what is proposed by the American Hypertension Working Group (Table 83.2) (Giles et al. 2005) but the use of blood pressure threshold values allow a clinically useful tool in the
design of therapeutic strategies, which is lacking with the classification of the Hypertension Working Group. CV, cardiovascular; DBP, diastolic blood pressure; SBP, systolic blood pressure.
Reproduced from Giuseppe Mancia et al. 2013 ESH/ESC Guidelines for the management of arterial hypertension. European Heart Journal Jul 2013, 34 (28), 2159–2219. DOI: 10.1093/
eurheartj/eht151. www.escardio.org/guidelines, Copyright © 2013, by permission of European Society of Cardiology.

of risk factors (Table 83.6) (Mancia et al. 2013). The choice of specific
drug classes will in part depend on the presence or absence of such
specific risk factors (Table 83.7). In general, it is accepted that antihypertensive therapy should ideally be initiated before cardiovascular
damage occurs.
Malignant hypertension is a syndrome of severe elevation of arterial blood pressure with diastolic pressures usually greater than
140 mm Hg and with vascular damage that may manifest as retinal
haemorrhages, with exudates or papilloedema, or both. Severe or
poorly treated essential hypertension is the most common cause
and its incidence has decreased substantially as a result of earlier
and more effective treatment of hypertension.
The most dangerous condition associated with malignant hypertension is hypertensive encephalopathy. Other hypertensive emergencies include hypertensive left ventricular failure; hypertension
with unstable angina or myocardial infarction; hypertension causing
aortic dissection, subarachnoid haemorrhage, or cerebrovascular
accident; crisis associated with phaeochromocytoma; hypertension
after use of recreational drugs (cocaine, LSD, XTC); and severe pre-
eclampsia or eclampsia. It is obvious that these conditions require
prompt and aggressive treatment aiming to reduce blood pressure.

complications. In major non-cardiac surgery, the incidence of
cardiac death is estimated between 0.5% and 1.5%, and of major
cardiac complications between 2.0% and 3.5% (Kristensen et al.
2014). Perioperative cardiac complications are either caused
by myocardial ischaemia or by acute coronary thrombosis.
Myocardial ischaemia may result from an increase in myocardial
oxygen demand (tachycardia, hypertension, pain) or a decreased
myocardial oxygen supply (hypotension, vasospasm, tachycardia,
hypoxia, anaemia), or a combination of these. Coronary plaque
rupture may be caused by any factor that increases intracoronary
wall stress (Fig. 83.1) (De Hert 2009). In addition, the presence
of a hypercoagulable state, leucocyte activation, and activation of
the inflammatory response may greatly contribute to the pathophysiology of coronary artery occlusion.
The dramatic impact of perioperative myocardial ischaemic
events on patient outcome and healthcare resources underscores
the need for a thorough perioperative strategy to identify the
patients at risk and prevent perioperative myocardial ischaemic
events. Recently, the preoperative assessment and perioperative
management of patients with coronary artery disease have been
addressed both in the United States and in Europe and published
guidelines are now available (Fleisher et al. 2014; Kristensen
et al. 2014).

Ischaemic heart disease

Prediction of cardiac risk

Ischaemic heart disease is the leading cause of mortality in
the Western world. Also in the perioperative setting, cardiac
ischaemic events constitute a major source of perioperative

The Revised Cardiac Risk Index is frequently used to identify those
patients with an increased cardiac risk. It assigns one point for
the presence of each of the following six risk factors: high-risk

Malignant hypertension and hypertensive emergencies
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Table 83.7 Preferred antihypertensive drugs as a function of the
associated subclinical organ damage and/or clinical event
Subclinical organ damage

Preferred drugs

Left ventricular hypertrophy

ACEI, CA, ARB

Asymptomatic atherosclerosis

CA, ACEI

Microalbuminuria

ACEI, ARB

Renal dysfunction

ACEI, ARB

Clinical event

Preferred drugs

Previous stroke

Any blood pressure lowering agent

Previous myocardial infarction

BB, ACEI, ARB

Angina pectoris

BB, CA

Heart failure

BB, CA, Anti-aldosterone agents

◆

Atrial fibrillation:
Permanent
◆ Recurrent

BB, non-dihydropyridine CA, ARB,
ACEI

Renal failure

ACEI, ARB, loop diuretics

Peripheral arterial disease

CA

Specific conditions

Preferred drugs

Isolated systolic hypertension

Diuretics, CA

Metabolic syndrome

ACEI, ARB, CA

Diabetes mellitus

ACEI, ARB

Pregnancy

CA, methyldopa, BB

Inflammation

Hypoxia
hypovolaemia

Increased
catecholamine
+ cortisol levels

Coronary artery
shear stress
Plaque
fissuring

surgical procedure, history of ischaemic heart disease, history of
congestive heart failure, history of cerebrovascular accident, preoperative treatment with insulin, or a serum creatinine greater
than 175 µmol litre−1 (2.0 mg dl−1). The estimated risk of major
cardiac complications for indices 0, 1, 2, and 3 or higher are 0.4
(0.1–0.8)%, 1.0 (0.5–1.4)%, 2.4 (1.3–3.5)% and 5.4 (2.8–7.9)%,
respectively.

Preoperative assessment of the cardiac patient

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BB,
β-blocker; CA, calcium antagonist.

Stress

heart disease and anaesthesia

Oxygen
delivery

Recent guidelines have proposed a stepwise approach for the
perioperative cardiac assessment and management of cardiac
patients scheduled for non-cardiac surgery (Fleisher et al. 2014;
Kristensen et al. 2014). This approach involves first an assessment
of the urgency of the surgery. In case of an elective intervention,
patients are screened for the presence of active cardiac conditions
(Box 83.2). If one of these conditions is present, they should be further evaluated and when necessary, treated. It should be obvious
that at all times, the potential benefits of delaying surgery for further evaluation or to optimize treatment, or both, must be weighed
against the risk of delaying the surgical intervention. With respect
to a recent myocardial infarction, it is recommended to wait for 4–6
weeks before performing elective surgery.
If no active cardiac conditions are present, the next step is to
assess the risk of surgery (Box 83.3). Many surgical procedures
are associated with a low risk of perioperative complications even
in high-risk patients. In such cases it is recommended to proceed with planned surgery. In the case of intermediate or high-
risk surgery, further assessment of the patient’s physical status is
indicated.
Subsequently, the patient’s functional capacity is evaluated. When
a patient is capable of performing an activity equal or greater than
4 metabolic equivalents without symptoms, the recommendation is
to proceed with surgery. If, however, the patient is symptomatic or
the functional capacity of the patient is unknown, further assessment is indicated.
Box 83.2 Active cardiac conditions
1. Unstable coronary syndromes:

Increased in
blood pressure
and heart rate

• Unstable or severe angina
• Recent myocardial infarction (within 30 days)
2. Decompensated heart failure

Oxygen
demand

3. Significant arrhythmias:
• High-grade atrioventricular block

Acute
coronary
thrombosis

Perioperative
myocardial
infarction

Myocardial
ischaemia

• Symptomatic ventricular arrhythmias
• Supraventricular arrhythmias with uncontrolled ventricular rate (>100 beats min−1 at rest)
• Symptomatic bradycardia

Hypercoagulability

Figure 83.1 Different possible pathophysiological pathways leading to the
occurrence of a perioperative myocardial infarction.
de Hert, S. G. Preoperative cardiovascular assessment in noncardiac surgery: an update.
European Journal of Anaesthesiology, Volume 26, Issue 6, pp. 449–457, Copyright © 2009
European Society of Anaesthesiology.

• Newly recognized ventricular tachycardia
4. Severe valvular disease:
• Severe aortic stenosis (mean pressure gradient > 40 mm Hg,
area < 1 cm2 or symptomatic)
• Symptomatic mitral stenosis.
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The ultimate aim of additional preoperative testing is to provide an
objective measure of functional capacity, and to identify the importance of possible preoperative myocardial ischaemia and rhythm
disturbances. Several non-invasive tests are available including
resting 12-lead electrocardiogram, evaluation of left ventricular
function by echocardiography, radionucleotide angiography, or
contrast ventriculography and exercise stress testing. In patients
who cannot exercise, two alternative techniques can be used to
assess the significance of coronary artery disease. One technique is
to increase myocardial oxygen demand mainly by increasing heart
rate (by pacing or dobutamine), the other is to induce a hyperaemic
response by pharmacological vasodilators such as dipyridamole or
adenosine.

has led to questioning of the idea that perioperative β-blocker treatment improves outcome. Further studies on the subject are ongoing
and currently continuation of β-blocker therapy in patients who
are already on such medication is the only strong recommendation with regard to β-blockers (Fleisher et al. 2009, 2014; Kristensen
et al. 2014).
Statins also seem to improve perioperative outcome. Initially
used for their cholesterol-lowering properties, there is now ample
evidence that their pleiotropic effects may help in decreasing the
incidence of perioperative cardiac events and hence improve outcome. It is recommended that statins should be continued for all
patients taking this medication who are scheduled for non-cardiac
surgery.
Aspirin (acetylsalicylic acid) has a key role in the primary and
secondary prevention of cardiovascular disease and it is commonly used, in association with clopidogrel, for the prevention
of coronary stent thrombosis. Its potential beneficial effect in
the perioperative period with non-cardiac surgery is less well
established. Concerns with regard to perioperative bleeding
complications have been a frequent reason to interrupt this
therapy. It was suggested that aspirin should only be discontinued if it may cause bleeding risk with increased mortality or if
sequelae are similar to the expected cardiovascular risks of acetylsalicylic acid withdrawal. Aspirin withdrawal was reported
to be associated with a three-fold higher risk of major cardiac
events.
The potential beneficial effects of perioperative α2-agonists and
calcium channel blockers remain to be definitively established.
Nitrates may be considered for the prevention of myocardial
ischaemia, although really strong evidence is missing about potential effects on outcome. The strategy with regard to angiotensin-
converting enzymes is controversial. Severe hypotension has been
described with induction of anaesthesia, especially in the presence
of concomitant β-blocker use. The severity of the hypotension
seems related to the dosage of the daily therapy. Therefore omission on the day of surgery may be considered when they are prescribed for hypertension, but they should be resumed after surgery
as soon as the haemodynamic status is stable. In stable patients
with left ventricular dysfunction, it is recommended to continue
the angiotensin-converting enzyme therapy.

Preoperative treatment

Perioperative myocardial infarction

Box 83.3 Surgical risk stratification
1. High risk (cardiac risk >5%):
• Aortic surgery
• Major vascular surgery
• Peripheral vascular surgery
2. Intermediate risk (cardiac risk 1–5%):
• Intraperitoneal and intrathoracic surgery
• Carotid endarterectomy
• Head and neck surgery
• Orthopaedic surgery
• Prostate surgery
3. Low risk (cardiac risk <1%):
• Endoscopic procedures
• Superficial procedures
• Cataract surgery
• Breast surgery
• Ambulatory surgery.

Preoperative tests

The potential benefits of preoperative coronary revascularization remain a point of debate. In essence, the indications for preoperative coronary revascularization are identical to those in the
non-operative setting. Percutaneous coronary revascularization
necessitates postprocedural administration of antiplatelet therapy,
the duration of which depends on the type of stent used. As antiplatelet therapy may increase the risk of perioperative bleeding,
these drugs are usually discontinued at the time of surgery. It has
been recognized that such action may have disastrous consequences
for the surgical patient and therefore specific guidelines have been
developed for the management of such patients (Fig. 83.2) (Fleisher
et al. 2014; Kristensen et al. 2014).
Another approach is to optimize medical treatment in an attempt
to minimize the perioperative stress response as much as possible.
Perioperative β-blocker therapy has gained wide interest but the
recent results of the POISE study, which observed an increased
mortality and incidence of stroke in the β-blocker treatment group

A perioperative myocardial infarction has been associated with a
30–50% perioperative mortality and reduced long-term survival.
Therefore accurate diagnosis and prompt treatment is essential.
Perioperative myocardial infarction can be diagnosed by assessing clinical symptoms, serial electrocardiograms, cardiac-specific
biomarkers, and various imaging technologies. Currently, there
seem to be no clear-cut standard criteria for the diagnosis of perioperative myocardial infarction in patients undergoing non-cardiac
surgery. Postoperative troponin measurement is recommended in
patients with electrocardiographic changes or chest pain typical of
the acute coronary syndrome. Assessment of pro-B-type natriuretic
peptide is gaining interest as a predictor of adverse events and outcome after non-cardiac surgery.

Cardiac rhythm disturbances and conduction defects
The heart generates its own electrical impulse. In normal conditions, cardiac action potentials are generated in the sino-atrial node
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and then transmitted through Purkinje fibres in the atria to the
atrioventricular node from where they spread throughout the ventricular walls in a very specific sequence such that the heart muscle contracts as efficiently as possible. The pacemaker cells of the
heart spontaneously depolarize at a regular rhythm, thereby generating the normal heart rate (Park and Fishman 2011). An abnormal spontaneous depolarization will result in cardiac arrhythmias.
When the activity of the primary pacemaker cells does not propagate to the rest of the heart, heart block will occur. In such cases
a latent pacemaker may take over, spontaneously depolarize and
create an action potential. Usually this occurs at slower rates than
at the sino-atrial node.
Abnormal heart rhythms fall into two general classes: excessively
slow heart rates, known as bradyarrhythmias or bradycardias, and
overly rapid heart rates, known as tachyarrhythmias or tachycardias. While single isolated extra or skipped heart beats most often
present in otherwise normal hearts and are usually harmless, serious heart rhythm disturbances are caused by an underlying heart
disease such as coronary artery disease, valve disease, heart muscle
disease, or by a direct malfunction of the electrical conduction system. Arrhythmias may originate from the atria or from the ventricles, while conduction defects can be localized anywhere in the
cardiac electrical pathway.

Atrial arrhythmias
Sinus arrhythmias refer to rhythm disturbances originating from
the sinus node. Occurrence of cyclic changes in the heart rate during breathing is a common and harmless phenomenon in children
and in adults. Premature atrial extrasystoles are a common phenomenon, which usually pass unrecognized. They occur when a
beat is generated early in the atria, causing the heart to beat before
the next regularly expected heartbeat.
When the sinus node sends out electrical signals faster than usual,
the heart rate will increase and sinus tachycardia will occur. This is
frequently a physiological response to increased stress but may also
occur as a result of an underlying anatomical or pathophysiological problem. Atrioventricular nodal re-entrant tachycardias are the
most common form of regular supraventricular tachycardia. These
occur when a re-entry circuit forms within or just next to the atrioventricular node. The circuit usually involves two anatomical pathways: a fast and a slow pathway, which are both in the right atrium.
The slow pathway (which is usually targeted for ablation) is located
inferiorly and slightly posterior to the atrioventricular node. The
fast pathway is usually located just superior and posterior to the
atrioventricular node. Most commonly, the anterograde conduction is via the slow pathway and the retrograde conduction is via
the fast pathway. Wolff–Parkinson–White syndrome is a type of atrioventricular re-entry tachycardia. It is caused by an accessory pathway that connects the atria and the ventricles, in addition to the
atrioventricular node. This accessory pathway is known as the bundle of Kent. This accessory pathway does not share the rate-slowing
properties of the atrioventricular node, and may conduct electrical
activity at a significantly higher rate than the atrioventricular node.
Sick sinus syndrome is an abnormality involving the generation of the action potential by the sinus node. It is characterized
by an atrial rate that is inappropriate for physiological requirements. Manifestations include severe sinus bradycardia, sinus
pauses or arrest, sinus node exit block, chronic atrial tachyarrhythmias, and alternating periods of atrial bradyarrhythmias and
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tachyarrhythmias. Sick sinus syndrome is a collection of conditions
with multiple causes. Degenerative fibrosis may be an important cause, but there is increasing evidence that ion channels are
involved in familial disease, as well as the variants related to heart
failure and atrial fibrillation. They may also be important in the
ageing-related syndrome. If this is the case, manipulation of the
expression of the genes regulating the ion channels in the node
could be a future powerful therapeutic tool. Therapy will mainly
depend on the manifestation of the disease with pacemakers in the
case of severe bradycardias and drug treatment in cases of tachyarrhythmias (Lévy 2000; Blomström-Lundqvist et al. 2003).
Atrial fibrillation is the most common cardiac arrhythmia. The
normal electrical impulses that are generated by the sinoatrial node
are overwhelmed by disorganized electrical impulses that originate
in the atria and pulmonary veins. The result is conduction of irregular impulses to the ventricles leading to an irregular heartbeat.
Atrial fibrillation may be asymptomatic but can result in palpitations, fainting, chest pain, or congestive heart failure. People with
atrial fibrillation have an increased risk of stroke because blood
may pool and form clots in the fibrillating atria and especially in
the left atrial appendage.
Atrial fibrillation is classified into three categories. All patients
with atrial fibrillation are initially in the category called first-
detected atrial fibrillation. These patients may or may not have
had previous undetected episodes. If a first-detected episode self-
terminates in less than 7 days and then another episode begins
later on, the case has moved into the category of paroxysmal atrial
fibrillation. Although patients in this category have episodes lasting up to 7 days, in most cases of paroxysmal atrial fibrillation
the episodes will self-terminate in less than 24 h. If, instead, the
episode lasts for more than 7 days, it is unlikely to self-terminate,
and it is called persistent atrial fibrillation. In this case, the episode
may still be terminated by cardioversion. If cardioversion is unsuccessful or it is not attempted, and the episode is ongoing for a long
time, the atrial fibrillation is termed permanent (Lévy 2000; Fuster
et al. 2006, 2011; Mitchell and CCS Atrial Fibrillation Guidelines
Committee 2011). In addition to these three categories, which are
mainly defined by episode timing and termination, the American
College of Cardiology (ACC)/American Heart Association (AHA)/
European Society of Cardiology guidelines describe additional categories in terms of other characteristics of the patients. Lone atrial
fibrillation is diagnosed when there are no clinical or echocardiographic findings of other cardiovascular disease (including hypertension), related pulmonary disease, or cardiac abnormalities such
as enlargement of the left atrium, and the patient is under 60 years
of age. When there is no evidence of rheumatic mitral valve disease,
a prosthetic heart valve, or mitral valve repair, the diagnosis is that
of non-valvular atrial fibrillation. In the setting of a primary condition which may be the cause of the atrial fibrillation, such as acute
myocardial infarction, cardiac surgery, pericarditis, myocarditis,
hyperthyroidism, pulmonary embolism, pneumonia, or other acute
pulmonary disease, the disease is called secondary atrial fibrillation
(Fuster et al. 2011; Mitchell and CCS Atrial Fibrillation Guidelines
Committee 2011).
Atrial fibrillation can be treated with medications that either
slow the heart rate or revert the heart rhythm back to normal.
Synchronized electrical cardioversion may be used to convert
atrial fibrillation to a normal heart rhythm. Surgical and catheter-
based therapies may also be used to prevent recurrence of atrial
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fibrillation in certain individuals. People with atrial fibrillation
are often given anticoagulants or aspirin to prevent clot formation
and to protect them from stroke (Lévy 2000; Fuster et al. 2006,
2011; Surawicz et al. 2009; Mitchell and CCS Atrial Fibrillation
Guidelines Committee 2011).
Atrial flutter is caused by a re-entrant rhythm in either the right
or left atrium. It is usually associated with tachycardia and occurs
most often in association with underlying cardiovascular disease
such as coronary artery disease or cardiomyopathy. Occasionally
it may present spontaneously in people with otherwise normal
hearts. It is present typically as an irregular rhythm and frequently
degenerates into atrial fibrillation. With atrial flutter, the re-entrant
loop circles the right atrium, passing through the cavo-tricuspid
isthmus and the atrial rate is typically about 240–350 beats min−1.
This rate may be slowed by antiarrhythmic agents. Another variant
of atrial flutter follows a different re-entry pathway to type I flutter,
and is typically faster, usually 340–350 beats min−1. Treatment is
usually similar to that for atrial fibrillation.
Diagnosis of supraventricular tachyarrhythmias is initially based
on a 12-lead surface electrocardiogram. This is then followed by
more sophisticated electrophysiological examination. Treatment
aims at restoring the normal heart rhythm or if this is not possible
restoring heart rate within the physiological limits. Depending on
the underlying disease, treatment may be medical or more invasive
(cardioversion, ablation, pacemaker) (Lévy 2000).

Ventricular arrhythmias
Premature ventricular complexes are abnormal electrical impulses
arising in the ventricles. They often produce palpitations, but generally have very few medical implications. Ventricular tachycardia
is a rapid heart rhythm originating within the ventricles. It disrupts the normal orderly contraction of the ventricular muscle,
so that the ventricle’s ability to eject blood is significantly reduced.
Combined with the excessive heart rate, ventricular tachycardia can
substantially lower cardiac output with loss of consciousness, or
even sudden death as a result. Ventricular fibrillation is a rapid, chaotic ventricular arrhythmia that immediately disrupts any ordered
ventricular contraction. Unless cardiopulmonary resuscitation is
initiated promptly, sudden death will occur.

Conduction defects
Atrioventricular block can be defined as a delay or interruption in
the transmission of an impulse from the atria to the ventricles as a
result of an anatomical or functional impairment in the conducting system. The conduction disturbance can be transient or permanent, and can have many causes. Conduction can be delayed,
intermittent, or absent. The commonly used terminology includes
first-degree (slowed conduction without missing beats), second-
degree (intermittent conduction, often in a regular pattern, e.g.
2:1, 3:2, or higher degrees of block), and third-degree or complete
atrioventricular block. A first-degree atrioventricular block is caused
by a delay in conduction through the atrioventricular node which
results in a P–R interval of the ECG of greater than 0.2 s. This may
be caused by ageing, ischaemia, myocarditis, cardiomyopathy, aortic regurgitation, or any cause of increased vagal tone. This heart
block is usually asymptomatic. The second-degree atrioventricular block can be subdivided into Mobitz type I (Wenckebach) and
Mobitz type II. Mobitz type I is caused by a delay in conduction
through the atrioventricular node with a progressive prolongation

of the P–R interval until there is a dropped beat. This rhythm is
usually asymptomatic and requires no specific therapy. Mobitz type
II is caused by a block below the atrioventricular node (usually in
the His–Purkinje fibres). A sudden block of conduction occurs
without progressive elongation of the P–R interval. The failure of
one or more P waves to conduct to the ventricles can ultimately lead
to syncope (called Stokes–Adams attacks). A type II block is permanent and may progress to higher or even complete heart block.
A right bundle branch block is a defect in the electrical conduction
through the ventricles. With a blockage in the right bundle branch,
the left ventricle is excited in time, while the excitation of the right
ventricle takes a detour via the left bundle branch. The left bundle
branch is made up of the smaller anterior fascicle with blood supply
from the septal branches of the left anterior descending artery and
the larger posterior fascicle that usually has dual blood supply from
the left anterior descending artery and the right coronary artery.
A left anterior fascicular block causes delayed activation of the
anterosuperior left ventricular wall. A left posterior fascicular block
is less common then a left anterior fascicular block and results in
delayed activation of the inferoposterior left ventricular wall. Both
hemiblocks are associated with coronary artery disease and therefore such patients should have a thorough preoperative evaluation.
Complete left bundle branch block presents with a QRS complex of
greater than 0.12 s and notched R waves in all leads. Incomplete left
bundle branch block shows a similar pattern of wide R waves in all
leads, but the QRS complex is 0.10–0.12 s. These two blocks are also
associated with coronary artery disease.
Bifascicular heart block is defined as a hemiblock and right bundle branch block. This is also associated with coronary artery disease and may over time progress to complete heart block. Diagnosis
of these blocks is made on electrocardiographic criteria (Surawicz
et al. 2009). Indications for temporary transcutaneous pacing
are presented in recent guidelines of the American Heart Society
(Epstein et al. 2008). During administration of general anaesthesia,
first-degree atrioventricular block with bifascicular block and first-
degree atrioventricular block and left bundle branch block are recommended as elective indications for temporary pacing although
there is little evidence to support the need for this approach.
A third degree (complete or trifascicular) atrioventricular block is
present when there is no conduction from the atria to the ventricles.
If the block is above the atrioventricular node the rate is 45–55 beats
min−1 and the QRS complex is normal. If the block is below the atrioventricular node the heart rate will usually not exceed 30–40 beats
min−1 and the QRS complex will be wide in all leads. This block
should always be treated with a temporary or permanent pacemaker.
The long QT syndrome is a disorder of myocardial repolarization characterized by a prolonged QT interval on the electrocardiogram. This syndrome is associated with an increased risk of a
characteristic life-threatening cardiac arrhythmia, known as torsades de pointes. It may be congenital or acquired. Because of the
high mortality, treatment is essential. β-blockers shorten the QT
interval in patients with long QT syndrome and decrease mortality.
Other measures include lifestyle modification, correcting underlying causes, and placement of an implantable defibrillator.

Hereditary arrhythmogenic syndromes
In recent years, it has become evident that a number of cardiac rhythm
disturbances are related to genetic alterations and can be inherited.
These include congenital long QT-syndrome, Brugada syndrome,
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Mitral stenosis

Obstruction to
LA emptying

Increased
LA pressure
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LV filling
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PVP

Atrial fibrillation

LA dilatation

Pulmonary oedema

Decreased lung
compliance

Pulmonary hypertension

RV overload
Increased work
of breathing
Tricuspid regurgitation

Figure 83.2 Mitral stenosis. CO, cardiac output; LA, left atrial; PAP, pulmonary arterial pressure; PVP, pulmonary venous pressure; RV, right ventricular.

congenital sick sinus syndrome, arrhythmogenic right ventricular
dysplasia cardiomyopathy and catecholaminergic polymorphic ventricular tachycardia. These are life-threatening entities and a cause of
sudden death which can be prevented by defibrillator implantation.

Valvular heart disease
Valvular heart disease refers to any disease process involving any
valve of the heart: the mitral and aortic valve on the left side and
the tricuspid and pulmonary valve on the right side of the heart.
Valvular heart disease may be as a result of a stenosis or an insufficiency of the valve, or both. It is characterized by pressure or
volume overload (or both) to the atria and the ventricles. It is this
overload that will be responsible for the symptomatology of the disease. Valvular heart disease may be congenital or acquired. Mitral
and aortic valve disease are more common than tricuspid and pulmonary valve disease because of the higher pressure ranges they
experience (Maganti et al. 2010).

Mitral valve
Mitral stenosis
Worldwide, rheumatic fever still is the major cause of mitral stenosis. However, in the more developed countries, mitral valve disease
mainly occurs in older patients as a result of a degenerative cause
with a reported incidence between 0.02% and 0.2%.
The normal mitral valve area is 4–6 cm2. Once the orifice
decreases below 2 cm2 the pressure gradient between left atrium
and left ventricle has to increase to maintain adequate filling of the
left ventricle. This pressure overload has a number of pathophysiological consequences resulting in a decreased left ventricular output
and an increased right ventricular afterload and right ventricular
failure (see Fig. 83.2).

Basically, the narrowed mitral orifice interferes with the filling of
the left ventricle, and any additional negative influence on normal
left ventricular filling will aggravate symptoms of mitral stenosis.
These include tachycardia (shortening of the left ventricular diastolic filling time) and loss of the atrial contribution to the filling of
the left ventricle such as with atrial fibrillation.

Mitral regurgitation
Mitral regurgitation is the most common valvular disease and
occurs when normal coaptation of the mitral leaflets is lost. The
prevalence of moderate to severe mitral regurgitation is estimated
at 2.5%. Two major distinct entities of mitral regurgitation can be
identified: functional mitral regurgitation, which is the consequence
of a disturbance of the complex interaction of the different subunits of the mitral valve and structural mitral regurgitation, which
is the consequence of structural changes of the valve apparatus
(McCarthy et al. 2010; Ghoreishi et al. 2011; Michelena et al., 2011;
Di Mauro et al. 2013).
Mitral regurgitation results in a large volume load on the left
atrium. In acute mitral regurgitation such as with rupture of the
chordae tendineae, this volume overload suddenly increases left
atrial pressures with subsequent increases in pulmonary artery
pressures and ultimately even pulmonary oedema. In chronic
mitral regurgitation, the left ventricle is able to develop adaptive
mechanisms for the volume overload. These include left ventricular
and left atrial dilatation and eccentric left ventricular hypertrophy.
Initially, left ventricular function is preserved, but with the progression of the disease, left ventricular dysfunction will develop.
The ejection fraction tends to underestimate the functional consequence of the mitral valve disease as part of the ejection fraction is not pumped forward but back into the left atrium. As a
result of increased left ventricular filling pressures and decreased
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Figure 83.4 Aortic stenosis. CO, cardiac output; LV, left ventricular.
Figure 83.3 Mitral regurgitation. CO, cardiac output; LA, left atrial.

compliance of the left ventricle, diastolic dysfunction is present
(McCarthy et al. 2010; Ghoreishi et al. 2011; Michelena et al., 2011;
Di Mauro et al. 2013) (Fig. 83.3).

Aortic valve
Aortic stenosis
Although rheumatic disease has become a rare condition in the
Western population, it remains the most common cause of aortic
stenosis worldwide. In Western populations, calcific degenerative
disease is the leading cause of aortic stenosis. A normal aortic valve
has an orifice of 2–4 cm2. Severe aortic stenosis is diagnosed if one
or more of the following features are present: a blood flow velocity
through the aortic valve greater than 4 m s−1, a mean pressure gradient greater than 50 mm Hg, an aortic valve orifice less than 1 cm2,
and an aortic valve orifice vs left ventricular outflow tract area ratio
of less than 0.25.
The narrowing of the valve orifice increases the resistance of
blood flow through the valve. This results in an increased pressure
gradient across the valve. The left ventricle adapts to this increased
pressure gradient with a concentric hypertrophy and consequently a
decreased compliance and elevated left ventricular filling pressures.
Initially these compensating mechanisms allow for preservation of a
normal stroke volume but with progression of the disease left atrial
pressure will increase, ventricular dilation will occur and ultimately
left ventricular failure will develop (Horstkotte and Loogen 1988;
Torsher et al. 1998; Kertai et al. 2004) (Fig. 83.4). The atrial contribution to left ventricular filling becomes increasingly more important
and may account for up to 40% of the cardiac output. Maintenance
of sinus rhythm is therefore mandatory in these patients.

Aortic regurgitation
Worldwide, rheumatic fever still is the main cause of aortic regurgitation. However, this condition has become rare in the western hemisphere, where congenital or degenerative diseases constitute the main
causes. Patients with aortic stenosis often also have aortic regurgitation.

Structural changes of the cusps or the aortic annulus (or both)
will impair efficient closure of the aortic valve resulting in regurgitation of a part of the stroke volume back into the left ventricle during diastole. This provokes a volume load to the left
ventricle resulting in an increased left ventricular end-diastolic
volume and wall stress. In severe aortic regurgitation, the regurgitant fraction can amount up to 60% of the stroke volume. To
maintain cardiac output, heart rate is increased. Bradycardia is
poorly tolerated in aortic regurgitation, as an increased diastolic
time also implies an increased regurgitation time. The combination of increased heart rate resulting in a shorter coronary perfusion time, increased end-diastolic pressure, and low diastolic
aortic pressure, predispose to myocardial ischaemia which further impairs myocardial function. In chronic, slowly progressive
aortic regurgitation, however, oxygen balance is maintained for
a long period as a result of dilatation of the left ventricle and consequent decrease in wall tension (Dujardin et al. 1999; Goldbarg
and Halperin 2008) (Fig. 83.5).
Mild to moderate aortic regurgitation is well tolerated and these
patients are mostly asymptomatic. Even severe aortic regurgitation
can remain unrecognized for a long period.
Symptoms differ between an acute aortic regurgitation such as
occurring after trauma or aortic dissection (acute chest pain, shortness of breath, cardiogenic shock) and chronic aortic regurgitation (initially asymptomatic, later exertional dyspnoea or at rest,
tachycardia, palpitations caused by arrhythmias and angina). See
Figure 83.5.

Tricuspid and pulmonary valve
Tricuspid and pulmonary valve disease only rarely cause significant problems because of the low pressure systems they exist in.
Tricuspid stenosis is almost always caused by rheumatic fever and
is then frequently associated with mitral stenosis. Tricuspid regurgitation is in most cases caused by dilation of the right ventricle.
This may result from left-sided heart disease, including mitral valve
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Increased LV mass
Increased LV afterload
Increased stiffness
Congestive heart failure
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Figure 83.5 Aortic regurgitation. CO, cardiac output; LV, left ventricular.

abnormalities and cardiomyopathy and right ventricular dysfunction secondary to pulmonary disease or pulmonary hypertension
(Hung 2010; Irwin 2010).
The most common cause of pulmonary valve stenosis is congenital heart disease, but it may also occur as a consequence of rheumatic heart disease. Pulmonary hypertension is the most common
cause of pulmonary regurgitation. Indeed, most frequently, pulmonary regurgitation is not a primary process but secondary to, for
example, pulmonary hypertension or dilated cardiomyopathy.

pattern of the ventricle and may range from impaired myocardial
relaxation to restrictive filling (Pirracchio et al. 2007).
In the perioperative period, patients with chronic heart failure
may develop acute decompensation as a result of the withdrawal
of medication and the occurrence of perioperative haemodynamic
disturbances. The primary target for the treatment of acute heart
failure is to restore proper tissue perfusion and to correct the causes
of the exacerbations such as acute rhythm disturbances, myocardial
ischaemia, hypertensive crisis, and hypotension.

Heart failure

Congenital heart disease

Heart failure can be subdivided into four stages based on the
presence of risk factors, underlying heart disease, and symptoms.
Stage A refers to the presence of risk factors for heart failure but
without any structural heart disease. Stage B refers to the presence of structural heart disease but still without symptoms. Stage
C is the presence of structural heart disease with symptoms of
heart failure and stage D refers to the presence of refractory heart
failure.
From a pathophysiological point of view, heart failure can be subdivided into systolic and diastolic ventricular dysfunction. Systolic
heart failure is defined as a decrease in contractility of the ventricle
such that it is not capable of providing adequate blood supply to
the tissues. Usually this occurs when left ventricular ejection fraction drops below 40%. However, 30–50% of patients present with
heart failure in the presence of a preserved left ventricular ejection
fraction. If signs and symptoms of congestive heart failure (exercise
intolerance, fatigue, dyspnoea, and pulmonary oedema) develop in
a patient with normal or near-normal systolic function, then diastolic heart failure is present. The pathophysiological basis of diastolic heart failure is related to an impairment of the normal filling

Congenital heart disease (CHD) has a worldwide incidence of 0.8%
and is the most common inborn defect, accounting for almost a
third of all congenital diseases (Hoffman 1995). Between 10% and
15% of affected children have associated congenital anomalies of
the skeletal, genitourinary, or gastrointestinal system. There are
numerous cardiac defects, presenting in so many forms and combinations that even specialized physicians occasionally struggle over
terminology and correct diagnosis.
The introduction of the ‘sequential segmental analysis’ technique,
a diagnostic approach almost entirely based on cardiac imaging of
anatomical landmarks, and less on the detailed knowledge of cardiac embryogenesis, has facilitated the interpretation of complex
cardiac malformations and certainly made this field of expertise
more accessible to non-specialists (Anderson et al. 1984). The
basic concept of this technique, also referred to as the WYSIWYD
approach (‘What You See Is What You Determine’), is that any
heart can be considered in three segments, that is, atrial chambers,
ventricular mass, and great arteries, and categorized by a sequential description of the arrangement of the component segments and
their interconnections (Fig. 83.6).
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Atrial arrangement:
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Figure 83.6 Three segments of the heart analysed sequentially. d-TGA, d-type transposition of the great arteries.
This figure was published in Diagnosis and Management of Adult Congenital Heart Disease. Gatzoluis, MA et al. Copyright © Elsevier 2003.

In children undergoing non-cardiac surgery, the presence of
congenital heart disease is known to increase morbidity and mortality (Ramamoorthy et al. 2010). A large study on the incidence
of perioperative cardiac arrest in children revealed that 88% of
cases had CHD (Flick et al. 2007). High risk factors were age less
than 1 year, premature birth, severe cyanosis, poorly compensated
heart failure, pulmonary hypertension, complex cardiac lesions,
multiple coexisting diseases, and invasive and emergency surgery.
While the majority of arrests occurred in the setting of cardiac
surgery, in non-cardiac surgery 27% of reported arrests were in
CHD patients. In neonates and infants, the presence of CHD is
associated with a two-fold increase in mortality from non-cardiac
surgery (Baum et al. 2000). The four highest risk groups are infants
with functional single ventricle, suprasystemic pulmonary hypertension, left ventricular outflow tract obstruction, and dilated
cardiomyopathy (Friesen and Williams 2008; Ramamoorthy
et al. 2010; Lynch et al. 2011). It is currently recommended that
such patients be treated in highly specialized paediatric centres
(Sumpelmann and Osthaus 2007).
As a result of significant advances in prenatal diagnosis, cardiac
surgery, interventional cardiology, and perioperative medicine,
about 90% of infants with CHD are expected to reach adulthood
today (Hoffman et al. 2004). This success story has resulted in a
growing cohort of young adults with CHD who now even outnumber the paediatric CHD population. Most of these patients with
‘grown-up’ congenital heart disease (GUCHD) require lifelong cardiac follow-up and deserve specific attention when they present for
surgical, interventional, or obstetric procedures for which anaesthesia care is needed (Lovell 2004). Perioperative morbidity and
mortality are increased in adults with repaired or palliated CHD
but few guidelines exist on perioperative management of these
patients (Fleisher et al. 2007).
This section will focus on anaesthesia for non-cardiac procedures in adults with congenital heart disease. For paediatric anaesthesia the reader is referred to excellent reviews on non-cardiac
surgery in children with CHD (Sumpelmann and Osthaus 2007;

Gottlieb and Andropoulos 2013). Still it is impossible to cover all
congenital heart defects or clinical scenarios which an anaesthetist
may encounter in this high-risk GUCHD population. A common
approach to classify CHD is the functional distinction between
non-cyanotic and cyanotic defects, or by separating simple from
complex lesions. However, patients may present at various stages
of their disease with untreated, palliated, or corrected lesions, and
migrate from one category to another. They may or may not have
residual defects or develop late-onset complications from the initial surgery. All these factors will modify an individual patient’s
risk and influence the perioperative management plan. For the
purpose of this chapter, a pathophysiology-based approach, identifying four principal types of flow abnormality, offers the more
appropriate framework to discuss any of these prevailing clinical
scenarios.

Pathophysiology of congenital heart disease
The pathophysiological consequences of CHD relate primarily to
the resultant type of flow abnormality as caused by (1) an obstruction, (2) a regurgitation, (3) a shunting lesion, (4) a mixing defect,
and any combination of these.
The effects of a simple obstruction or regurgitation are largely
comparable to those described for acquired disease. Congenital
narrowing of left or right ventricular outflow can occur at the subvalvular, valvular, and supravalvular level and will produce pressure overload and ventricular hypertrophy (Rhodes et al. 2008).
More distal lesions cause additional maldistribution of flow such
as in coarctation of the aorta or distal pulmonary artery stenosis.
Isolated regurgitant lesions rarely occur as a primary congenital
defect except for Ebstein’s malformation of the tricuspid valve.
Because regurgitant lesions of the atrioventricular valves frequently
result from an abnormal development of the endocardial cushion,
these patients usually present with additional shunts at the atrial or
ventricular level, or both. This particular malformation can present
with variable degrees of severity and is frequently associated with
trisomy 21.
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Left-to-right shunts
Left-to-right shunts are the most common lesions representing
more than half of CHD cases. In the absence of other lesions, blood
will pass through open communications along a pressure gradient
and follow the path of least resistance. In patent ductus arteriosus
or isolated septal defects, shunting occurs from the high-pressure
systemic to the low-pressure pulmonary circulation. The recirculation of blood in the low-pressure circuit causes volume overload of
the right ventricle and pulmonary circulation, which if sufficiently
large, will produce and manifest as congestive heart failure. Shunts
through atrial septal defects tend to become larger with age because
of loss of compliance and higher filling pressures in the left ventricle
(Sommer et al. 2008). Symptoms often develop only in the fourth or
fifth decade unless paradoxical emboli lead to the diagnosis. With
large ventricular septal defects, direct exposure of the pulmonary
arteries to the high systemic circulatory pressures in the left ventricle affects pulmonary vasomotor tone and augments vasoreactivity. If left untreated, the pulmonary circulation under systemic
pressure will undergo morphological changes that ultimately result
in irreversible and fixed pulmonary hypertension (Eisenmenger’s
syndrome). Whenever pressures in the pulmonary vascular system
exceed systemic pressures, the shunt direction is reversed [right-to-
left (R–L)] and cyanosis develops.

Right-to-left shunts
Right-to-left shunts do not typically produce congestive heart failure but instead cause cyanosis and an increased risk of paradoxical
emboli. For R–L shunts to occur, there must be an increased resistance to flow in the pulmonary circulation forcing blood towards the
systemic circulation through an open communication. In children,
tetralogy of Fallot is the most common defect causing R–L shunting
through a ventricular septal defect as a result of obstructions at the
right ventricular infundibulum and pulmonary valve. Pulmonary
hypertension at systemic pressure levels also causes R–L shunting
and is the primary cause of R-L shunting in adults (Eisenmenger’s
syndrome).

Mixing
Mixing lesions encompass the more complex defects such as d-type
transposition of the great arteries (d-TGA), truncus arteriosus, and
all univentricular hearts. In d-TGA, the parallel arrangement of
pulmonary and systemic flow is only compatible with life if there is
a mixing chamber connecting both circuits. If not, an urgent intervention is performed to create an atrial septal defect (Rashkind
procedure). In patients who only have a single functional ventricle
connecting to either the systemic or pulmonary systems, patency of
the ductus arteriosus is of vital importance to guarantee perfusion
through both circuits. In all of these patients the obligatory mixing of desaturated and saturated blood causes cyanosis of which
the degree depends on the ratio of pulmonary to systemic flow as
determined by the relative resistances in systemic and pulmonary
vascular beds. Surgical repair is performed as soon as possible in
these neonates to convert the parallel circuitry into a serial system. Patients with univentricular hearts require a specific series of
interventions to achieve this goal. The single (right or left) ventricle is connected to the systemic arterial system and the returning
systemic venous blood is directed passively over the pulmonary
arterial system. This transformation is performed in two separate
procedures connecting the superior vena cava to the pulmonary
artery first (Glenn or Hemi-Fontan procedure), followed by a
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second step to also connect the inferior vena cava with the pulmonary artery. Francis Fontan was the first to demonstrate that this
haemodynamic configuration, in which there is no subpulmonary
ventricle, is compatible with life, provided that pulmonary vascular
tone remains low (Fontan and Baudet 1971).

Preoperative risk assessment and preparation
About 25% of adults with CHD survive into adulthood without
surgical or interventional cardiac treatment but the vast majority
have undergone a cardiac procedure at the time they present for
non-cardiac surgery (Cannesson et al. 2009). Management of CHD
patients requires insight into (1) the primary cardiac lesion, (2) the
type of cardiac surgical or interventional procedure(s) performed,
(3) the presence of residual defects or sequelae, (4) the current physical status (i.e. balanced vs unbalanced), (5) the effects of surgery or
pregnancy on their pathophysiological condition, and (6) the presence of co-morbidity. A complete history and physical examination
is always required and available technical and laboratory data should
be collected and reviewed. In the ACC/AHA 2007 Guidelines on
perioperative cardiovascular evaluation and care for non-cardiac
surgery, a comprehensive work of 62 pages, only half a page is dedicated to the subject of congenital heart disease (Fleisher et al. 2007).
Many of the general principles of risk assessment in this document
also apply for CHD, with stratification according to clinical predictors and invasiveness of surgery being the primary determinants in
the framework. However, it is increasingly clear that even simple
congenital heart lesions can be associated with long-term complications and CHD in adults should be viewed as a systemic condition
with associated multiorgan disease (Khairy and Landzberg 2008).
Several factors unique to this population must be considered, such
as the presence and magnitude of shunts, valvular lesions, dysrhythmias, pulmonary vascular disease, cyanosis, prosthetic material, and
the consequences of an extraordinary haemodynamic condition
such as a systemic right ventricle or absent subpulmonary ventricle
(Fontan circulation), see Box 83.4. There are no large studies to rely
on when it comes to quantifying perioperative risk associated with
these specific conditions. Importantly, risk may also be increased
by disease in other systems that can either be co-incident or related
to the patient’s congenital syndrome (metabolic, renal, pulmonary
disease).
In general, cardiac medication should be continued throughout the
perioperative period. Patients with shunts or conduits receive antiplatelet therapy while others, for example, patients with mechanical
cardiac valves, are treated with vitamin K antagonists. According
to the most recent guidelines, vitamin K antagonists should be
stopped for 5 days before surgery and resumed between 12 and 24 h
after surgery when there is adequate haemostasis (Douketis et al.
Box 83.4 Independent predictors of perioperative
complications in CHD
◆

Pulmonary hypertension

◆

Dysrhythmias

◆

Ventricular dysfunction

◆

Arterial desaturation (<85%)

◆

Polycythaemia (haematocrit >55%).
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2012). Bridging anticoagulant therapy with unfractioned or low-
molecular weight heparin is recommended in patients at high risk
for thromboembolism. Aspirin should not be stopped around the
time of surgery for patients at high risk for thromboembolic events.
Premedication is often indicated to control anxiety and oxygen consumption but should be used with caution in cyanotic patients and
in patients with pulmonary hypertension. Longer periods of starvation should be avoided in cyanotic and in shunt-dependent patients
who poorly tolerate hypovolaemia.
Patients with cyanotic heart disease have an increased risk for
intravascular thrombosis as a result of secondary polycythaemia
and high blood viscosity. Normovolaemic haemodilution should
be considered when the haematocrit exceeds 60%, and phlebotomy
may be useful above 65% though carefully balancing the beneficial effect on blood rheology against the reduction in blood oxygen
content (Khairy et al. 2007). Iron deficiency is common and is an
independent predictor of thrombosis in patients with Eisenmenger
syndrome (Ammash and Warnes 1996). Paradoxically, cyanotic
patients are also at increased risk for major perioperative bleeding
because of abnormalities in platelet function and coagulation pathways. Of particular risk is thoracic surgery where diffuse bleeding
may occur as a result of marked neovascularization and numerous
collaterals between systemic and pulmonary vessels.
Pulmonary hypertension defined as a mean pulmonary artery
pressure greater than 25 mm Hg is a known risk factor for perioperative morbidity and mortality (Ramakrishna et al. 2005; Lai et al.
2007). In CHD patients, pulmonary hypertension may arise from
left heart disease or pulmonary venous obstruction but the primary
cause in this group is a large systemic to pulmonary shunt, that is,
category 1.3.2 pulmonary hypertension according to the new WHO
classification (McLaughlin et al. 2009). Eisenmenger complex has
become less prevalent because cardiac repair is performed early in
childhood nowadays precisely to avoid this dramatic development.
Still, patients who underwent surgery in the era when definitive
surgery was performed late or patients born in regions where cardiac surgery for infants is not readily accessible may present with
this unfavourable haemodynamic condition. It is characterized by
pulmonary vascular resistance higher than 10 Wood units with a
bidirectional or R–L shunt. The pulmonary vascular system has
become unresponsive to vasodilators and the balance between systemic and pulmonary circulation, hence the direction and amount
of shunting, is strongly dependent on changes in systemic vascular resistance. Sudden decreases in systemic vascular resistance
as a result of general anaesthesia or extensive neuraxial block can
augment R–L shunting. In obstetrics, the presence of pulmonary
hypertension is associated with a maternal mortality of 30% and
the incidence of fetal death has been reported to be as high as 50%
if maternal arterial saturation is less than 85% or if haematocrit
exceeds 65% (Presbitero et al. 1994).
Both left-and right-sided heart failure are common in CHD and
add to perioperative risk. The management is similar to acquired
forms of heart failure and optimization of treatment in the preoperative period is an absolute necessity. Of particular interest is
failure of the systemic right ventricle in patients with congenitally
corrected or atrially switched TGA and in hypoplastic left heart
syndrome, which remains a poorly understood phenomenon.
Atrial and ventricular dysrhythmias are frequent in GUCHD
either as a primary feature of the congenital lesion or as a consequence of surgical repair and palliation. Atrial surgery and atrial

distension are associated with supraventricular dysrhythmias in
20–45% of patients. Ventricular dysrhythmias are often the result
of previous ventriculotomy or develop secondary to heart failure.
A considerable number of patients may present with intracardiac
defibrillators.
Current guidelines on the prevention of infective endocarditis
have become far more restrictive with regard to the use of preoperative prophylactic antibiotics. For CHD patients, only those with the
highest risk, that is, (1) previous endocarditis, (2) cyanotic CHD
that is unrepaired or palliated with shunts or conduits, (3) prosthetic material or devices during the first 6 months after the procedure, and (4) partially repaired CHD with residual defects close
to the site of prosthetic material, should receive prophylaxis and
only for procedures likely to produce bacteraemia, such as dental,
oral, respiratory tract, genitourinary and gastrointestinal surgery
(Wilson et al. 2007). CHD cardiologists are concerned about the
scientific basis of these guidelines and question their safety
(Di Filippo et al. 2012).

Anaesthesia and intraoperative management
There are no evidence-based recommendations regarding anaesthetic techniques for patients with CHD undergoing non-cardiac
surgery. A pathophysiology-based approach and adherence to
appropriate haemodynamic objectives is more important than
the selection of a specific anaesthetic drug or technique. Lesion-
specific anatomy and physiology, degree of severity, and the clinical
stage (untreated, palliated, corrected) in which CHD presents, and
the physical condition of the patient and the planned intervention
compose the primary determinants for individual decision-making.
Adults who underwent complete anatomical repair without sequelae and no functional deterioration can be managed with conventional approaches. In contrast, patients with complex CHD facing
moderate to major surgery require specific and specialized management. Some excellent reviews have been written on this subject
(Lovell 2004; Cannesson et al. 2009; Seal et al. 2011).
Most general anaesthetic drugs and techniques induce mild
vasodilation in the arterial and venous compartment and cause
a slight degree of myocardial depression. This is partly because
they decrease sympathetic tone. Vasodilation is well tolerated in
most cardiac patients because it promotes forward systemic flow.
The important exceptions to this rule are defects associated with
obstructions and defects associated with R–L shunts, which may
rapidly deteriorate with sympatholysis and systemic vasodilation.
Because etomidate has fewer direct effects on cardiac function and
ketamine better preserves sympathetic tone, these drugs have been
advocated as more appropriate induction agents for such patients.
Alternatively, vasopressors such as phenylephrine or noradrenaline
(norepinephrine) can be used to counteract the vasodilatory effects
of propofol or volatile anaesthetics. When neuraxial anaesthesia is
considered, excessive systemic vasodilation should be avoided in
patients with R–L shunts and obstructions. Furthermore, the presence of coagulation abnormalities secondary to the disease or its
treatment ought to be excluded.
The effect of positive pressure ventilation also varies with the specific pathophysiological status and can suddenly disrupt a delicate
homeostatic balance in complex heart disease. Again, conditions
associated with reduced systolic left ventricular function and L–R
shunts in general benefit from gentle positive pressure ventilation
as it reduces left ventricular afterload. The concomitant increase
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in pulmonary vascular resistance and the reduction in systemic
venous return however is unfavourable for patients with R–L
shunts and forms a particular challenge for patients with Fontan
circulation.
The decision to use more extensive (invasive) monitoring, in addition to the obligatory standard equipment, should be based on an
individual, case-specific risk:benefit analysis. Intravenous lines
can be hard to establish in patients with CHD because of previous
repetitive vessel access. In patients with shunts and mixing lesions
it is of utmost importance to exclude air from all intravenous lines
and maximize the efforts to avoid systemic air embolism.
Arterial lines are often of great value but should not be placed
on the side of a previous systemic-to-pulmonary shunt or distal
to an aortic coarctation. Central venous catheters are considered
relatively safe, particularly when ultrasound is used for placement.
Patients with CHD often have abnormal anatomical variations or
underwent surgical modification of central venous return. A persistent left superior vena cava is more frequent in CHD and may
drain directly into the left atrium in 10–20% of cases (Povoski et al.
2011). In patients with cava-pulmonary anastomoses, a catheter in
the jugular or subclavian vein will not provide central venous pressure but pulmonary artery pressures instead. Here, the decision to
insert a central line should never be taken lightly because venous
thrombosis has devastating consequences for such patients.
The threshold to use pulmonary artery catheters should be high
as they expose CHD patients to additional risks. If cardiac output
measurements are considered an essential part of the haemodynamic management plan, transpulmonary thermodilution using
central arterial catheters equipped with a thermistor may offer a
valid alternative (Wouters et al. 2005). Transoesophageal echocardiography is undoubtedly the best available tool to monitor complex cases but it requires a high level of expertise and experience
in CHD.
Near-infrared spectroscopy is gradually being accepted as a
non-invasive means to follow trends in venous oxygen saturation and may be of particular value to monitor changes in oxygen
supply/demand in the setting of complex circulatory physiology
(Moerman and Wouters 2010). Dynamic preload variables such as
pulse pressure variation have shown superior to static venous pressure measurements and could also be useful adjuncts here. Their
precise clinical value yet needs to be confirmed in this population.
The two most challenging CHD scenarios any anaesthetist may
encounter in a non-cardiac practice are Eisenmenger syndrome
and single ventricle physiology after Fontan repair. Eisenmenger
syndrome is an end-stage disease that is now less prevalent because
of preventive surgical strategies but life expectancy of Fontan
patients has steadily grown and the number of adults presenting
for non-cardiac surgery or labour and delivery will continue to
increase in the next few years. Circulatory homeostasis in Fontan
patients depends on the maintenance of a minimum resistance to
flow in the pulmonary vasculature that allows passage of systemic
venous blood along a pressure gradient to the left atrium (there
is no right ventricle to pump blood over the pulmonary vascular
system). Factors that increase pulmonary vascular resistance will
decrease flow, cause venous congestion and impair oxygenation.
Strict control of metabolic homeostasis, analgesia and normothermia are a prerequisite but postural changes and positive pressure
ventilation can also affect the delicate haemodynamic balance and
should be closely monitored and adjusted. Communication with
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the surgical team about the patient-specific pathophysiology and
associated risks may lead to modifications in the surgical approach.
For example, while laparoscopic interventions are generally considered less invasive than open laparotomies for abdominal surgery,
the installation of a pneumoperitoneum is a significant haemodynamic challenge for patients with Fontan circulation. Adherence to
low insufflation pressures and avoidance of extreme Trendelenburg
position are required to avoid haemodynamic collapse but such
restrictions degrade the surgical conditions to the extent that only
experienced surgeons can succeed.
In patients with chronic pulmonary hypertension, haemodynamic management also centres on the control of pulmonary
vascular resistance. Acute exacerbations of PHT can cause right
ventricular failure or enhance R–L shunting and cyanosis if shunt
defects exist. Besides the well-known measures to avoid increases
in pulmonary vascular resistance, pulmonary vasodilators, that is,
vasodilators selectively administered via inhalation such as nitric
oxide and epoprostenol, should be considered and be readily available. Systemic vasodilation however has to be avoided or treated
at all cost. Indeed, the ratio of systemic to pulmonary vascular
resistance determines the direction and magnitude of the shunt
and is an important determinant of right ventricular perfusion.
In patients with Eisenmenger syndrome, pulmonary vascular
tone is not responsive to vasodilators and systemic vascular tone
is the only component that can be modified pharmacologically to
control systemic vascular resistance/pulmonary vascular resistance ratio. Echocardiography is the undisputed monitoring tool
to assess right ventricular function. The ratio of right-to-left ventricular dimension (normal RV < 0.6 LV size) and the position and
motion of interatrial and interventricular septae are reliable parameters to assess right ventricular function and monitor ventricular
interdependence.

Postoperative care
Patients with severe CHD or patients requiring high-risk surgery
should be admitted to a postoperative intensive care unit with
experience in complex haemodynamic management. An increased
incidence of major bleeding, dysrhythmias, and thromboembolic events should be anticipated in the postoperative setting.
Admission should be planned well in advance for patients with
significant intracardiac shunting, heart failure, pulmonary hypertension, functional single ventricle, cyanosis, coagulation abnormalities, and major arrhythmias.

Conclusion
The number of adults with CHD continues to grow and at some
stage in their life a substantial proportion will need a non-cardiac
surgical intervention or a procedure for which anaesthesia care is
needed. This group has an increased risk for perioperative complications but there are no evidence-based guidelines on anaesthesia
management. This is partly as a result of the complexity of the disease, the variety of defects and pathophysiological consequences,
and the various clinical stages, ranging from untreated to palliated
and repaired defects, in which patients may present. Anaesthetists
should understand the pathophysiology and anaesthetic implications of the cardiac lesion. Proper risk assessment also includes
knowledge of previous interventions, current functional reserve
and co-morbidities. The perioperative plan, including risk reduction strategies, possible modifications of the surgical approach, and

1447

1448

1448

PART 12

anaesthesia and concurrent disease

postoperative surveillance should be discussed with cardiologists,
surgeons, and intensivists in order to optimize outcome in this
challenging population.
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Anaemia
One of the most important functions of haemoglobin (Hb) is the
delivery of oxygen to the organs. Besides the amount of Hb in blood
and its saturation with oxygen, oxygen delivery is determined by
the oxyhaemoglobin (HbO2) dissociation curve and oxygen tension in the tissue.

Oxyhaemoglobin dissociation curve

Temp. ↓

80

2,3-DPG ↓
pH ↑

The oxygen-binding affinity of haemoglobin is graphically represented by a sinusoidal relationship between haemoglobin oxygen
saturation (So2) and the partial pressure of oxygen (Po2). The
relationship of haemoglobin and oxygen, expressed in the HbO2
dissociation curve, enables both efficient loading of oxygen in
the lungs at high Po2 and efficient unloading in the tissues at
low Po2.
The P50, normally 26 mm Hg, defines the oxygen tension at which
50% of the haemoglobin is saturated with oxygen. A rightward shift
of the curve implies a decline of the binding affinity of haemoglobin
for oxygen and a higher P50 resulting in a faster release of oxygen
by the haemoglobin molecules. A left shift of the oxyhaemoglobin
curve implies the opposite (see Fig. 84.1).
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The goal of aerobic metabolism is to generate energy by the
conversion of nutrient fuels. This process consumes oxygen and
produces carbon dioxide. The role of the circulatory system is
to deliver oxygen and nutrient fuels to the tissues of the body
and to remove carbon dioxide. The oxygen transport is characterized by four variables: (1) the oxygen concentration of the
blood, (2) the delivery rate of oxygen in arterial blood, (3) the
rate of oxygen uptake from the capillaries into the tissues, and
(4) the fraction of oxygen in capillary blood that is taken up into
the tissues.
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Figure 84.1 The oxygen–haemoglobin dissociation curve. A right shift implies
a decline of the binding affinity of haemoglobin for oxygen and a higher P50
resulting in a faster release of oxygen by the haemoglobin molecules.

Haemoglobin-bound oxygen
The content of haemoglobin-bound O2 (HbO2) is determined by
the following equation:
HbO2 (ml dl −1 ) = 1.34 × Hb × So2

(84.1)

Oxygen content of the blood

Hb is the haemoglobin concentration in the blood (g dl−1).
1.34 is the oxygen binding capacity of Hb (ml O 2 per gram
of Hb).
So2 is the saturation of Hb with oxygen expressed as a fraction.

The O2 content of the blood is the sum of O2 bound to Hb and O2
dissolved in plasma.

This equation means that when Hb is fully saturated with O2
(So2 = 1) each gram of Hb will bind 1.34 ml of O2.
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Dissolved oxygen

CO, cardiac output. For an adult at rest, Ḋo2 = 1 litre min−1.

The concentration amount of dissolved O2 in blood (ml dl−1) at
normal body temperature is determined by the following equation:

Oxygen uptake

Dissolved O2 (ml dl −1 ) = 0.0225 × Po2 (kPa)

(84.2)

From this equation it is concluded that only a minimal amount of
O2 is dissolved in the blood: if the Po2 is 13.3 kPa only 3 ml O2 is
dissolved in 1 litre of blood.

Arterial oxygen content
The O2 content of arterial blood (Ca O2 ) is the sum of HbO2 and dissolved O2 where So2 and Po2 of arterial blood are used (Sa O2 and
Pa O2 ), resulting in the following equation:
Ca O2 = (1.34 × Hb × Sa O2 ) + (0.0225 × Pa O2 )

(84.3)

If the Hb = 15 g dl−1, Sa O2 = 0.98, Pa O2 = 13.3 kPa, then, HbO2 = 19.7
ml dl−1 (197 ml litre−1), dissolved O2 = 0.3 ml dl−1 (3 ml litre−1), and
therefore Ca O2 = 200 ml litre−1 (of which only 1.5% is dissolved in
plasma). With a total blood volume of 5 litres, of which 25% is arterial,
the O2 content of the blood in the arterial circulation = (5 × 200) ×
0.25 = 250 ml.
The importance of Hb becomes clear when we imagine what
would happen if we depended solely on dissolved O2 in plasma.
Then a cardiac output of 93 litres min−1 would be necessary to
deliver 250 ml min−1 oxygen for an adult at rest. This example
clearly shows that Hb is a major determinant of the amount of O2
in the blood.

Venous oxygen content
The O2 content of venous blood (Cv O2 ) is calculated in the same
way as for Ca O2 , but now with venous values (Sv O2 and Pv O2 ).
These values are best measured in mixed venous blood from the
pulmonary artery. Normal Sv O2 = 0.73 and Pv O2 = 5.33 kPa resulting
in a Cv O2 of approximately 150 ml litre−1. With a total blood volume = 5 litres of which 75% is venous, the O2 content of the blood in
the venous circulation will be 3.75 × 150 = 562.5 ml.

Total oxygen content
The contribution of dissolved O2 to the total amount of O2 content
is so small that it is usually left out of the equation. In practice,
the O2 content of blood is considered equivalent to Hb-bound O2.
Using the values derived in the previous sections on arterial and
venous oxygen content we can determine that the total amount of
oxygen in the blood is roughly 810 ml (250 + 560). Based on the
assumption that an adult consumes 250 ml O2 per min at rest the
blood has enough oxygen for only 3–4 min of aerobic metabolism!

Oxygen delivery

Ḋo2 is the amount of oxygen (in ml) that reaches the capillaries
every minute, and is described in the following equation:
D o2 = CO (litres min −1 ) × Ca O2 (ml litre −1 )

(84.4)

D o2 = CO × 1.34 × Hb (g litre −1 ) × So2

(84.5)

or

V̇o2 is the amount of O2 (ml min−1) which is taken up by the tissues every minute. As O2 cannot be stored in the tissues, V̇o2 also
describes the O2 consumption, and can be calculated with the following formula:
Vo2 = CO (litres min −1 ) × (Ca O2 − Cv O2 )

(84.6)

or
D o2 = CO × 1.34 × Hb (g litre −1 ) × (Sa O2 − Sv O2 )

(84.7)

For an adult at rest the V̇o2 = 250 ml min−1.

Oxygen extraction ratio
The oxygen extraction ratio (O2ER) describes the amount of
oxygen taken up by the tissues relative to the amount of oxygen
offered:
O2ER = Vo2 /D o2
The O2ER is equivalent to Sa O2 − Sv O2 when Sa O2 is close to 1.
Normally O2ER is about 25% and might increase to a maximum
level of about 50%.
If, as a result of bleeding and the resulting anaemia Ḋo2 is
decreasing, V̇o2 might remain unchanged as a result of an increase
of the O2ER. This situation is called compensated hypovolaemia.
If, however, O2ER reaches the maximum level of 50%, and Ḋo2 is
declining further, V̇o2 definitively decreases. This point, called critical Ḋo2, is the start of anaerobic metabolism and the appearance
of lactic acidosis, ischaemic electrocardiogram changes, neurological dysfunction, and hypovolaemic shock. An oxygen extraction
of 50% [Sa O2 (pulse oximeter) − Scv O2 (blood from central venous
catheter = 50%] can be used as an indication for transfusion of red
blood cells.

Anaemia and adaptive mechanisms
There are several compensatory mechanisms to cope with anaemia.
1. With decreasing Hb, a redistribution of blood and oxygen takes
place in favour of the vital tissues such as the myocardium and
brain, and at the cost of mesenteric tissues, kidney, muscles, and
skin. If these vital organs are affected, the patient is considered
to be in hypovolaemic shock.
2. Shift of the oxyhaemoglobin dissociation curve to the right as a
result of an increase in 2,3-diphosphoglycerate (2,3-DPG) in the
erythrocyte, resulting in a decreased affinity of Hb for oxygen
and an enhanced delivery of oxygen to the tissues. This right shift
is enhanced by an increase in temperature and a decreased pH.
These compensatory mechanisms are sufficient with a Hb
concentration greater than 100 g litre−1 (6 mmol litre−1) and at
rest; but with exertion and with a Hb concentration less than
100 g litre−1 (6 mmol litre−1) additional compensatory mechanisms are needed.
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3. Decreased peripheral vascular resistance in order to increase
cardiac output. It is associated with a decreased afterload,
decreasing blood pressure, and increased preload, and results in
an increased blood flow to the periphery.

Table 84.1 Risk of adverse effects of RBC transfusion compared
with other risks
HIV

1:1 467 000

4. Increased cardiac output in chronic anaemia especially by
increasing cardiac stroke volume and in acute anaemia by
increasing heart rate. The goal of increasing cardiac output is
to enhance the amount of oxygen which can be extracted by the
tissues.

HCV

1:1 149 000

HBV

1:312 500

Fatal haemolysis

1:1 250 000

Life-threatening reaction

1:139 908

Many of these adaptive responses are modified by the speed of
blood loss and patient characteristics such as age, co-morbidity,
pre-existing volume status, Hb concentration, and the use of medications with cardiac effects (β-blockers) or peripheral vascular
effects (antihypertensives).
Blood loss triggers compensatory responses in order to maintain
blood volume and tissue perfusion. The earliest response involves
movement of interstitial fluid into the capillaries (transcapillary
refill) resulting in haemodilution. Acute blood loss also leads to
activation of the renin–angiotensin–aldosterone system in order to
retain both sodium and water. This helps to replenish the interstitial
fluid deficit created by transcapillary refill.

TRALI

1:12 500

TACO

1:100

Fever

1:100

Killed on a single airline flight

1:29 400 000 to 1:588 235

Lightning fatalities

1:50 000 000 to 1:500 000

Fatal fall

1:12 195

Fatal motor vehicle accidents

1:7692

Death from medical error

1:476

Symptoms and signs of anaemia
In addition to the Hb concentration, age and concurrent diseases affect the symptoms of anaemia. Common symptoms are
fatigue, weakness, and reduced physical and mental endurance.
Palpitations and a pounding pulse might be experienced with
increased cardiac output, whereas postural hypotension, vertigo, and syncope are symptoms related to decreased peripheral vascular resistance. When compensatory mechanisms are
insufficient to maintain organ oxygenation, dyspnoea, headache,
tinnitus, sleeping disorders, lethargy, and reduced cognitive
function can occur. With increasing chronic anaemia, the symptoms of cardiac failure can occur, with palpitations, oedema, and
dyspnoea on exertion, or even at rest. And finally, organ damage
might develop with an even further decrease of Hb concentration leading to, for instance, angina pectoris or transient cerebral
ischaemia.

Management of anaemia
The standard treatment for perioperative anaemia is the administration of red blood cell (RBC) concentrates. However, in order
to reduce the risk to which patients are exposed when transfused
with RBCs, a restrictive transfusion strategy is used where RBCs
are administered to achieve the minimum acceptable Hb.

Adverse effects of red blood cell
transfusion
Due to a variety of donor screening interventions such as serological assays, nucleic acid assays, and measures to reduce the risk
of infection, transfusion services have been able to considerably
decrease the risk of transfusion.
In a recent guideline from the AABB (formerly, the American
Association of Blood Banks) (Carson et al. 2012b) these risks were
summarized and compared with the incidence of other types of risk
(Table 84.1).

HIV, human immunodeficiency virus; HCV, hepatitis C virus; HBV, hepatitis B virus; TRALI,
transfusion related acute lung injury; TACO, transfusion associated circulatory overload.
Data from Carson JL, et al. Clinical Transfusion Medicine Committee of the AABB. Red
blood cell transfusion: a clinical practice guideline from the AABB. Annals of Internal
Medicine, Volume 157, pp. 49–58, 2012.

Strategies to further reduce allogeneic
blood transfusion mortality
Transfusion-related acute lung injury
Transfusion-related acute lung injury (TRALI) is defined as a new
acute lung injury occurring within 6 h after a transfusion, with a
clear relationship to the transfusion, in a patient without risk factors
for acute lung injury other than transfusion. This definition requires
that circulatory overload be ruled out. Other risk factors for acute
lung injury include sepsis, aspiration, pneumonia, toxic inhalation,
lung contusion, near drowning, multiple trauma, burn injury, acute
pancreatitis, cardiopulmonary bypass, and drug overdose. Clinically
TRALI is characterized by dyspnoea, hypoxia, and bilateral lung
infiltrates. There are several theories about the pathogenesis of
transfusion-related acute lung injury. First, antibodies in the blood of
the donor are directed to white blood cells in the patient. These antibodies lead to aggregates of leucocytes which causes inflammatory
reactions in the microcirculation of the lung. Another explanation of
TRALI is related to the accumulation of soluble biological response
mediators during the storage of cellular blood components. The role
of antibodies is supported by the finding that in many cases of TRALI,
blood products from multiparous women are involved. Antibodies
are often formed during pregnancy. Many countries including the
United Kingdom, several European countries, the United States,
and Canada converted to male-only fresh frozen plasma in order to
reduce the incidence of TRALI. Some countries also converted to
male-only platelet donors, while others use buffycoat platelets from
random donors suspended in male-only plasma.

Haemolytic transfusion reactions
In haemolytic transfusion reactions, donor erythrocytes are
destroyed by ‘naturally occurring’ or regular antibodies to ABO
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antigens or irregular antibodies to other red cell antigens produced after contact with donor erythrocytes through transfusion
or pregnancy, or by both of these mechanisms. Fatalities as a result
of haemolytic transfusion reactions are mostly caused by ABO
incompatibility. The commonest cause of these fatalities is the failure to properly identify the intended recipient and most incorrect
blood transfusions occur in the operating room. To prevent these
ABO haemolytic transfusion reactions, proper identification of the
transfusion recipient and of the pretransfusion blood specimen is
essential. Nowadays, electronic identification systems using special wristbands for the identification of transfusion recipients are
available.
The formation of irregular antibodies is not a random process.
About 1% of the patient population receiving blood transfusion
forms irregular antibodies. However, many of these patients are
high responders, and 20–25% of these patients form more than
one irregular antibody. Patients with haemoglobinopathies are
especially prone to form these irregular antibodies. In order to prevent antibody formation these patients are transfused with blood
matched for erythrocyte antigens to which antibodies were not
formed yet.

Avoidance of unnecessary blood transfusions
The avoidance of unnecessary blood transfusion through the use of
evidence-based transfusion guidelines is the most efficient way to
reduce potentially fatal transfusion complications.

RBCs and outcome
Recently, other risks of allogeneic transfusions have been reported
which are not as obviously linked to transfusions and can be attributed to other events or the recipients’ co-morbidities. Observations
showed that allogeneic blood transfusions are associated with
negative patient outcomes. Studies comparing transfused patients
with non-transfused patients show unfavourable outcomes associated with allogeneic blood transfusions such as higher mortality and morbidity rates in various patient populations. Increased
rates of neurological complications such as postoperative stroke,
pulmonary complications, sepsis and other infections, wound
complications, cardiac complications, acute kidney injury, and
thromboembolic complications are reported in patients receiving
allogeneic transfusions (Shander et al. 2011). Most studies, which
are often observational, demonstrate a correlation between allogeneic transfusion and unfavourable outcome which does not necessarily imply causation. Often, patients who need an allogeneic
transfusion are sicker, have more co-morbidity, and have a lower
Hb concentration compared with patients who do not need a transfusion. Besides, anaemia in these patients is often caused by chronic
illness and the activation of the inflammatory response. All these
factors alone might be responsible for the worse outcome after surgery compared with patients who do not need a blood transfusion.

Stored blood, storage lesions, and outcome
During storage of RBCs, changes are observed such as the generation of cytokines in the storage medium, changes in the RBC
membrane that alter the deformability of the RBCs, the inability
to scavenge nitric oxygen, and a decrease in intracellular 2,3-DPG,
which is necessary for the release of oxygen by haemoglobin.
Observational studies showed that an increasing period of storage of RBC before transfusion was associated with a worse outcome

as a result of an immunosuppressive effect resulting in increased
rates of infection, organ failure, length of hospital stay, and mortality. The results of the ARIPI study were published (Fergusson et al.
2012). In this study, patients from the neonatal intensive care were
randomly assigned to receive transfusion of RBCs stored for 7 days
or less (5.1 (SD 2.0) days, median 5; n = 188) or standard-issue RBCs
stored for 14.6 (SD 8.3) days, median 13 (n = 189). Pretransfusion
Hb and the mean and median volumes of transfused RBCs (a mean
of 2/3 of the blood volume) were similar in both groups. The use of
fresh RBCs did not improve outcomes in these patients. There were
no statistically significant differences in primary outcome, mortality, or major neonatal morbidities associated with acute organ
dysfunction or failure. There were no significant differences in the
rate of clinically suspected or confirmed infections, transfusion
reactions, and length of neonatal intensive care unit stay. Two other
large studies of the effects of the duration of RBC storage are finished. The ABLE study (Lacroix et al. 2015) is a large randomized
study in which adult trauma or intensive care patients received
RBCs stored for 8 days or less or stored for longer than 8 days with
mortality at the end of hospital stay as the outcome measure. They
concluded that the transfusion of red blood cell units stored for
7 days or less does not improve the outcome of critically ill adults
compared to the transfusion of units stored for about 3 weeks
(22.0 (SD 8.4) days). Steiner and her colleagues in the US National
Heart, Lung and Blood Institutes Transfusion Medicine/Hemostasis
Clinical Trials Network have designed a trial called the Red Cell
Storage Age Study (Steiner et al. 2015). They included 1098 patients
12 years of age or older who were undergoing complex cardiac surgery and were likely to undergo transfusion of red cells who were
randomly assigned to receive leucocyte-reduced red cells stored for
10 days or less (shorter-term storage group) or for 21 days or more
(longer-term storage group) for all intraoperative and postoperative transfusions. The primary outcome was the change in Multiple
Organ Dysfunction Score (MODS).
Steiner et al. found that the duration of red-cell storage was not
associated with significant differences in the change in MODS.
The authors concluded that the transfusion of red cells stored for
10 days or less was not superior to the transfusion of red cells stored
for 21 days or more among patients 12 years of age or older who
were undergoing complex cardiac surgery. Currently, however, the
evidence does not support a clinically relevant relationship between
the age of transfused RBCs and morbidity and mortality.

Perioperative anaemia and outcome
From studies in patients who refuse blood transfusions, for example, patients of the Jehovah’s Witness faith, and patients with allo-
antibodies and haemolytic anaemia who cannot be transfused
with allogeneic blood, and in situations where blood is not available (combat or trauma situations), it is suggested that the minimum Hb concentration compatible with life is around 25 g litre−1
(= 1.6 mmol litre−1), and possibly higher in the presence of co-
morbidity such as cardiovascular disease (Mackenzie et al. 2010).
Carson et al. (1988) were among the first to demonstrate a relationship between anaemia and perioperative mortality. Mortality
ranged from 7.1% in patients with a Hb concentration above 100
g litre−1 (6.2 mmol litre−1) to 61.5% for patients with Hb concentration below 60 g litre−1 (3.6 mmol litre−1). Mortality rates were
also related to blood loss during surgery; none of the patients died
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with a Hb concentration above 80 g litre−1 (4.8 mmol litre−1) and
operative blood loss below 500 ml. Furthermore, in many studied
populations such as the elderly, patients undergoing various types
of surgery (cardiac, orthopaedic, etc), transplant recipients, critically ill patients, patients with medical conditions such as chronic
renal disease, stroke, acute coronary disease, heart failure, diabetes mellitus, and dementia, anaemia is associated with several
unfavourable outcomes including higher short-and long-term
mortality, increased risk of fractures, renal disease, heart failure,
cardiovascular events, readmissions, poorer graft outcome, worse
functional status, and lower quality of life (Vamvakas et al. 2010).
On the other hand, there are also studies published that failed
to determine a negative effect of anaemia on mortality and morbidity in patients undergoing orthopaedic surgery (Mantilla et al.
2011). In another study in more than 6 million patients undergoing orthopaedic operations, anaemia was not associated with
higher mortality (Memtsoudis et al. 2010).

Perioperative anaemia and management
Despite these discrepancies there are good reasons to evaluate preoperative patients for anaemia, especially those undergoing elective
surgery. If present, the aetiology of the anaemia and deficiencies
in iron, vitamin B12, and folic acid should be evaluated and corrected (Goodnough et al. 2011). Anaemia is not a diagnosis but (in
most cases) the result of an underlying disease. Although there are
many publications suggesting an unfavourable outcome in anaemic
patients, it is not clear if this is as a result of the anaemia itself or as a
result of the disease causing anaemia. There is no evidence that preoperative correction of anaemia by blood transfusion or erythropoiesis-
stimulating agents such as erythropoietin without treating the cause
of the anaemia improves outcome. Especially in the light of adverse
events, complications and the costs of RBCs and erythropoietin,
restriction in the use of these products is recommended.
Spahn (2010) performed a systemic review of the literature to
determine the effects of patient blood management interventions on the unfavourable outcome in anaemic patients undergoing major orthopaedic surgery. Preoperative anaemia occurred in
24 (SD 9) % of patients undergoing total hip or knee arthroplasty
and occurred in 44 (SD 9) % of hip fracture patients. Effects on
outcomes of iron-or erythropoietin-based patient blood management interventions were studied in five randomized controlled trials (RCTs) and five cohort studies. Although the numerical trends
were in favour of outcome improvement, solid scientific evidence
based on statistically significant differences in adequately designed
and powered primary end-point trials is still missing. By far the
largest RCT was the study of Weber et al. (2005) (50% of the total
number of patients included in the 5 RCTs. In this RCT with 704
patients undergoing orthopaedic surgery, the effect of preoperative
administration of epoetin alfa was studied. In the epoetin group,
patients received once-weekly 40 000 IU epoetin alfa for 3 weeks
and on the day of surgery together with oral iron daily for 3 weeks.
All patients received blood transfusions when needed according to a hospital transfusion protocol. In the epoetin group, 9%
of the patients received allogeneic transfusions compared with
37% of the patients in the control group. Between the two groups
no difference was found concerning time to ambulation or time to
discharge. There were no differences in infection rate or adverse
events frequency. Due to the costs of erythropoietin (per patient
US$1475 = €1164) the cost to save 1 unit of RBC was US$2166

(= €1711); the price of 1 unit of RBC is $266 or €210). Although
fewer allogeneic blood transfusions were administered, no
improvements in outcome or health benefit were demonstrated,
nor were the high costs justified.
In summary, neither the hazards of anaemia nor the hazards of RBCs can be neglected. Avoidance of unnecessary blood
transfusions with a restrictive transfusion policy through the
use of evidence-based transfusion guidelines is recommended.
Adequately designed and powered primary end-point trials should
inform us about the effect of treatment of preoperative anaemia on
outcome; the same is true for the use of transfusion substitutes as
erythropoietin. The introduction of transfusion substitutes as alternatives for the standard use of RBC should only be introduced after
RCTs have shown that the substitute not only reduces the use of
allogeneic blood transfusion as an intermediate end-point but also
leads to health benefit as a primary outcome.

Thresholds for allogeneic red blood
cell transfusion
Recently guidelines focused on Hb concentration thresholds, that
might trigger RBC transfusion were published by the AABB (Carson
et al. 2012b). A committee of 20 experts in the field of anaesthesiology, cardiology, paediatrics, internal medicine, haematology, critical
care, trauma surgery, GRADE (grading of recommendations assessment, development, and evaluation) methodology, and pathology
developed these guidelines based on an updated systematic review.
This updated systematic review was published separately by the
Cochrane Collaboration (Carson et al. 2012a).
The recommendations are:
A. In hospitalized, haemodynamically stable patients:
1. The AABB recommends adhering to a restrictive transfusion
strategy
2. In adult and paediatric intensive care unit patients, transfusion should be considered at Hb concentrations of 70 g
litre−1 (4.3 mmol litre−1) or less
3. In postoperative surgical patients, transfusion should be considered at a Hb concentration of 80 g litre−1 (5 mmol litre−1)
or less or for symptoms (chest pain, orthostatic hypotension,
or tachycardia unresponsive to fluid resuscitation, or congestive heart failure).
Quality of evidence: high (‘high’ indicates considerable confidence
in the estimate of effect. The true effect probably lies close to the
estimated effect, and future research is unlikely to change the estimate of the health intervention’s effect).
Strength of recommendation: strong (indicating judgment that
most well-
informed people will make the same choice; We
recommend …).
B. In hospitalized, haemodynamically stable patients with preexisting cardiovascular disease:
1. The AABB suggest adhering to a restrictive transfusion
strategy
2. Transfusion should be considered at a Hb concentration of
80 g litre−1 (5 mmol litre−1) or less or for symptoms (chest
pain, orthostatic hypotension or tachycardia unresponsive to
fluid resuscitation, or congestive heart failure)
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Quality of evidence: moderate (‘moderate’ indicates confidence
that the estimate is close to the truth. Further research is likely to
have an important effect on confidence in the estimate and may
change the estimate of the health intervention’s effect.
Strength of recommendation: weak (indicating judgment that a
majority of well-informed people will make the same choice, but a
substantial minority will not; ‘We suggest …’).
C. In hospitalized, haemodynamically stable patients with the
acute coronary syndrome:
The AABB cannot recommend for or against a liberal or restrictive RBC transfusion threshold. Further research is needed to
determine the optimal threshold. In contrast, the European Society
of Cardiology has recommended transfusion in patients with the
acute coronary syndrome at a Hb concentration of below 80 g litre−1
(5 mmol litre−1) (Bassand et al. 2007).

Haemoglobinopathy
Haemoglobinopathies are diseases related to abnormalities in
structure or production of haemoglobin. If a patient with a haemoglobinopathy requires surgery, several questions might arise for
the anaesthesiologist related to these diseases, for instance, related
to the prevention of sickle cell crises and transfusion policy in the
perioperative period. Sickle cell disease and thalassaemia are the
most prevalent forms of haemoglobinopathy.
The Hb molecules contained within the erythrocyte are essential
for life by transporting oxygen to the tissues. Other functions are
the transport of carbon dioxide (CO2) and bioavailability of nitric
oxygen. A haemoglobin molecule consists of two different pairs of
polypeptide globin chains. Each of these chains encloses an iron-
containing haem group. In adults 95–100% of the Hb is HbA which
has two α and two β chains; 2.2–3.2% is HbA2 (two α and two δ
chains) and 0–1% HbF (fetal Hb: two α and γ chains). Mutations in
the globin genes might lead to synthesis of a structurally abnormal
Hb as in sickle cell disease or to a reduced rate of synthesis of a
qualitatively normal globin chain as in thalassaemia.

Sickle cell disease
Sickle cell disease arises as a result of a point mutation in the globin gene, by which glutamic acid in the β-chain is replaced by the
amino acid valine. As a result, the Hb of sickle cell patients (HbS)
can polymerize when deoxygenated and produce deleterious
effects because of reduced solubility of the haemoglobin molecule.
Long polymers lead to the erythrocytes becoming sickle shaped
and rigid so that they block the flow of blood through capillaries. Fully oxygenated haemoglobin S is as soluble as haemoglobin
A. Haemoglobin A and especially haemoglobin A2 and haemoglobin F in a red cell are effective in retarding sickling, whereas the
presence of haemoglobin C facilitates sickling. Because acidosis
and an increase in temperature shift the oxygen dissociation curve
to the right, they stimulate sickling. On the other hand, cold might
enhance sickling by slowing flow through capillaries.
Populations originating from sub-Saharan Africa, the Middle
East, and parts of the Mediterranean are predominantly affected.
Because of population movements approximately 12 000 people in the United Kingdom and more than 70 000 people in the
United States and 1 in 60 people in West Africa now suffer from
this disease.

Clinical features
Sickle cell disease is characterized by a shortened life expectancy of
25–30 years, chronic haemolytic anaemia, extensive vascular disease, progressive organ damage, and acute exacerbations. The most
common acute complications are pain crises and acute chest syndrome. Sickle cell crises can be defined as an acute illness characterized by exacerbation of the clinical features of sickle cell disease,
such as pain, anaemia, or jaundice. Infection, hypoxia, exposure to
cold, dehydration, physical exertion, acidosis, extensive trauma or
injury, and psychological stress can bring on a crisis. Acute chest
syndrome is defined as a syndrome consisting of chest pain, dyspnoea, fever, and pulmonary infiltrates on chest X-ray. The shortened
life expectancy is mostly as a result of organ damage and especially
acute chest syndrome.

Perioperative management
The most frequent surgical procedures in sickle cell patients are
orthopaedic procedures (total and revision of total hip replacement), ENT procedures, cholecystectomy, and obstetric and
gynecological procedures. The incidence of acute sickle cell exacerbations is 0% for tonsillectomy, 2.9% for hip surgery, 3.9% for
myringotomy, 7.8% for intra-abdominal non-obstetric surgery,
16.9% for Caesarean section and hysterectomy, and 18.6% for dilatation and curettage. Patients with sickle cell disease are at increased
risk of complications such as acute chest syndrome and pain crises
in the perioperative period (Firth, 2009). There is a lot of uncertainty concerning the role of blood transfusion in the prevention
of sickle cell complications in the perioperative period (Buck et al.
2005). One of the few RCTs in this area (Vichinsky et al. 1995; Hirst
and Williamson 2012) was published in 1995. In this study, patients
undergoing 604 operations were randomly allocated to: Group 1,
receiving an aggressive transfusion regimen to reduce HbS to less
than 30% and a preoperative Hb of 100 g litre−1 (6.2 mmol litre−1)
by exchange transfusions in 57% of the patients and repeated transfusions in 30% of the patients; or Group 2, treated with a conservative regimen, in which a preoperative Hb of 100 g litre−1 (6.2 mmol
litre−1) was achieved irrespective of the HbS concentration. In
Group 2, in which the preoperative HbS percentage was 59%, 77%
of the patients received a single transfusion. The conclusion of the
study was that a conservative regimen was as effective as an aggressive regimen in preventing perioperative complications, whereas
with the conservative approach only half as many transfusion-
associated complications occurred. Probably, a Hb of 100 g litre−1
(6 mmol litre−1) should be achieved, irrespective of the percentage
of HbS.

Complications of transfusion
Besides the well-known transfusion reactions a rare though serious complication has been described recently in sickle cell patients
(Raj et al. 2013). This complication, posterior reversible encephalopathy syndrome, includes the presence of headache, seizures,
encephalopathy, and visual disturbances, in addition to specific
findings on magnetic resonance imaging. Clinical management
includes treatment and prevention of further seizures, monitoring
and management of hypertension, and standard measures to treat
increased intracranial pressure.
Alloimmunization is one of the most important complications
of transfusion therapy in sickle cell disease (Yazdanbakhsh et al.

1457

chapter 84

haematological and coagulation disorders and anaesthesia

2012). Up to 50% of sickle cell patients have alloantibodies which
makes the availability of red blood cell concentrates difficult. The
most life-threatening consequence of alloimmunization in patients
with sickle cell disease is the development of delayed haemolytic
transfusion reaction (DHTR) with hyperhaemolysis. Its clinical
presentation might resemble a pain crisis. DHTR usually occurs
between 5 and 15 days after a transfusion and is characterized by
a marked decrease in the Hb concentration with the destruction of
both transfused and autologous red blood cells, and exacerbation of
sickle cell symptoms. Additional transfusions exacerbate the process and result in life threatening anaemia. Management includes
corticosteroids and intravenous immunoglobulin.

Coagulation disorders
Circulating blood in vessels is in a liquid state, but changes rapidly to a solid state after leaving these vessels. This blood clotting
or coagulation minimizes blood loss and is essential for survival.
Perfect haemostasis means control of bleeding without the occurrence of thrombotic events. There is, however, a variety of disorders
which interfere with this delicate balance. A reduced coagulation
increases the risk of blood loss, and the opposite, increased activation, may result in thrombosis. Disorders of coagulation are inborn
or acquired. Also, many drugs interfere (mostly intended) with this
balance resulting in a decreased or increased coagulation activity.
Even patients with normal haemostasis can develop massive bleeding perioperatively (Levy and Azran 2010).
Coagulation management requires an understanding of this balance and the knowledge that an altered coagulation activity may
result in clinically relevant bleeding or arterial or venous thrombosis. Thrombosis can be induced by excess of coagulation activation
or by the absence of anticoagulants suppressing coagulation. The
key is an understanding that every anticoagulant action enhances
the risk of bleeding and every procoagulant action enhances the
risk of thrombosis.

Haemostasis
The haemostatic system is a balanced interaction of the vascular
endothelium, blood cells, and blood-coagulation proteins. Vascular
injury leads immediately to vasoconstriction followed by platelet disposition at the damaged site, called primary haemostasis.
Incorporating cross-linked fibrin to strengthen the platelet-plug
is called secondary haemostasis. The terms primary and secondary haemostasis are used for diagnostic purposes as well as educational but the process underlying haemostasis is a far more complex
interplay, yet not fully understood, than reflected in this model.
Currently a cell-based model of coagulation is used to understand
haemostasis (Hoffman and Monroe 2001; Tanaka et al. 2009). This
model distinguishes initiation, amplification, and propagation. In
the initiating phase, coagulation starts with a disrupted endothelium favouring localized coagulation. During amplification and
propagation, activated platelets adhere to the endothelium generating additional thrombin.

Endothelium
Blood vessels are lined by endothelial cells providing a smooth surface for undisrupted blood flow. Intact endothelium is not just a
tube conducting blood in the right direction but has multiple anticoagulant properties that actively maintain blood in the liquid state.

Nitric oxide, prostacyclin (PGI2), and adenosine diphosphatase
(ADP-ase) are produced by the endothelial cell. Nitric oxide causes
smooth muscle relaxation resulting in vasodilation. PGI2 is also
an active vasodilator and in addition inhibits platelet activation.
Platelet activation is also inhibited by ADP-ase by clearing away the
platelet activator ADP. Intact endothelium also inhibits fibrin formation by production of thrombomodulin and heparin sulphate.
Fibrinolysis, the enzymatic breakdown of a clot, is also under the
control of the endothelium by secretion of tissue plasminogen activator (tPA). (Sagripanti and Carpi 2000). As soon as endothelial
cells are damaged, this antithrombotic activity is switched to a prothrombotic response.
Vasoconstriction is the first response to control blood loss. This
vasoconstriction is a rapid process and is caused by the interaction of autonomic nerves, muscle cells, and several mediators such
as serotonin and (nor)adrenaline. The second response to control
blood loss is triggered as soon as blood is exposed to subendothelial
proteins where collagen activates platelets and tissue factor starts the
coagulation system with the result that both systems are activated
simultaneously. Figure 84.2 depicts the influence of intact endothelium on haemostasis and the changes induced by vascular injury.
The endothelium is crucial for haemostasis but unfortunately,
tests to evaluate this important influence on haemostasis are not
available.

Platelets
Platelets are small (size range from 2–4 microns), non-nucleated,
disc-shaped cells. Their production in the bone marrow is regulated
by thrombopoietin. The average lifespan is approximately 10 days
and the platelet count in healthy individuals is in the range of 150–
400 × 109 cells litre−1, so each day 15–40 × 109 new platelets litre−1
are produced.
These platelets circulate in an inactive state meaning they will not
clump together. However, in the presence of endothelial damage, a
chain of events is triggered. On vessel injury, collagen is exposed to
the circulating platelets. With their surface glycoprotein (GP Ib) platelets indirectly bind to the exposed collagen: they need an intermediary, the von Willebrand factor (vWF) (Franchini and Lippi, 2007).
The vWF binds firmly to the collagen and exposes a large number of
platelet binding sites. When blood flow is high, as it is in arteries, it is
important to slow down the speed of the platelets. The vWF is able to
change its shape under pressure to a rod-like structure which is able
to slow down and eventually bind the platelets. This binding is called
adhesion and activates platelets (see Fig. 84.2). Activated platelets
release their intracellular granules into the microenvironment around
the vessel injury. These granules contain α-granules (procoagulant
proteins such as factor V, fibrinogen, and vWF) and dense granules
(ADP, calcium ions, and serotonin) promoting further platelet activation. This activation of platelets after adhesion can also be elicited by
physiological agonists such as adenosine ADP, adrenaline, and thrombin (Furie and Furie 2008).
Activated platelets change their form from discoid to spherical with extending pseudopods and change their platelet surface
(so-called flip-flop reaction) into a phospholipid surface, the ideal
surface to bind and assemble activated coagulation factors in an
optimal way.
The next step is aggregation and this is tightly inter-linked with
adhesion. Glycoprotein IIb–IIIa (GPIIb/IIIa) is the most abundant
glycoprotein receptor on the platelet surface and binds fibrinogen.
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Figure 84.2 Coagulation and the endothelium. Left: the intact vessel wall provides a defence against thrombus formation by the secretion of nitric oxide (NO),
prostacyclin (PGI2), and ADP-ase. Middle: damage to the vessel wall exposes collagen and tissue factor which activates platelets and initiates fibrin formation respectively.
Vasoconstriction reduces blood flow preventing a wash out of activated clotting factor and platelets. Right: intact endothelium immediately after the breached vessel
wall localizes the initiation of coagulation at the site of injury. Thrombomodulin binds thrombin, which activates protein C. Together with antithrombin (AT) they inhibit
activated coagulation factors. Tissue plasminogen activator (tPA) activates plasminogen (and this reaction is highly accelerated by thrombin) into plasmin. Plasmin
degrades fibrin into fibrin degradation products.

This GPIIb/IIIa receptor is inactive in the resting platelet. But when
the platelet is activated the conformational change exposes the
GPIIb/IIIa receptor, binding fibrinogen and this pulls the platelets together, called aggregation (see Fig. 84.3). The platelet plug is
formed by adhesion and aggregation and strengthened by the formation of fibrin.

The coagulation protein system
The formed platelet plug is limited in duration and strength. The
next step is stabilization and strengthening by the coagulation protein system.
The many coagulation proteins circulate as inactive proenzymes in the blood, comparable to circulating inactivated platelets.
Coagulation proteins are descibed by a Roman numeral and when
activated a lowercase ‘a’ is assigned to indicate the active form: in
this chapter, the Roman numeral will be preceded by ‘F’ for factor. Coagulation starts with FVII. Approximately 1–2% of FVII
circulates in active form but this protease is not catalytically active
until it binds to tissue factor (TF). On vessel damage, activated FVII
(FVIIa) binds to the subendothelial tissue factor initiating coagulation on the surface of cells that express tissue factor (Pathak et al.
2006). This initial trigger (TF–FVIIa binding) is amplified into a

rapid tightly controlled sequence of interactions resulting in the
formation of the end product, fibrin. The sequence of interactions
is depicted in Fig. 84.3. The FVIIa–TF complex activates both FIX
and FX which leads to thrombin production. The coagulation proteins and their characteristics are summarized in Table 84.2.
In the coagulation cascade, activated platelets are essential for the
formation of an effective clot: they deliver several coagulation factors and the platelet phospholipid surface is vital for the speed and
localization of the formed fibrin clot.
The liver synthesizes most coagulation factors, with the exception of FVIII and the vWF (Castaman et al. 2003). Vitamin K is
essential for the manufacture of the coagulant factors II, VII, IX,
and X (and protein C and S), enabling these factors to bind ionized
calcium, which is required for their activation. This calcium and
vitamin K dependency of the formation of fibrin has broad clinical applications. Coagulation is decreased in the absence of ionized
calcium (as in citrated blood) and in the absence of vitamin K (as
in patients treated with vitamin-K antagonists such as warfarin).
The enzyme reaction of coagulation factors is dependent on
their concentration (Fig. 84.4). A concentration equal or greater
than 20% (corresponding with an INR ≥1.8) is sufficient for the
formation of fibrin. It is, however, important to realize that a
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concentration of 20% is sufficient only if there are no other factors
with a negative influence on coagulation, a condition seldom met
in a clinical situation.
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Figure 84.3 Coagulation activation starts with the TF–FVIIa complex resulting
in the formation of fibrin. By disruption of the endothelium, TF is bound to the
circulating FVII. This FVIIa–TF complex activates both FIX and FX [calcium ions,
Ca2+, and a phospholipid (PL) surface are necessary for this activation]. Activated
FX (FXa) binds to the platelet membrane and cleaves prothrombin to thrombin.
Thrombin is the key player: a small amount of formed thrombin activates FXI where
a loop reinforces additional thrombin formation. Thrombin also activates platelets
providing a surface for the coagulation reactions. Factor IXa binds with FVIIIa to the
platelet surface where it activates FX. Factor Xa binds with FVa to the platelet surface
where it activates FII (prothrombin) into thrombin. In addition, thrombin activates
also FXIII. FXIIIa cross-links fibrin which increases the strength of the clot.

It is important to localize haemostatic activation to prevent thrombus
formation and vascular occlusion in healthy vessels. Intact endothelium and the natural circulating anticoagulants are pivotal in localizing blood coagulation to restricted areas (i.e. vascular injury).
Intact endothelium is actively nonthrombogenic. It produces
not only nitric oxide and PGI2 but also a strong anticoagulant: tissue factor pathway inhibitor (TFPI). TFPI by itself is inactive and
must first bind to FXa to become active. Activated TFPI inhibits
the FVIIa/TF complex stopping coagulation activation at its very
beginning (see Fig. 84.5). Coagulation factors further in the cascade have their natural inhibitors. Antithrombin, produced in the
liver, is one of the most important inhibitors and inhibits not only
thrombin (IIa), but also coagulation factors IXa, Xa, and XIa. The
rate of antithrombin inactivation is slow but is accelerated 2000–
4000-fold in the presence of heparin (Olson et al. 1992). Healthy
endothelium is coated with antithrombin bound to endothelial
heparan sulfate which neutralizes activated coagulation factors to
localize coagulation (Evans et al. 1992). Again, another example
showing that intact endothelium is non-thrombogenic. Infusion
with heparin will not only inactivate clot-bound thrombin but also
free circulating activated factors, making it a potent anticoagulant
with broad clinical applications.
Healthy endothelial cells express thrombomodulin on their surface. Thrombomodulin binds thrombin and, as the name suggests,
‘modulates’ it. After this conformational change thrombin is unable
to activate platelets or coagulation factors. Instead, it activates protein C and this activated protein C in conjunction with its cofactor

Table 84.2 Coagulation proteins and their characteristics
Factor

Descriptive name

Plasma concentration

T½ (h)

Available

I

Fibrinogen

300 mg dl−1

48–96

Haemcompletan P®

II

Prothrombin

100 µg ml−1

72–120

III

Tissue factor

–

–

IV

Calcium

Vitamin K dependent

4FC
Calcium chloride

V

Labile factor

200 ng ml−1

VII

Proconvertin

0.5 µg ml−1

4–6

VIIIc

Antihaemophilic factor (A)

0.15 µg ml−1

10–18

rFVIIIa Haemate-P®

vWF

Von Willebrand factor

8 µg ml−1

10

Haemate-P®

IX

Christmas factor

5 µg ml−1

18–36

Vitamin K dependent

4FC, FIX

X

Stuart–Prower factor

10 µg ml−1

24–60

Vitamin K dependent

4FC

XI

Rosenthal factor

6 µg ml−1

40–80

XII

Hageman factor

30 µg ml−1

60

Fibrin-stabilizing factor

20 µg ml−1

40–50

XIII

12–36
Vitamin K dependent

4FC, rFVIIa

Fibrogammin

The number assigned to a coagulation factor is based on historical grounds and has unfortunately nothing to do with their place in the cascade. 4FC, four-factor concentrates
(i.e. FII, FVII, FIX, and FX); rFVIIa, recombinant activated factor VII.
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Figure 84.4 The relation between coagulation factor concentration and reaction
speed. High concentrations of coagulation factors achieve a high enzyme reaction.
Moderate deficiencies are usually without clinical consequences (right side of
bar, green area in coagulation activity). If the concentration of coagulation factors
gradually drops below 20% corresponding with an INR activity of 1.8, coagulation
activity is impaired (left side of bar, red area in coagulation activity).
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Figure 84.5 Natural coagulation inhibitors. The three main inhibitors with their
targets: tissue factor pathway inhibitor (TFPI), the activated protein C/S system,
and antithrombin (AT). TFPI is produced in the endothelial cells. AT and APC are
produced in the liver and connected to the endothelium by heparan sulphate and
thrombomodulin respectively (see Fig. 84.2).

protein S inhibits the co-factors Va and VIIIa. As a result, coagulation is blocked in the intact vessel wall and activated by vessel
damage. Thrombin appears to be a ‘double agent’, promoting anticoagulation in an intact endothelium and promoting coagulation
by endothelial damage.

The fibrinolytic system
The fibrinolytic system ensures localization of fibrin formation and
removes the fibrin clot after wound healing. Fibrinolysis shares several similarities with the coagulation system: it requires activation
steps of proenzymes which can be accelerated by substrates and the
fibrinolytic system has its own inhibitors.

Fibrinolysis is initiated by the release of tPA produced in the
endothelium. tPA binds to plasminogen and converts it to the
active enzyme plasmin. Endothelial cells produce and release tPA
continuously, which is cleared by the liver, unless it is bound to
fibrin.
Plasmin cleaves fibrin resulting in fibrin degradation products
including D-dimer. An increased concentration of D-dimer indicates fibrin formation and subsequent lysis. tPA is, however, a slow
activator of plasminogen. In the presence of fibrin, the activation
of plasminogen into plasmin by tPA is accelerated, leading to reinforced fibrinolysis. As soon as fibrin is cleared, plasmin production
declines, making it a self-regulating system. Another, less important, activator of plasminogen is urokinase plasminogen activator.

Fibrinolysis inhibitors
There are inhibitors to limit fibrinolysis. The inhibitor of tPA (and
urokinase) is plasminogen activator inhibitor 1 (PAI-1). It binds
and inactivates free-floating tPA. Fibrin-bound tPA, however, is
very slowly inhibited by plasminogen activator inhibitor 1. Another
inhibitor is α-antiplasmin, which, as the name suggests, inhibits
plasmin. Thrombin-activatable fibrinolysis inhibitor is activated by
high concentrations of thrombin and protects the fibrin clot against
lysis (Bouma and Mosnier 2005).
In summary, haemostasis is a harmony of procoagulant, anticoagulant, fibrinolytic, and antifibrinolytic activities. A disturbance in
this delicate balance results in bleeding or thrombosis.

Coagulation monitoring
Limitations of coagulation monitoring
The monitoring of coagulation is a challenging venture: the process
underlying haemostasis is not fully understood, endothelium is
important but there are no methods for assessing endothelial function, and tests are time-consuming (by the time the test results are
available it is often a retrospective study). In addition, most coagulation tests are static (snapshot) while coagulation is a dynamic
interplay and most tests are performed on isolated plasma ignoring
the interplay with platelets and other cells. With all these limitations it is obvious that there is no test that accurately predicts blood
loss during and after surgery. To treat coagulopathy, interpretation
of the test results is important and should be evaluated in relation
to the clinical picture.
The cornerstone test of coagulation is the history of the patient,
including physical signs. Platelet abnormalities will reveal skin and
mucosal bleeding, petechiae, and prolonged bleeding from skin lacerations. Frequent epistaxis and abundant menorrhagia are other
signs of thrombocytopaenia. Abnormalities in the coagulation
proteins are associated with haemarthroses. A history of excessive
bleeding after a dental extraction or after minor surgery needs further evaluation. On the other hand, deficiencies of anticoagulants
(e.g. a factor C deficiency) are associated with thrombotic complications such as deep venous thrombosis or pulmonary embolism.
In patients with known coagulopathies (von Willebrand’s disease, haemophilia) the anaesthesiologist can liaise with the haematologist to arrange appropriate factor replacement before surgery.
For patients taking anticoagulant medication, consideration must
be given on an individual patient basis, to the relative risks of continuing (bleeding) or stopping (thrombotic events) the medication.
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Coagulation tests
In most hospitals, routine coagulation testing consists of the prothrombin time (PT), activated partial thromboplastin time (aPTT),
thrombin time (TT), plasma fibrinogen concentration, and a
platelet count.
The coagulation cascade has historically been described as having two pathways (see Fig. 84.3): the intrinsic pathway measured
by the aPTT and the extrinsic pathway measured by the PT, with
a final common pathway measured by the TT. These tests evaluate the coagulation proteins as they are artificially stimulated in
plasma at a temperature of 37°C. The test result is the time (in
seconds) it takes to form fibrin strands after artificial stimulation.
The aPTT is stimulated with a contact activator (kaolin, Celite®)
and tests the intrinsic route (factors XII, XI, IX, and VIII). In the
PT, tissue factor is added to test the extrinsic route (FVII) (see
Fig. 84.3).
Interpretation of the test results is made with reference to the
patient’s clinical evaluation. In liver cirrhosis, the PT is often prolonged as a result of a decreased production of coagulation factors
in the liver. Therefore, PT is used in many assays (Child–Pugh
score, MELD score) to evaluate liver function. However, with a prolonged PT and a platelet count of less than 100 × 109 cells litre−1 it is
possible to perform a liver transplantation without the use of prohaemostatics and without the administration of any blood products
(Boer et al. 2005). Probably as a result of a decrease in the anticoagulants produced in the liver and an increase in coagulation factors
produced in the endothelium (FVIII and VWF), a new balance in
haemostasis is created. This shows that PT and aPTT are screening tests for the amount of coagulation proteins, not to predict
blood loss or to guide therapy. These tests provide little information
about the natural coagulation process in the patient and provide
no information on anticoagulation. Again the clinical situation is
often by far the best guide. For instance, patients with Glanzmann
thrombasthenia (severe inherited thrombocytopathy, caused by a
deficiency in GPIIb/IIIa receptor) have no abnormalities in routine
coagulation tests, however they bleed profoundly during invasive
procedures. A prolonged PT in patients with advanced liver disease
will in many cases not be associated with bleeding during a liver
transplantation, but a trauma patient with a prolonged PT has a
high risk of losing blood during surgery.
In general, the PT and aPTT will detect protein coagulation
abnormalities. The aPTT is used for the evaluation of heparin therapy and the PT for the effect of vitamin-K antagonists. A level of
1.5 times the upper limit of the PT and aPTT is generally considered a risk for bleeding during surgery because the concentration of
coagulation proteins has decreased below a critical level.
Different activators for the PT are used, producing variability
in test results and making comparisons between PTs from different clinics impossible. A corrected PT for the used activator is
expressed as the international normalized ratio (INR). An INR
of 1 means there is a coagulation activity of 100%; a INR of 1.8
indicates a coagulation activity of 20% (see Fig. 84.4). If the INR
is greater than 1.8 it is recommended not to perform a neuraxial
block because of the increased risk of an epidural haematoma.

Thrombin time
The time it takes to form fibrin strands after addition of thrombin
to citrated plasma. It gives an impression of the speed of the transformation of fibrinogen into fibrin.

Platelet count
A normal platelet count is between 150 and 400 × 109 cells litre−1.
A minimum count of 50 × 109 cells litre−1 is considered sufficient
for most invasive procedures, but in situations where a small
amount of blood loss causes serious problems (such as eye surgery and neurosurgery), a platelet count of 100 × 109 cells litre−1
is considered the minimum. These recommendations are based on
two assumptions: all the counted platelets are properly functioning and secondly, there are no other defects in the haemostatic
system. These two assumptions are not always met in a clinical situation. Counting tells us nothing about the function of the platelets
and simple platelet function tests are not available. For instance,
the administration of aspirin (acetylsalicylic acid) will change the
function of the platelets but leave their number unaffected. Clinical
judgement and the results of additional coagulation tests will ultimately define the number of required platelets.
A platelet count of greater than 450 × 109 cells litre−1 may
increase the risk of thrombosis but this depends on the presence of
other risk factors for thrombosis.

Plasma fibrin concentration
The plasma fibrin concentration is derived from the time it takes to
form fibrin after thrombin is added to the plasma with a dilution
technique.

Thromboelastography/thromboelastometry
Routine laboratory tests are performed on plasma and provide no
information about interactions of blood cells, procoagulants and
anticoagulants, and pro-and antifibrinolytic factors, all essential in
the clotting process. Whole-blood clot testing, taking into account
all of these interactions, has gained popularity. Two systems are
used to evaluate the whole clotting process from initiation, through
acceleration, and finally the stability of the formed clot: the TEG®
(Haemonetics Corp., Braintree, MA, USA) or thromboelastography
and the ROTEM® (Tem International GmbH, Munich, Germany)
or thromboelastometry. The ROTEM® is based on thromboelastographic principles and generates a similar trace to TEG®. Figure 84.6
displays the instrument and the tracing.
The most important differences between the TEG® and ROTEM®
are related to the different activators used: in TEG® no activator is
used (native TEG®) or kaolin, whereas in ROTEM® either thromboplastin/phospholipid (inTEM) or thromboplastin (exTEM) is used.
As a consequence, the measured variables are not interchangeable
and for clinical interpretation it is important to know which activator is used. (Nielsen 2007; Venema et al. 2010).
Thromboelastography/-metry informs you how fast the clot is
formed, how strong the clot is, and, last but not least, if the clot will
dissolve or not. The variables giving this information are: TEG® reaction time (r)/ROTEM® clotting time (CT) represent the time from
initiating the test to the initial fibrin formation (defined as a tracing
amplitude of 2 mm). Prolongation indicates coagulation deficiencies or a heparin effect. TEG kinetic time (k)/ROTEM® clot formation time (CFT) represents the time from clot initiation (amplitude
of 2 mm) to the time when the amplitude reaches 20 mm. TEG®/
ROTEM® α angle (α) is the tangent of the curve made as the k is
reached and represents the speed of clot formation. TEG® maximal
amplitude (MA)/ROTEM® maximum clot formation (MCF) is the
greatest amplitude of the trace. It reflects the absolute clot strength.
A low MA/MCF indicates a decreased platelet number (or function)
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Figure 84.6 The thromboelastograph and its tracing. The cup contains whole blood (the TEG® 0.36 ml, the ROTEM® 0.34 ml) and is oscillated at an angle of 4°45′. The
suspended piston in the cup monitors the motion and is converted to an electric signal. A computer translates this signal to the tracing. Liquid blood does not transmit
torque from cup to piston, resulting in a straight line on the tracing. A strong clot, however, moves the piston directly in phase with the cup, producing a huge magnitude
in the tracing. Lysis diminishes transfer motion with consequent reduced tracings.
Reproduced with permission from Ariez Publishing: HGD Hendriks, van der Meer J: Trombo-elastografie. Nederlands Tijdschrift voor Hematologie 2007:4 (6):215–220. TEG® Hemostasis Analyzer
tracing images used by permission of Haemonetics Corporation. TEG® is a registered trademark of Haemonetics Corporation.

or decreased plasma fibrinogen concentration (or function), or both
of these. TEG® A60 is the extent of fibrinolysis measured 60 min after
MA and represents the stability of the clot.
TEG® was first clinically used in 1985 in liver transplantation
(Kang et al. 1985). Nowadays most departments use thromboelastography/-metry for guiding and evaluating coagulation therapy.
The measurements correlate with many coagulation disturbances
and their changes after treatment. Goal-directed therapy with
thromboelastography/-metry represents an important step for a
more rational approach to a complex matter although the evidence
is still weak (Wikkelsoe et al. 2011; Ranucci et al. 2012).

Prohaemostatic therapy
If a specific defect in the haemostatic system is known, treatment
is tailored to restore this defect. In haemophilia A, the cornerstone
of therapy is restoration of factor VIII, and in haemophilia B, factor
IX. A surgical patient, however, often starts surgery with a normal
coagulation system. If, during a surgical procedure, bleeding occurs,
the underlying defect in the haemostatic system is not always clear.

Administration of prohaemostatics must be guided by coagulation tests. An excellent coagulation test is the clinical field (i.e.
the surgical wound). If there are abnormalities in the coagulation
tests without clinical bleeding, a correction is hardly necessary.
Therefore, coagulopathy treatment is patient tailored and guided
by tests results and the clinical condition of the patient.
Treatment of bleeding patients is based on the administration
of blood products or the administration of pharmacological drugs
including antifibrinolytics, or both of these methods.

Prohaemostatics: blood products
Blood products such as fresh frozen plasma (FFP) and platelets are
the mainstay of treatment for blood loss but these are administered
mostly on an empirical basis.

Fresh frozen plasma
After donation plasma is stored at −30°C within 6 h of collection to
preserve heat-labile factors such as V and VIII. For use, FFP must
be thawed to 37°C and used immediately. Administration of FFP
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requires ABO compatibility. The volume of 1 unit of FFP is approximately 300 ml.

Indications for transfusing FFP
Guidelines for the clinical use of FFP are largely based on evidence from clinical studies and expert opinion. There are large
variations in use and inappropriate use (Pinkerton and Callum
2010; Tinmouth 2012). In general, disturbance of coagulation may
become clinically relevant if factors decrease below a concentration
of 20% corresponding with an INR of 1.8 (see Fig. 84.4). It is important to realize that this cut-off point is situation dependent. If other
factors are involved that have a negative influence on coagulation,

a higher concentration of coagulation factors for optimal coagulation is probably required. Additional impairments of coagulation
are caused by acidosis, hypocalcaemia, anaemia, hypothermia, and
their combination (Lier et al. 2008). In Figure 84.7, the influence of
acidosis and hypothermia is highlighted on TEG®-tracings from an
in vitro study (Ramaker et al. 2009).
In the clinical setting, especially in trauma patients, a concentration of coagulation factors of 20% might be insufficient because
there are several factors negatively influencing clot formation such
as hypothermia and acidosis. Correction of coagulation is not only
the administration of coagulation factors to at least a coagulation
factor concentration of 20% but also the correction of a temperature

37°C

32°C

pH 7.4

pH 7.1

37°C, pH 7.4

32°C, pH 7.1

Figure 84.7 The negative effects of acidosis and hypothermia on clot formation and clot strength as shown in thromboelastographic tracings. Acidosis and
hypothermia cause a significant impairment of clot formation and clot strength as shown on the thromboelastographic variables from an in vitro study. Left panel show
the TEG® tracings at a temperature of 37°C (top), a pH of 7.4 (middle), and the combination (bottom). In the right panel. the effects of a temperature drop to 32°C (top),
artificial acidification to 7.1 (middle), and the combination of temperature drop and acidification (bottom) are shown.
Reproduced with permission from Ariez Publishing: HGD Hendriks, van der Meer J: Trombo-elastografie. Nederlands Tijdschrift voor Hematologie 2007:4 (6):215–220. TEG® Hemostasis Analyzer
tracing images used by permission of Haemonetics Corporation. TEG® is a registered trademark of Haemonetics Corporation.
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decrease and acidosis. Correction of anaemia seems from a theoretical point of view plausible: the erythrocytes push the platelets
to the damaged site and at a low haematocrit concentration, fewer
platelets are pushed to the vessel wall. The optimal haematocrit
might be higher for optimal coagulation than is required for oxygen
transport. A haematocrit of 30% or higher is advised for optimal
coagulation although hard evidence is lacking (Lier et al. 2008).
For the administration of FFP, coagulation tests are important
to determine the concentration of coagulation factors. Prophylactic
correction of an abnormal PT or INR has no rationale. In thromboelastography/-metry, r and CT are prolonged by a deficiency of
coagulation factors and may be a useful guide for diagnostis and
the therapeutic approach.
With the administration of large volumes of FFP there are also
large volumes of citrate administered. If the capacity of the liver
to metabolize this citrate is exceeded, citrate toxicity may result in
hypocalcaemia. This hypocalcaemia can contribute to coagulopathy and therefore plasma calcium concentration is measured after
FFP administration and corrected as necessary.

Platelets
Platelets are stored at room temperature and have a shelf life limited
to 5 days. ABO matching is recommended but not always practised
because platelets express antigens poorly. The volume of donated
platelets is approximately 300 ml.

Indications for transfusion of platelets
There is no absolute threshold for platelet transfusion. Platelets
are administered in general if the platelet count decreases below
50 × 109 cells litre−1. In situations where a small volume of blood
loss has serious consequences (such as neurosurgery), a platelet
count of 100 × 109 cells litre−1 is considered the minimum. But
platelet counting does not inform us about platelet function. There is no bed-side test to evaluate the platelet function.
Thromboelastography/-metry is frequently used to guide platelet
administration. The clot strength, expressed in MA (TEG®) or MCF
(ROTEM®), is dependent on the interaction of platelets and fibrin
but platelets have the greatest influence on MA (Chandler, 1995).
But TEG® does not reflect the effect of aspirin on platelets as in the
MA or other TEG® variables (Trentalange and Walts 1991).
Currently there is no bed-side platelet function test. Platelet
count and thromboelastographaphy/-metry in combination with
clinical observation should guide platelet administration. After
platelet administration, it is necessary to evaluate the effect not only
in the clinical field but also by counting platelets.

Fibrinogen concentration
Fibrinogen is crucial for platelet aggregation and fibrin formation.
In severe blood loss, fibrinogen is the first haemostatic factor to
decrease critically (Hiippala et al. 1995). Without doubt, plasma
fibrinogen concentration should be measured and if necessary corrected. However, the optimal plasma fibrinogen concentration is
not defined and varies from 1.0 g litre−1 to 2.0 g litre−1 (Bolliger
et al. 2009). The required concentration is probably dependent on
the clinical situation and on the existence of additional impairments of coagulation. The efficacy and safety of high-dose administration is unknown and may increase the risk of thrombotic events
(Ozier and Hunt 2011).
Fibrinogen supplementation is through administration of
plasma-
derived fibrinogen concentrates or cryoprecipitate.

High-dose FFP (up to 15 ml kg−1) results in only a small increase
in the plasma concentration and therefore is not the first-choice
treatment (Chowdary et al. 2004). Of course, when high volume is
necessary, FFP supplementation is an option. Again, after fibrinogen administration the fibrinogen plasma concentration and, if
available, the results of thromboelastography/-m
 etry, in combination with the effects on the clinical field will eventually define if
correction has been sufficient.

Cryoprecipitate
Cryoprecipitate (CPP) is prepared from the cold-insoluble proteins
removed from thawed FFP. It contains concentrated factor VIII,
XIII, vWF, and fibrinogen.
Indications for cryoprecipitate
The primary indication is reversal of hypofibrinogenaemia
caused by massive transfusion (Benjamin and Laughlin 2012).
Haemophilia used to be treated with CPP but nowadays therapy is
with factor concentrates including recombinant factor VIIa.
In contrast to CPP, fibrinogen concentrate is pasteurized, reducing the risk of pathogen transmission and immune-mediated complications. These advantages of fibrinogen and factor concentrates
over CPP will probably result in decreased CPP use, although clinical studies are needed to define the future use of CPP (Sørensen
and Bevan 2010).

Prohaemostatics: drugs
There are only a few drugs aimed at reducing bleeding and transfusion requirements. These drugs (see Table 84.3) aim to improve
the primary haemostasis (formation of platelet plug), the secondary
haemostasis (fibrin formation), or inhibit fibrinolysis. The expected
benefit of prohaemostatics should be balanced with the risk of
thrombosis.

Desmopressin
The vasopressin analogue D-arginine vasopressin has fewer vasoactive effects but possesses some antidiuretic effects (Mannucci
et al. 1977). After desmopressin administration, the vWF concentration and factor VIII in blood is augmented 2-to 20-fold as
a result of the release of the content of the Weibel Palade bodies
in endothelial cells. After intravenous desmopressin administration the peak concentration in plasma is reached after 30–60 min.
There is no de novo synthesis and the effect lasts for 12–24 h and
diminishes with repeated injections (tachyphylaxis). The useful dose is
0.3 µg kg−1. The effect of desmopressin varies from person to person
but for the individual, the effect is reproducible. Munucci et al. (1977)
published the rationale for its use in the treatment of patients with
Table 84.3 Pharmacological agents to improve haemostasis
Prohaemostatic drug

Dose

Primary
haemostasis

Desmopressin

0.3 µg kg−1 intravenously in
15 min

Secondary
haemostasis

Recombinant factor VIIa

100 µg kg−1 intravenously in
10 min

Inhibition of
fibrinolysis

Tranexamic acid

1–20 g intravenously over
20 min to 12 h
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mild haemophilia A and type I von Willebrand’s disease. Since
then, the drug has been used in many clinical settings with variable
success in reducing blood loss. Overall evidence does not support a
beneficial effect of desmopressin in haemostatically normal patients
undergoing elective surgical procedures (Porte and Leebeek 2002;
Ozier and Schlumberger 2006; Levy 2008).
A meta-analysis of randomized clinical trials concluded that
desmopressin slightly reduced blood loss in surgical patients without a reduction in the proportion of patients who received transfusions (Creszenzi et al. 2008).
The administration of desmopressin has some undesirable effects.
Flushing, hypotension, headache, and increased heart rate are caused
by vasodilation. These side-effects can be avoided if the drug is administered slowly (i.e. over 15 min). In children, there is an additional
risk for water retention and hyponatraemia caused by the antidiuretic effect. In cardiac surgery, a 2.4-fold increased risk of myocardial
infarction was found with the use of DDAVP (Levi et al. 1999).
Although the theoretical concept of raising vWF and FVIII in
bleeding patients with platelets is attractive, current evidence does
not support the routine use of desmopressin.

Factor VIIa
Recombinant activated factor VII (rFVIIa) is safely used for treatment and prevention of bleeding in haemophiliacs with circulating inhibitors to their replacement factors and for patients with
Glanzmann disease not responding to platelet therapy.
FVIIa binds to tissue factor that is exposed by subendothelial
tissue. This complex—as discussed earlier—leads to a ‘thrombin
burst’, cleaving fibrinogen into fibrin. The necessity of subendothelial tissue factor should ensure a localized effect of rFVIIa, without
systemic activation of coagulation. RFVIIa has been used in many
other patient groups, often as a rescue therapy in bleeding patients
not responding to ‘conventional’ therapy (i.e. off-label use). Case
reports of successful rescue therapy make up the majority of the
literature but have no adequate controls and are mostly without
safety concerns. Published RCTs do not support the efficacy of
rFVIIa to control bleeding in many clinical situations (Birchall et al.
2008), including paediatric cardiac surgery (Guzetta et al. 2012).
An evaluation of thromboembolic events in all published randomized, placebo-controlled trials of rFVIIa used on an off-label
basis revealed a significant increase in the risk of arterial thromboembolic events, especially among the elderly (Levi M et al. 2010).
Outside the field of haemophilia and Glanzmann disease,
rFVIIa must be considered with caution. Rescue therapy for life-
threatening massive bleeding refractory to conventional therapy
with rFVIIa should only be considered if an optimal haemostatic
environment is ensured. If one element in coagulation is missing
or deficient, haemostasis will be poor, even if the other elements
are abundant. Thus it is vital to ensure that not only the fibrinogen
plasma concentration (≥1 g litre−1) and platelet number (≥50 × 109
cells litre−1) but also temperature, pH, haemoglobin, and plasma
calcium should be optimized.

Antifibrinolytics
Antifibrinolytic drugs should ideally be used in situations with
hyperfibrinolysis disturbing the balance between clot formation
and clot breakdown. However, monitoring of hyperfibrinolysis is
not easy: a simple test showing hyperfibrinolysis does not exist with
the exception of thromboelastography/-metry.

Aprotinin, a widely used antifibrinolytic, was withdrawn in
2007 from worldwide marketing and is not discussed in this
chapter.
Plasminogen binds to fibrin at the lysine-binding site and is converted to plasmin in combination with a plasminogen activator
(tPA). When this lysine-binding site is blocked, the plasminogen
conversion is very slow resulting in decreased fibrinolysis. There are
two lysine analogues which block the lysine-site: ε-aminocaproic
acid (EACA) and tranexamic acid. The focus will be on the most
studied drug, tranexamic acid.
Tranexamic acid is seven times more potent than EACA and
effective in reducing blood loss in cardiac surgery, orthopaedic surgery, and liver transplantation (Cid and Lozano 2005; Brown et al.
2007; Molenaar et al. 2007; Henry et al. 2011; Yang et al. 2012).
A cumulative meta-analysis showed that there is reliable evidence that tranexamic acid reduces the need for transfusion in
surgical patients (Ker et al. 2012). A large randomized trial (including 20 211 patients in 40 different countries) with major trauma
showed a reduction in mortality in patients receiving tranexamic
acid compared with placebo (Shakur et al. 2010). Occlusive vascular events were 1.7% in the tranexamic acid group compared with
2.0% in the placebo group, indicating that tranexamic acid seems
to be safe. However, there were no detectable differences in the rate
of transfusion and the need for surgical (re)exploration between
the two groups in this large study. In a further analysis, the authors
found strong evidence that administration of tranexamic acid
within 1 h was favourable compared with administration at a later
stage (Roberts et al. 2011).
The many studies with tranexamic acid administration do not
show major adverse events and also, in contrast to what might be
expected from its mechanism, no increased thrombotic complications were found. However, patients included in RCTs are often
highly selected patients and are not always representative of our
clinical patients. Therefore, although the occurrence of thromboembolic complications is rare and difficult to attribute to tranexamic
acid administration, it remains always a point of consideration,
especially in patients with hypercoagulable states.
Dosing varies widely in the literature and clinical practice
(Ngaage and Bland 2010; Koster and Schirmer 2011). Further studies are needed to find the optimal dose.
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CHAPTER 85

Hepatic and renal disease
and anaesthesia
Komal Ray and Mark Bellamy
Anaesthesia for patients with liver disease
The liver is the largest solid organ, weighing 1–1.5 kg, whose blood
flow accounts for 25–30% of cardiac output. It has important metabolic, synthetic, and detoxification functions. The liver has excellent functional reserve; up to 75–85% hepatocellular dysfunction
can occur before derangement in serum liver function tests is seen.
The majority of patients presenting with liver disease, including
those who subsequently undergo transplantation, have chronic liver
disease. This ranges from mild dysfunction, evident only by slightly
deranged liver function tests, through to the anatomical and structural changes seen in fibrosis or cirrhosis. Although cirrhosis is a
histological diagnosis, its functional and structural clinical correlates
are well known. A minority of patients present not with chronic liver
disease, but with acute hepatocellular dysfunction or necrosis. This
is generally a response to a specific insult, and has rather different
implications for the patient’s physiology, and thus for the anaesthetist,
as compared with the changes seen in chronic liver disease. O’Grady
et al. (1993) have categorized the acute liver failure group as hyperacute, acute, and subacute (Table 85.1, King’s College Classification).
According to this classification, the presentation of liver failure
can vary hugely, through a spectrum from ‘subclinical’ to life-
threatening multisystem organ failure. Causes of liver failure are
described in Table 85.2. In the United Kingdom, the commonest
cause of acute liver failure is paracetamol (acetaminophen) toxicity
(65%) (Bernal et al. 2013). This is a specific UK issue; in the rest of
the world, viral hepatitis predominates.
Chronic liver disease has a number of causes, including metabolic
disorders, and hereditary and autoimmune causes. However, alcohol and post-viral cirrhosis remain the most important causes in
Table 85.1 Categories of liver failure
Liver failure

Definition

Hyperacute

Jaundice-to-encephalopathy period less than 7 days

Acute

Encephalopathy within 8 weeks of onset of jaundice

Subacute

Encephalopathy within 2–6 months of onset of jaundice

Chronic

Gradual destruction of liver tissue resulting in impaired
function

Reprinted from The Lancet, Volume 342, Issue 8866, O'Grady JG, Schalm SW, Williams R.
Acute liver failure: redefining the syndromes. pp. 273–5, Copyright © 1993, with permission
from Elsevier.

Table 85.2 Causes of liver failure
Acute
Infection

Viral: hepatitis A, B with or without delta
agent, E; cytomegalovirus, Epstein–Barr
virus

Drugs

Paracetamol, isoniazid, rifampicin, Reyes
syndrome, NSAID

Toxin

Amanita phalloides mushroom poisoning
(esp. Continental Europe in season)

Others

HELLP syndrome, severe shock states
(cardiogenic, septic)

Chronic
Common
Infection: viral hepatitis

Hepatitis B (worldwide, including delta
agent infection); hepatitis C; hepatitis B,
hepatitis E.

Alcohol liver disease
(ALD) autoimmune

Sero-negative hepatitis (presumed
autoimmune; previously termed non-A
non-B hepatitis)

Less common
Drugs
Toxins
Biliary obstruction

Primary biliary cirrhosis, primary sclerosing
cholangitis, autoimmune overlap,
secondary biliary cirrhosis (congenital,
stone, surgical duct injury)

Metabolic

Wilson’s disease, haemochromatosis,
α1-antitrypsin deficiency

patients presenting for transplantation. The prevalence of liver disease secondary to infections and alcohol is rising in the developed
world. Both hepatitis B and hepatitis C are major causes of post-viral
cirrhosis (Schuppan and Afdhal 2008). In developed countries, hepatitis C is the more important. Cirrhosis after hepatitis C infection
may take up to 15 years to develop. In the United Kingdom, patients
with end-stage liver disease may have multiple aetiologies; for example, hepatitis C infection and alcohol use. There are approximately
7500 deaths each year in the United Kingdom related to liver failure.
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Clinical manifestations
Cardiovascular
Patients with advanced chronic liver disease often have a characteristic
hyperdynamic circulation with high cardiac output and low systemic
vascular resistance. This is associated with (and may be a consequence
of) increased circulating pro-inflammatory autacoids. These include
tumour necrosis factor (TNF) and platelet-activating factor. Clinical
features may include skin manifestations such as spider naevi, or pulmonary manifestations such as small intrapulmonary shunts.
The vascular changes may be accompanied by cirrhotic cardiomyopathy. Cirrhotic cardiomyopathy is characterized by impaired
cardiac contractility, diastolic dysfunction, decreased β-adrenergic
receptor function, post-
receptor dysfunction, and defective
excitation–contraction coupling (Rahman and Mallett 2015). This
leads to heart failure which can be partially masked by a vasodilated, hyperdynamic circulation.
Not all cardiac dysfunction in patients with liver disease is directly
attributable to liver disease. Coronary artery disease may coexist
especially where other risk factors are present. Preoperative cardiac
investigations including a resting electrocardiogram (ECG), echocardiogram, and in some cases dynamic testing (stress ECG, stress echo,
or cardiopulmonary exercise testing) can be useful to establish baseline function, risk stratification, and to elucidate aetiology and hence
the best management strategy in the perioperative period.

Pulmonary
Restrictive lung disease pattern
This can result from many causes, including those not specifically
related to liver disease. However, in patients with end-stage cirrhotic
liver disease, both ascites and pleural effusions are relatively common. Either can result in compromised pulmonary expansion and
excursion. The management is complex, as ascites and pleural effusions may be resistant both to diuretic therapy and to drainage. Use
of spironolactone or, in some cases, loop diuretics may be helpful in
controlling ascites and pleural effusions at an early stage. However, in
late disease, use of these drugs may be limited by renal dysfunction
or hyponatraemia. Insertion of a chest drain, or short-term tapping
of an effusion, may provide a temporary, bridging solution in those
patients who are particularly hypoxic, thereby facilitating anaesthesia and surgery. In those who have only minimally compromised
respiratory function, it is often better to tolerate a moderate but stable pleural effusion. Alternative treatment strategies in late disease
include shunting [either traditional portosystemic shunting, or much
more commonly nowadays, transjugular intrahepatic portosystemic
shunting (TIPSS)]. In severe cases, hepatic hydrothorax may also
require treatment with a definitive surgical shunt. The use of such
techniques is, however, only seen in specialist centres, and is generally
palliative. Moreover, it is not without its risks: the TIPSS procedure
may result in an even more hyperdynamic circulation, sometimes
resulting in high-output cardiac failure and pulmonary oedema. It
also allows increased translocation of gut toxins into the systemic
circulation, bypassing hepatic reticuloendothelial cells. This may
result in deteriorating encephalopathy. Consequently, the technique
is only suitable for patients who are not already encephalopathic; in
those who become encephalopathic after shunting, it may be necessary to reverse the procedure. TIPSS is generally used as a bridging
technique to transplantation, or in end-stage patients as a palliative
procedure. In those who suffer incapacitating encephalopathy after
a shunt is performed, it may be necessary to reverse the procedure.

Intrapulmonary shunt
True hepatopulmonary syndrome comprises a triad of acute/
chronic liver disease, hypoxaemia, and right-to-left shunt as a
result of intrapulmonary vasodilation. Potential mediators associated with the syndrome include glucagon, vasoactive intestinal
peptide, prostacyclin, and nitric oxide. Characteristically, patients
are hypoxic at rest, and desaturate spectacularly on exercise.
Interestingly, and perhaps paradoxically, hypoxaemia is worse
in the sitting/standing position than when supine (orthodeoxia).
Diagnosis may be supported by a chest computed tomography
scan, or radiolabelled albumin (99mTcMAA, technetium macroaggregated albumin) lung perfusion scan, but the definitive diagnostic test is bubble contrast echocardiography (Abrams et al. 1995).
This involves rapid injection of an agitated fluid solution (often
10–20 ml of an agitated modified fluid gelatin) into the right side of
the circulation (either through a central venous catheter or a relatively proximal peripheral cannula in a large vein), while performing continuous imaging by echocardiography. Passage of the bubble
contrast medium is seen through the right heart chambers; in the
normal patient, the microbubbles are dispersed by the pulmonary
circulation. Subsequent visualization of the bubbles in the left heart
chambers is diagnostic of a right-to-left shunt. If bubbles are seen
after a few cardiac cycles (often two to three cardiac cycles), this
suggests the transit of bubbles through intrapulmonary anatomical
shunts, and is consistent with a diagnosis of hepatopulmonary syndrome. Immediate appearance of bubble contrast in the left heart
is inconsistent with intrapulmonary shunting, but rather is a sign
of an anatomical intracardiac shunt. Assessment of the anaesthetic
significance of hepatopulmonary syndrome is predominantly functional. It is often a fixed (or semifixed) lesion which only resolves
after liver transplantation, and even then over a period of months
and only in a proportion of cases. However, further progression of
disease is generally arrested by liver transplantation.
Pulmonary hypertension
This is thought to affect up to 4% of patients with cirrhosis. The
diagnosis is made when the mean pulmonary artery pressure is
greater than 25 mm Hg in the presence of a normal left-sided filling
pressure (normal pulmonary capillary wedge pressure) (Aldenkortt
et al. 2014). Although the diagnosis may be confirmed by cardiac
catheterization (e.g. passing a Swan–Ganz catheter), it is generally
suggested by the estimated pulmonary artery pressure on echocardiography. Echocardiography can estimate the gradient between
the pressure in the right ventricle (a good surrogate for the pulmonary artery systolic pressure) and that in the right atrium, by
measuring the velocity of the tricuspid regurgitant jet. However,
this technique is dependent on the presence of a regurgitant jet, and
adequate echocardiographic windows. Right ventricular dilatation
and failure is a late sign, and suggests that anaesthetic and surgical manoeuvres could readily precipitate decompensation. Most
commonly, pulmonary hypertension associated with liver disease
occurs as part of the portopulmonary syndrome. In this syndrome,
there is an association between portal hypertension and pulmonary
hypertension. Moreover, the elevated pulmonary artery pressure is
often associated with the presence of ascites or pleural effusions.
Important considerations include the degree of reversibility. In
pure early portopulmonary hypertension, the pulmonary artery
pressure often falls to manageable levels with drainage of ascites.
However, pulmonary hypertension may develop independently of
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portal hypertension. The aetiology is based on a presumed imbalance between vasomediators. Once well established, pulmonary
hypertension may become severe and progressive, resulting in right
ventricular failure and death.

Renal
The hepatorenal syndrome is a specific form of renal dysfunction in patients with advanced chronic liver disease (Dundar and
Yilmazlar 2015). It needs to be distinguished from acute kidney
injury (AKI) occurring as a result of intercurrent sepsis or multiorgan failure complicating acute hepatic failure. In hepatorenal
syndrome, the histological appearances of the kidney are normal.
Diagnostic criteria include a serum creatinine greater than 133
µmol litre−1 in a patient with cirrhosis and ascites, after all other
pathologies have been excluded/treated. The aetiology of hepatorenal syndrome is related to vasodilation and an imbalance between
the vascular tone of afferent and efferent arterioles, caused in part
by altered hormone release in the renin–angiotensin/antidiuretic
hormone/sympathetic system. This may be further exacerbated by
systemic factors, including hypertension, relative hypovolaemia,
and infection.
Two types of hepatorenal syndrome are described (Arroyo et al.
1996). In type 1, there is rapid, severe progressive renal failure, typically developing in under 2 weeks, and carrying a high mortality.
It is commonly precipitated by spontaneous bacterial peritonitis.
In patients presenting to intensive care, it is more commonly seen
than chronic liver failure. Treatment includes high-dose terlipressin
(Gluud et al. 2012), infusion of 20% albumin solution, antibiotics in
those cases where infection is thought to be the precipitating cause,
or performing a TIPSS. There may also be a role for short-term use
of vasopressor agents (Velez and Nietert 2011). General supportive measures and addressing the underlying cause are important.
Nevertheless, the prognosis remains poor. In type 2 hepatorenal
syndrome, there is a moderate reduction in glomerular filtration
rate (GFR). Treatment includes reducing portal hypertension, and
secondary prevention—avoiding nephrotoxins and meticulously
managing fluid balance

Neurological
Hepatic encephalopathy may range from memory difficulties, loss
of concentration or confusion, through to deep unconsciousness
and may present as a life-threatening complication of end-stage
liver disease. Classification of encephalopathy is shown in Table
85.3. Precipitating factors include infection, bleeding (particularly
gastrointestinal haemorrhage with its associated protein load),
excessive dietary protein, hypoglycaemia and some drugs. It is
related to accumulation of toxins such as ammonia, whose metabolism in astrocytes can give rise to glutamate, a γ-aminobutyric
acid (GABA) agonist. There is additionally altered permeability
of the blood–brain barrier. Management is based on treating the
underlying cause where possible. There is a role for drugs such as
lactulose and neomycin, which can reduce the degree of gut-driven
translocation (Riordan and Williams 1997). In cases where cerebral oedema is thought to be an issue, some clinicians resort to
tracheal intubation and mechanical ventilation, often additionally
using mannitol. Historically, some centres have used intracranial
pressure monitoring, although this needs to be carefully balanced
against the risk of intracranial bleeding.
Wernicke’s encephalopathy is seen with alcoholic liver disease
with thiamine deficiency

hepatic and renal disease and anaesthesia

Table 85.3 West Haven grades of hepatic encephalopathy
Grade

Status

Neurological signs

0

Alert, oriented

None

1

Drowsy, oriented

Tremor, apraxia, incoordination

2

Drowsy, disoriented

Asterixis, dysarthria, ataxia

3

Agitated, aggressive

Asterixis, muscle rigidity, Babinski sign,
hyperreflexia

4

Unresponsive to deep
painful stimuli

Decerebration

With kind permission from Springer Science+Business Media: American Journal of Digestive
Diseases, Neomycin-sorbitol and lactulose in the treatment of acute portal-systemic
encephalopathy. Volume 23, Issue 5, 1978, pp. 398–406. Atterbury, C. E. et al. Copyright ©
1978 Springer.

Haematological
Anaemia
As a result of chronic blood loss, hypersplenism, chronic illness,
functional iron deficiency (possibly associated with abnormalities
of hepcidin regulation), and malnutrition.
Coagulation
The liver is involved with synthesis of all coagulation factors except
factor VIII. In addition there is deficiency of protein C, protein S and
antithrombin III; this can lead to a severe coagulopathic state, but also,
paradoxically, to a prothrombotic tendency. Thrombocytopenia and
platelet dysfunction are also seen. Routine correction of coagulopathy
is not needed unless there is active bleeding, or a high risk of bleeding;
the complications of blood product administration may exceed the
benefit (Ozier and Tsou 2008), and correction of coagulopathy can
mask trends for prognostic markers. For example, prothrombin time is
used as a key indicator in deciding on transplantation in cases of acute
liver failure. Dysfibrinogenaemia and fibrinolysis are also common
(Cheema et al. 1996); unpicking the various elements of liver-related
coagulopathy in liver disease can be extremely challenging in the
perioperative clinical environment. The use of thromboelastography
has proved invaluable, and in several studies superior to the use of traditional measures of clotting in appropriately guiding blood product
administration (Kang et al. 1985).

Gastrointestinal
Nutrition
Nutrition is an important concern in the patient with liver failure,
which is associated with a catabolic state. Hypoglycaemia can occur
easily as glycogen stores are depleted and hepatic gluconeogenesis
is impaired. Feeding should be established as soon as possible.
Portal hypertension
Portal hypertension is common in liver failure as a result of
increased hepatic vascular resistance and increased portal venous
inflow. Once a portal venous pressure of greater than 10 mm Hg is
reached, portosystemic collaterals may develop. Problems related
to portal hypertension are:
Varices: this carries potential for haemorrhage which can be life-
threatening. Treatment of varices includes β-blockers, octreotide/
terlipressin, physical measures such as injection with glue, banding, and in extreme cases TIPSS, surgical portosystemic shunting, or oesophageal transection (Triantos and Kalafateli 2014).
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Splenomegaly: spleen enlargement is commonly seen with portal hypertension but does not bear a relation with severity.
Sequestration of platelets and leucocytes is common with splenomegaly. Platelet transfusion is not indicated in this situation
unless an invasive procedure is required.
Ascites: is presence of fluid in the peritoneal cavity; where massive,
this may give rise to respiratory embarrassment, and impaired
renal function. Treatment is with diuretics, sodium-and-water
restriction, and paracentesis, with concurrent protein (20% albumin)
supplementation.
Delayed gastric emptying
Gastric emptying is prolonged in liver disease and is related to
an unclear and complex pathophysiology. H2 antagonists and
protein pump inhibitors (these are also useful for limiting the
risk of variceal bleeds) offer protection against acid aspiration
syndrome.

Fluid/electrolyte
Secondary hyperaldosteronism and increased secretion of antidiuretic hormone cause water retention, hypervolaemia, and
apparent relative hyponatraemia but actual hypernatraemia
(Schrier 2011).

Assessing liver function
Liver function tests need to be considered alongside assessment
of the patient’s disease, and with the anaesthetic and perioperative implications. Table 85.4 gives a starting point, although a more
complex clinical picture is often seen.
Table 85.4 Liver function tests and hepatic diagnostic imaging
Liver function tests

Risk stratification
Risk stratification is important for establishing the likely prognosis
of liver disease, and therefore prioritization for transplantation or
other treatments. A number of scoring systems have been developed, and have found favour in different healthcare systems. The
progenitor all of these is the Child–Turcotte–Pugh score (Table 85.5
and Table 85.6) originally developed to describe risk in alcoholic
liver disease (Child and Turcotte 1964; Pugh et al. 1973); however,
a number of other scores have better prognostic significance across
the range of aetiology. These include the Mayo Clinic Model for
End-Staged Liver Disease (MELD) score, and its UK derivation, the
United Kingdom End-Stage Liver Disease Score (UKELD).

MELD score
This scoring system was originally developed in the Mayo clinic
as the Mayo end-stage liver disease score (MELD score) used
to predict short-term mortality after TIPSS (Kamath and Kim
2007) (Table 85.7). It is calculated using the variables: bilirubin
mg dl−1, INR (international normalized ratio for PT) and creatinine mg dl−1 by the equation:
(3.8 × ln bilirubin) + (11.2 × ln INR) + (9.6 × ln creatinine)
where ln is the natural logarithm of the physiological variables.

Preoperative assessment
The anaesthetic preoperative assessment of patients with liver
disease initially focuses on the same factors as the preoperative
Table 85.5 Child–Turcotte–Pugh score
Clinical/
biochemical
variable

1

2

3

Encephalopathy

None

Minimal grade 1/2

Advanced grade 3/4

Test

Typical reference range

Clinical implication

Ascites

Absent

Mild–moderate

Severe

Bilirubin

2–17 μmol litre−1

Cholestasis/biliary obstruction

Bilirubin µ mol/L

<35

35–60

>60

ALT (alanine
transaminase)

0–45 IU litre−1

Hepatocellular damage,
Liver-specific

Albumin g/L

>35

28–35

<28

AST(aspartate
transaminase)

0–35 IU litre−1

Hepatocellular damage,
Non-specific (liver, kidney,
heart, red blood cell)

PT (seconds
prolonged)

1–4

4–6

>6

ALP (alkaline
phosphatase)

30–120 IU litre−1

Cholestasis/biliary obstruction,
disease, pregnancy

γ-glutamyl
transferase

0–30 IU litre−1

Cholestasis/biliary obstruction,
alcoholic liver disease

5′-nucleotidase

2–10 IU litre−1

Cholestasis/biliary obstruction

PT (prothombin
time)

10–12 s

Synthetic function

Albumin

40–60 g litre−1

Synthetic function

Imaging
Ultrasound scan (US)
Endoscopic retrograde cholangiopancreatography (ERCP)
Computed tomography (CT) scan
Magnetic resonance cholangiopancreatography (MRCP)

Anaesthetic risk: Child–Pugh A score < 6 (low risk), Child–Pugh B score 7–9 (medium risk),
Child–Pugh C score >10 (high risk).
Reproduced with permission from Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC,
Williams R, Transection of the oesophagus for bleeding oesophageal varices. British Journal of
Surgery, Volume 60, Issue 8, pp. 646–9, Copyright © 1973 British Journal of Surgery Society Ltd.

Table 85.6 Child–Turcotte–Pugh score: morbidity/mortality
Points

Class

1-year survival

Perioperative morbidity/
mortality

5–6

A

100%

10%

7–9

B

81%

30%

10–15

C

45%

82%

Reproduced with permission from Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC,
Williams R, Transection of the oesophagus for bleeding oesophageal varices. British Journal
of Surgery, Volume 60, Issue 8, pp. 646–9, Copyright © 1973 British Journal of Surgery
Society Ltd.
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MELD score

Mortality (%)

conscious level secondary to hepatic encephalopathy can also play
a role. Reduced plasma proteins cause an increase in the unbound
fraction of highly protein-bound drugs (such as thiopental).

≥40

71.3

Neuromuscular blocking drugs

30–39

52.6

20–29

19.6

10–19

6.0

<9

1.9

Patients with liver disease may have reduced plasma cholinesterase which in theory could prolong the duration of action of succinylcholine (suxamethonium) or mivacurium. Atracurium and
cisatracurium are less dependent on hepatic and renal metabolism (although not all clearance is by Hoffmann elimination).
Consequently, although a prolonged duration of action may be
seen with these agents, it is limited and they remain a clinically viable choice. That said, accumulation of atracurium metabolites (particularly laudanosine) has been described in critically ill patients
with multiple organ failure, although the clinical relevance of this
observation appears to be limited (Boyd et al. 1996). Aminosteroid
non-depolarizing agents have also been used (cautiously) in
patients with liver disease, with reasonable success. Vecuronium
undergoes deacetylation by the liver (30–40%) and is excreted in
bile and urine. Rocuronium is excreted unchanged in bile/urine.
The action of both of these agents may be prolonged in severe liver
disease.

Table 85.7 MELD 3-month mortality

assessment of any other patients, including a past medical history
(with special reference to cardiovascular, respiratory, allergy status, and anaesthetic history) and full physical examination, but in
addition should focus on those factors specific to the liver disease,
including:
◆

Aetiology and severity of liver disease

◆

Extra-hepatic manifestations

◆

Risk assessment

◆

General condition: hydration, nutrition

◆

Associated co-morbid conditions.

Investigations
◆

Routine: full blood count, electrolytes, renal function, clotting
screen

◆

Liver function tests (see Table 85.4)

◆

Chest X ray, ECG

◆

Other: arterial blood gases, echocardiography.

Premedication
Premeditation may not necessarily be required. However, individual patients may benefit from a mild anxiolytic drug (preferably
one which will not cause undue sedation in the presence of liver
disease or encephalopathy). The physiological processes giving
rise to encephalopathy are believed to involve the GABAminergic
pathway, and hence agents which further interact with this pathway may produce an unpredictable degree of sedation. Specific
therapies may be used to target coagulation and gastric acid production (and therefore the risk of gastrointestinal haemorrhage).
Commonly used agents include:
◆

◆
◆

hepatic and renal disease and anaesthesia

Short-
acting oral temazepam in absence of neurological
impairment—avoid intramuscular injections
H2 receptor antagonists or proton pump inhibitors
Preoperative vitamin K, preoperative or intraoperative tranexamic
acid.

Relevant anaesthetic pharmacology
Anaesthetic induction agents
Sensitivity to the sedative and cardiorespiratory depressant effects
of induction agents is increased. This may in part relate to altered
protein binding and volume of distribution, in part to the reduced
clearance of sedative drugs, and in part as a result of a change in
the receptor population density. Moreover, baseline alterations in

Opioids
Fentanyl is safe for intraoperative use, as a result of its clean metabolic and side-effect profile. It undergoes renal excretion, and has
the advantage of not having active metabolites (in contrast to morphine). Alfentanil is another popular choice, and is also given by
infusion to patients in intensive care. However, in patients with
advanced liver disease it exhibits a prolonged half-life and an
increased volume of distribution, presumably related to its reduced
protein binding. Remifentanil is an attractive option owing to its
short duration of action, extra-hepatic metabolism, and predictable
elimination kinetics. Although its metabolism in theory relies on
the presence of plasma esterases, it remains clinically very easy to
use even in advanced liver disease and liver transplantation.
Morphine undergoes glucuronidation in the liver. Elimination
could in theory be delayed in severe liver disease as a result of
reduced liver blood flow and a reduced extraction ratio. In clinical
practice, however, this is not a major problem except in patients
who have coexisting renal impairment, where there may be a
clinical issue because of the accumulation of its active metabolite,
morphine-6-glucuronide. Again, this is seldom a significant problem intraoperatively in real-world anaesthesia, but is an important
consideration when deciding on a postoperative pain management
regimen or a critical care sedation regimen.

Volatile anaesthetic agents
Isoflurane, sevoflurane, and desflurane have all been used in
patients with advanced liver disease, in hepatic resection, and in
liver transplantation. They are all considered to be ‘safe’ because of
their minimal hepatic metabolism. They do, however, have varying
effects on preservation of the hepatic artery buffer response. Each
of them preserves this reasonably well, compared with the older
volatile agents, halothane and enflurane (O’Riordan et al. 1997).
It is not known whether, in liver transplantation, post-reperfusion
preservation of blood flow is beneficial or leads to hepatic sinusoidal strain and injury. This could in theory represent a similar pathological process to the ‘small-for-size’ syndrome. In liver
transplantation, isoflurane and sevoflurane may have significant
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advantages over total intravenous anaesthesia (propofol infusion)
because of their ability to potentiate ischaemic preconditioning.

Conduct of anaesthesia
The anaesthetic technique selected will depend on the surgery to
be performed and any specific patient issues. Key principles have
been discussed previously; important additional considerations
include the maintenance of haemodynamic stability so as not to
decompensate the liver disease or precipitate further organ failure
(Padmakumar and Bellamy 2012). Many patients with advanced
liver disease exhibit a vasodilated, hyperdynamic circulation,
associated with high basal autacoid expression. Indeed, circulating plasma concentrations of TNF-α and platelet activating factor
may be a factor of several hundred times those seen in healthy controls. It is therefore important to pay attention to volume status and
potentially the need for vasopressors (including vasopressin or terlipressin) (Hong et al. 2012). Associated with this, it is important to
maintain appropriate renal perfusion (and monitor urine output).
Pathological changes likely to impact anaesthetic management
also include the presence of ascites and pleural effusions. These
can compromise respiratory function in several ways. The loss of
functional residual capacity, and a range of portopulmonary and
hepatopulmonary syndromes (potentially offset by orthodeoxia),
may lead to unexpected intraoperative hypoxia and reduced cardiac output. Appropriate management with the addition of positive end-expiratory pressure, volume support, vasoactive agents, or
drainage of fluid collections may be necessary.
Perioperative management of coagulopathy and bleeding tendency may also prove both challenging and controversial. The
advice of a haematologist with a special interest in coagulation
should normally be sought. Abnormal preoperative testing results
do not necessarily correlate well with intraoperative and perioperative bleeding risk. However, factors such as previous abdominal
surgery, in the case of an abdominal operation, and the presence
of varices may be more predictive of intraoperative haemorrhage
than are clotting tests. Consequently, the extent to which clotting should be corrected before surgery is controversial; there is
a growing body of evidence that the complications of aggressive
blood product administration may exceed the clinical benefit.
Intraoperatively, near-patient monitoring (such as thromboelastography) in the management of major haemorrhage and product
administration has a weak evidence base. Its main advantage rests
in the quicker availability of results compared with laboratory tests.
Thromboelastography also gives an overview of the ‘whole clotting process’, which exhibits considerable redundancy, rather than
information on its individual components, which may only be relevant once redundancy of the entire system has been overwhelmed.

Postoperative pain relief
The choice of an appropriate pain relief technique is highly dependent on the nature of the surgery undertaken. In cases of mild to
moderate liver disease, very little modification of standard analgesic techniques may be required. In most patients, however, avoidance of non-steroidal anti-inflammatory drugs (NSAIDs) is highly
desirable. The use of continuous opioid infusions should generally
be avoided, although patient-controlled analgesia is generally well
tolerated. Regional techniques may also be used if clotting permits,
although the decision to site an epidural catheter (particularly a
thoracic epidural catheter) should also take into consideration the

presence of varices, which are a systemic phenomenon and may
theoretically involve the epidural space.
The use of paracetamol postoperatively must also be carefully balanced against potential disadvantages. Patients with advanced liver
disease may be more susceptible to oxidant stress; however, paracetamol is used in many liver transplant centres after transplantation, but with judicious dosing (Feltracco et al. 2014). Paracetamol
is not itself hepatotoxic; rather, liver damage is caused by its redox
metabolite, N-acetyl-p-benzoquinone imine (NAPQI).
Postoperative monitoring in a critical care environment should
generally be considered, even where the nature of the surgery
would not normally mandate this. Monitoring should be continued until it can be reasonably assured that the patient shows no
ongoing evidence of haemodynamic compromise and is no longer
considered to be at risk for the development of perioperative organ
dysfunction.

Anaesthesia and renal disease
The term ‘acute renal failure’ has been superseded by the syndrome-
based definition, acute kidney injury (AKI). Clinically AKI is
characterized by a rapid reduction in kidney function resulting in
a failure to maintain fluid, electrolyte, and acid–base homoeostasis. It is a spectrum extending from less severe forms of injury to
more advanced injury when acute kidney failure may require renal
replacement therapy. AKI occurs in 1–5% of all hospital admissions
and is associated with a high morbidity and mortality. Renal function recovers in the majority of patients; however, 5–10% require
long-term renal replacement therapy.
AKI is defined when one of the following criteria is met:
◆

◆

◆

Serum creatinine increases by 26 μmol litre or more within
48 h or
Serum creatinine increases by 1.5-fold or more from the reference value, which is known or presumed to have occurred within
1 week or
Urine output is less than 0.5 ml kg−1 h for more than 6
consecutive hours.

Once the diagnosis of AKI has been established, its severity can
be determined using the staging system of the international guideline group, Kidney Disease: Improving Global Outcomes (KDIGO)
(KDIGO Acute Kidney Injury Work Group 2012) (Table 85.8).
Table 85.8 AKI staging (KDIGO)
Stage

Serum creatinine

Urine output

1

Increase ≥26 μmol/L within 48hrs or
Increase ≥1.5 to 1.9 × reference SCr

<0.5 mL/kg/hr for >6
consecutive hrs

2

Increase ≥2 to 2.9 × reference SCr

<0.5 mL/kg/hr for >12 hrs

3

Increase ≥3 × reference SCr or
Increase 354 μmol/L or
Commenced on renal replacement
therapy irrespective of stage

<0.3 mL/kg/hr for >24 hrs
or anuria for 12 hrs

Reprinted by permission from Macmillan Publishers Ltd. Kidney International Supplements,
Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group.
KDIGO Clinical Practice Guideline for Acute Kidney Injury. Volume 2, Issue 1, pp. 19–36,
Copyright © 2012 International Society of Nephrology.
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Pathophysiology of acute kidney injury

Biomarkers of renal function
A number of biomarkers of renal and renal tubular injury are currently
of interest in AKI; these include neutrophil gelatinase-associated
lipocalin (NGAL), cystatin C (CyC), liver-type fatty acid binding protein (L-FABP), interleukin 18 (IL-18), and kidney injury molecule-1
(KIM-1), but none of these is in routine clinical practice as yet. These
markers have, however, proved of greater value than creatinine in the
research setting, particularly for quantifying and predicting early clinical AKI in a critical care setting (Charlton et al. 2014).
The NGAL protein is found in excess in blood and urine in
patients with AKI up to 48 h before the observed elevation in serum
creatinine concentration. It is one of the most upregulated genes in
the kidney after ischaemia.
CyC is a 120-amino acid protein. It is an important extracellular cysteine protease inhibitor, preventing the breakdown of proteins outside the cell. CyC is produced by all nucleated cells. It is of
interest in a number of pathological processes, including the onset
of cardiovascular disease and possibly of Alzheimer’s disease. Its
clearance is a good descriptor of renal function. CyC is an early
predictive biomarker of AKI and is of interest as an alternative to
creatinine in calculating estimated GFR.
Despite its limitations, however, creatinine remains the most
commonly measured bedside biomarker of renal injury. Creatinine
is an end product of skeletal muscle metabolism; serum creatinine
concentration is a function of, among other things, skeletal muscle mass. It is freely filtered through the kidney, not reabsorbed,
and small amounts can be actively secreted. When GFR decreases
by more than 50%, the creatinine load exceeds maximum filtration, and the serum creatinine concentration becomes elevated.
Therefore while a rising serum creatinine may signify muscle
breakdown, it is most commonly indicative of renal dysfunction. It must be remembered that the trend of serum creatinine
is important, as concentration is related to body skeletal muscle
mass. Therefore, where it is diminished, for example in the elderly
patient, a ‘normal range’ laboratory creatinine may indicate AKI.
Creatinine clearance is often estimated from serum creatinine and
patient characteristics.
Estimated GFR can be calculated using any one of a number of
formulae. The traditional version was the Cockcroft and Gault formula; more common nowadays is the better-validated four-variable
Modification of Diet in Renal Disease (MDRD) equation (Delanaye
and Mariat 2013):
−2

GFR (ml min 1.73 m ) = 186 × (serum creatinine/88.4)
× (age )

−0.203

× (0.742 if female ) × (1.210 if black )

−1.154

(85.1)

where serum creatinine is in μmol litre−1, and age is in years
(SI units).
This equation, however, is only an estimate. The automated
immunoassay of CyC is a promising new approach to deriving

Serum Creatinine μmol.L–1

1000

The GFR is the volume of plasma filtered per unit time by all
the glomeruli of the kidneys (hence, it is a global and average or
summed value). This is typically 125 ml min−1 in adults. Renal
autoregulation maintains GFR at mean arterial pressures between
70 and 170 mm Hg. Autoregulation may be compromised either by
pathological processes or by drug therapies, leading to AKI.
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Figure 85.1 Plot of serum creatinine as a function of glomerular filtration rate.

Table 85.9 Causes of AKI
Pre-renal

Renal (intrinsic)

Post-renal

Hypovolaemia (D&V,
haemorrhage)
Low cardiac output
Low BP (sepsis, drugs)
Reno-vascular occlusion

Glomerulonephritis
Tubular:
Ischaemia: pancreatitis, burns
Exogenous toxin: radio contrast
Endogenous toxins:
rhabdomyolysis
Vascular
Interstitial

Obstruction of:
Pelvi-calyceal system
Ureter
VUJ: bladder
Bladder neck: urethra

more accurate values, but to gain real rather than predicted creatinine clearance, it is necessary to perform a 24 h urine collection
and formally derive creatinine clearance.
Figure 85.1 demonstrates the relationship between creatinine
and GFR. Note that creatinine only begins to increase after more
than 50% of renal nephron function has been lost signifying that
an increase in creatinine is a late sign of renal injury and thus
is critically important. Note that GFRs higher than 90 ml min−1
have not been plotted as these fall well within the healthy range
and most laboratories do not report these other than ‘greater than
90 ml min−1’.
AKI is caused by pre-renal (60%), renal (20–40%) and post-renal
(1–10%) factors as shown in Table 85.9. The outer medulla with its
high metabolic demands (oxygen extraction ratio of 90%) is particularly vulnerable to hypoperfusion and hypoxia both in normal
patients and in those with CKD.

Acute kidney injury prevention
Risk stratification
It is important to identify patients at high risk of developing AKI
so as to minimize modifiable risk factors and adopt appropriate
preventable measures. Risk factors could be related either to the
patient or the type of surgery (Table 85.10).

Avoidance of nephrotoxins
A number of medications or classes of medication commonly used
in the perioperative period have potentially adverse effects on renal
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Table 85.10 Risk factors associated with development of AKI
Patient factors

Surgical factors

Age > 75 years

Duration of surgery

Chronic kidney disease

Intraperitoneal surgery

Cardiac failure

Duration of cardiopulmonary bypass

Liver disease, jaundice

Cross-clamp time

Diabetes mellitus
Atherosclerotic peripheral
vascular disease
Nephrotoxic drugs
Hypovolaemia
Sepsis

Use of intra-aortic balloon pump

Box 85.1 Drugs which can potentially compromise renal function
◆

Analgesics: aspirin, NSAIDs

◆

Antibiotics: aminoglycosides, amphotericin, vancomycin

◆

Angiotensin-converting enzyme inhibitors, angiotensin receptor blockers

◆

Antineoplastic: cisplatin, methotrexate

◆

Immunosuppressant: ciclosporin

◆

Radiocontrast media.

function. Some commonly used nephrotoxic agents are listed in
Box 85.1. Perhaps the best known among these are the NSAIDs.
NSAIDs can impair renal autoregulation and also contribute to
interstitial nephritis. The decision to use or withhold NSAIDs is
a difficult one. Beneficially, they provide extremely effective perioperative analgesia, minimizing the requirement for opioid drugs.
They provide (at least theoretically) a degree of potentially beneficial immunomodulation. NSAIDs may also attenuate other arachidonic acid cascade-mediated processes, such as the peritoneal
traction syndrome. Detrimentally, they may exacerbate any bleeding tendency, impairing platelet function and adversely modulating vascular endothelial function. NSAIDs have several potentially
undesirable effects on renal function; they are known to adversely
affect autoregulation, and have been associated with perioperative
and postoperative kidney injury. Hence they should generally be
avoided in patients with either patient-related or procedure-related
renal risk factors.
Angiotensin-converting enzyme inhibitors and angiotensin
receptor blockers may also adversely affect renal autoregulation.
These agents are thought to selectively reduce efferent arterial tone,
thereby reducing glomerular perfusion pressure. That said, there
is little evidence of benefit from discontinuing these agents before
surgery.
The role of intravenous radiological contrast media as a risk factor
in AKI is well recognized. Careful consideration should be given to
the risk:benefit ratio of using intravenous contrast medium; discussion with the radiologist regarding alternative agents is also worthwhile, as newer iso-osmolar or low osmolar non-ionic contrast

agents are thought to be less nephrotoxic. When the use of traditional contrast medium is unavoidable, the minimum dose compatible with adequate diagnostic discrimination should be used.
Renal function should be rechecked up to 72 h after the procedure
in high-risk patients to confirm stable renal function and facilitate
early intervention in those in whom otherwise unsuspected AKI
may have resulted.
Recent clinical trials data in critical care patients, although not
specifically in the perioperative setting, have also suggested a
potentially nephrotoxic effect of colloidal solutions, and in particular some of the high-molecular-weight starches. Consequently,
these should probably be avoided for fluid resuscitation in those at
risk of renal dysfunction until further evidence emerges (Hartog
et al. 2011; Myburgh et al. 2012; Perner et al. 2012).

Acute kidney injury secondary to rhabdomyolysis
Rhabdomyolysis is of interest to the anaesthetist, as it occurs in
a number of clinical scenarios. These include the morbidly obese
patient undergoing prolonged anaesthesia and surgery (where
rhabdomyolysis may result from tissue pressure points in the context of impaired perfusion or a reduced cardiac output) as well as
in trauma patients, those with crush injuries, and those with compartment syndrome. Rhabdomyolysis-induced AKI results from
skeletal muscle injury with the release of myoglobin, a muscle
breakdown product. Myoglobin is freely filtered by the kidneys
and is directly toxic to the tubular epithelial cells. Its effects may
be heightened where there is coexisting hypovolaemia and acidosis. Management includes volume assessment and close monitoring
with aggressive fluid resuscitation, and alkalinization of the urine.
Fluid resuscitation with sodium chloride 0.9% is preferred at a
rate of 10–15ml kg−1 h−1 to achieve high urinary flow rates (>100
ml h−1), with the cautious addition of sodium bicarbonate 1.4% to
maintain urinary pH more alkaline than 6.51. Throughout this process, the patient’s volume status must be carefully evaluated; once
adequately fluid resuscitated, care must be taken not to precipitate
pulmonary oedema.
Mannitol is still thought by some to have a role because of its
properties as an osmotic diuretic and free radical scavenger.
However, there is little clinical outcome evidence to support its use.
Inappropriate use of mannitol can precipitate pulmonary oedema
particularly if used with hypertonic sodium bicarbonate.

Management of acute kidney injury
in the perioperative setting
Management of AKI in the perioperative period poses numerous
challenges for the anaesthetist. The first priority remains management of the physiology of the patient with AKI, with special regard
to any precipitating or underlying causes. Anaesthesia or support for
surgical procedures may be requested in patients whose underlying
cause has not been fully elucidated or treated. The role of the anaesthetist may therefore include both diagnostic and treatment elements. Almost by definition, this patient group represents a sick and
haemodynamically compromised cohort. Management of ‘critical
care’ conditions such as septic or haemorrhagic shock is likely to form
a necessary part of the management. A number of additional measures may be of use in managing either incipient or established AKI:
◆

Haemodynamic resuscitation and optimization (following standard practice).
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◆

◆

◆

Avoidance or discontinuation of known and presumed
nephrotoxins.
Renal replacement therapy: this term encompasses a range of
treatments designed to support or replace kidney function. Most
commonly, in the perioperative or critical care setting, continuous venovenous haemofiltration is the modality encountered.
Intermittent haemodialysis and peritoneal dialysis are common
alternatives.

Box 85.2 Standard blood tests

Blood tests
◆

• Fenoldopam: a selective dopamine D1 receptor agonist which
decreases systemic vascular resistance while increasing renal
blood flow to both the cortex and medullary regions in the kidney. A meta-analysis concluded that fenoldopam reduces the
need for renal replacement therapy and mortality in patients
with AKI.

Ca 2+, PO43−: Acidaemia ↑ ionized Ca2+

◆

Full blood count anaemia indicates chronic renal failure:
• Platelets: liver disease, HELLP, sepsis
• Platelets: vasculitis
• Blood film: haemolytic uraemic syndrome, myeloma

◆

Coagulation

◆

Liver function tests

◆

• Nesiritide (recombinant human β natriuretic peptide): outcome benefit has been seen in cardiac and abdominal aneurysm surgery. Further trials of this potentially promising agent
are needed.
◆

Tight glycaemic control: better renal outcomes have been
observed when using tight glycaemic control in diabetic patients
during the perioperative period. However, there have been limited studies, and further assessment as to the clinical effect and
pathophysiology are needed.

Creatine kinase: increased in rhabdomyolysis

◆

Blood culture

◆

◆

◆
◆

Immunology: ANCA, antiglomerular basement membrane
antibody, immunoglobulins, complement components C3/
4, rheumatoid factor, antinuclear antibody, extractable
nuclear antigen, and the double stranded DNA (suggestive of
lupus), cryoglobulins, anticardiolipin, anti-β2-glycoprotein-1
antibodies
↑ Erythrocyte sedimentation rate: suggestive of systemic lupus
erythematosus, autoimmune and inflammatory conditions
Immunophoresis for paraproteins
Viral article testing before dialysis (should include HIV,
HBsAg, HCVAb).

Urine
◆

Culture and sensitivity

◆

Microscopy:
• Red blood cell cast: suggestive of glomerulonephritis
• White blood cell cast: consider acute pyelonephritis

Investigations
A number of investigations may be useful in elucidating the cause
and likely prognosis of AKI; however, relatively few of these are relevant to the immediate perioperative management of the patient
with AKI. The more common investigations are listed in Box 85.2
and Table 85.11.

Lactate dehydrogenase (suggestive of haemolytic uraemic
syndrome)

◆

• Diuretics (furosemide/mannitol): there remains no evidence
of an improvement in clinical outcome.
• Atrial natriuretic peptide: some studies have suggested there
may be benefit in cardiac surgery patients. As yet no study has
demonstrated benefit in other surgical populations.

Urea and electrolytes: urea disproportionately higher in prerenal, gastrointestinal bleeds, catabolic state

◆

Consideration of pharmacological prophylactic agents: any of
the traditional pharmacological agents have demonstrated false
promise and few are still used in clinical practice. These include:
• Dopamine: a non-selective dopamine receptor agonist which
at low dose (0.5–3.0 μg kg−1 min−1) was thought to be beneficial in AKI by augmenting renal blood flow. However, currently there is no evidence to support any clinical outcome
benefit in patients with, or at risk of, AKI.

hepatic and renal disease and anaesthesia

• Eosinophils: consider interstitial nephritis
◆
◆

Bence Jones proteins: consider myeloma
Urine electrolytes and osmolality: may be unreliable in the
elderly (sub-clinical renal impairment) and those on diuretics.
May help to distinguish AKI causes.

Other investigations
Consideration should be given to additional investigations, which
may have direct consequences for the conduct of anaesthesia. There
may also be implications for the nature of any surgical or radiological intervention proposed. The following general points give a
guide to these areas. Examination of the chest X-ray is of direct
relevance to the conduct of anaesthesia. Special attention should
be paid to heart size, pulmonary vasculature (looking for evidence
of upper lobe venous diversion), and evidence of pulmonary interstitial infiltrates (pulmonary oedema, infection, autoimmune conditions). An ECG may give early warning of electrolyte disorders,
in particular hyperkalaemia as evidenced by the classic ‘peaked’ T

Table 85.11 Urinary electrolyte measurements in pre-renal and renal
failure
Index

Pre-renal

Urinary Na (mmol litre−1)

Renal

<20

>40

Urine osmolarity (mOsm litre−1)

>500

<350

Urine/plasma urea

>8

<3

Specific gravity

High 1.020

Fixed 1.010–1.020
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wave. Ischaemia is less readily detected on a resting ECG but evidence of ventricular hypertrophy, conduction abnormalities, or old
myocardial infarction may be present. These findings are far more
common in patients with chronic kidney disease (CKD) than AKI,
but may exist independently as evidence of a significant underlying condition. There is also a group of patients who suffer acute on
chronic kidney injury, in whom the cardiovascular consequences of
CKD or diabetes may well be significant.
Renal ultrasound should be performed, looking in particular for
kidney size, ureteric obstruction, and blood flow (Doppler studies).
This may help inform any surgical or radiological intervention, and
may be both diagnostically and prognostically significant.

Chronic kidney disease
CKD represents progressive and irreversible reduction in kidney
function. Common causes for CKD are listed in Box 85.3. It can be
classified into five stages based on estimated GFR (Box 85.4).

Systemic manifestations of chronic kidney disease
The patient with renal disease is of interest to the anaesthetist not
just because of the biochemical abnormalities (e.g. a raised creatinine
and urea, potentially raised serum potassium) associated with kidney
failure, but because the wider manifestations of renal disease are truly
multisystem and increase the overall level of perioperative risk dramatically. Moreover, the presence of renal disease may be indicative
of an underlying causative pathology. Examples might include severe
arterial hypertension, rheumatoid arthritis, vasculitis, or diabetes.
Some conditions, for example, systemic arterial hypertension, can
be either a cause of CKD, or a consequence of it. In either case, the
patient may suffer severe associated systemic manifestations.

Cardiovascular
Cardiovascular disease is very common in patients with kidney disease, and accounts for up to 48% of deaths in this patient group.

Systemic arterial hypertension is most common with an incidence
of 80%. Plasma volume expansion and water retention is often a
contributory cause. This is often further compounded by a derangement of the homeostatic mechanisms dependent on the renin–
angiotensin system. Ischaemic heart disease is frequently seen. It
may be further exacerbated by accelerated atherosclerosis, hypertension, and fluid overload resulting in left ventricular hypertrophy
and failure. Uraemic pericarditis (evidenced by a classic ‘pericardial
rub’) if untreated may progress to cardiac tamponade.
Respiratory complications are common particularly in the postoperative period. Pulmonary oedema may be precipitated by a
number of causes. These include myocardial ischaemia; the effects
of volume overload (either as a feature of the pathology, or an iatrogenic consequence of intraoperative fluid management); and acute
diastolic dysfunction potentially exacerbated by tachycardia, anaemia, or drugs. Pleural effusion may complicate the perioperative
course, contributing to hypoxaemia both intraoperatively and, particularly, postoperatively. This may be associated with ventilation
perfusion mismatch and restricted ventilatory excursion. Pleural
effusion may potentially be associated with pericardial effusion and
compromised venous return. The causes of pleural effusions are
many. They may reflect poor cardiac function, hypoproteinaemia,
or salt and water retention. Careful consideration should be given
to draining pleural effusions in the perioperative period; this may
significantly reduce postoperative respiratory embarrassment, but
may occasionally predispose to re-expansion pulmonary oedema.
There may additionally be a risk of technical complications associated with the drainage procedure (including pain, pneumothorax,
and bleeding). In many cases, pleural effusion may be self-limiting,
and respond to therapy of the underlying cause (e.g. close attention to fluid balance, nutrition, and protein status). CKD patients
are predisposed to infection as a result of impaired cellular and
humoral immunity, and this in combination with other factors may
be a cause of postoperative chest infection.

Neurological
Box 85.3 Common causes of CKD
◆

Diabetes mellitus: 30%

◆

Hypertension: 24%

◆

Glomerulonephritis:17%

◆

Chronic pyelonephritis: 5%

◆

Polycystic kidney: 4%

◆

Unknown: 20%.

Neurological abnormalities can vary from mild personality
changes, through asterixis, myoclonus, encephalopathy, to convulsions. Peripheral neuropathy is common, initially a distal glove
and stocking sensory loss progressing to motor changes. Presence
of peripheral neuropathy should alert the clinician to the potential presence of autonomic neuropathy. Important features could
include delayed gastric emptying, postural hypotension, silent
myocardial ischaemia, or infarction. Dialysis dementia is occasionally seen in patients who have been treated with haemodialysis
for many years; it is far less commonly seen in peritoneal dialysis
patients (Wolfgram et al. 2015).

Dialysis disequilibrium syndrome
Box 85.4 Classification of CKD
◆
◆

Stage 1: normal GFR with other evidence of renal damage
Stage 2: GFR 60–90 ml min−1 with other evidence of renal
damage

◆

Stage 3: GFR 30–60 ml min−1; moderate CKD

◆

Stage 4: GFR 15–30 ml h−1; severe CKD

◆

Stage 5: GFR <15 ml min−1. End-stage renal failure. Dialysis
dependent

Dialysis disequilibrium syndrome occurs with rapid initial reduction in plasma urea concentration. The causes of this syndrome
are poorly understood (Patel et al. 2008). Its clinical presentation
can be variable, from headache, through restlessness and agitation,
to coma and potentially death. The mechanism includes cerebral
oedema and raised intracranial pressure; however, the precise
underlying causes are poorly understood. Attempts to treat the disequilibrium syndrome are centred on management of raised intracranial pressure and cerebral oedema. Because these are often only
partially effective, the syndrome has a high morbidity and mortality. Avoidance is therefore key.
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Gastrointestinal
Gastrointestinal problems are frequently seen. These include anorexia, nausea, and vomiting, which may contribute to malnutrition.
Gastric emptying is delayed. Acid hypersecretion may also be an
issue. Consequently, there is a significant risk both of acid aspiration and stress ulceration in the perioperative period. Appropriate
prophylaxis should form a part of the anaesthetic technique. This
could include use of proton pump inhibitors, antacids, or H2 receptor blockers. Some anaesthetists, depending on the clinical scenario, also favour a modified rapid sequence induction.

Fluid and electrolyte disturbances
Fluid and electrolyte disturbances are common even in the ‘well-
dialysed’ patient. These are likely to include hypocalcaemia, hyperphosphataemia, hyponatraemia, hyperkalaemia, and metabolic
acidosis. The likelihood of seeing these electrolyte abnormalities depends on the severity of the renal disease, whether or not
the patient is dialysed (and if so, how recently), and the dialysis
technique used.

Haematological
Anaemia is common, sometimes severe but generally well tolerated.
Its aetiology is multifactorial. A common feature is the duality of
reduced erythropoietin production and functional iron deficiency.
Some patients are treated effectively with erythropoietin replacement therapy, whereas others are resistant to this, and may suffer
‘functional iron deficiency’, responsive to intravenous (but not oral)
iron supplementation (Cavill I, 2002). Dietary and nutritional factors may also play a part.
Platelet activity is reduced in uraemia. This is in part because of
an intrinsic reduction in platelet function, associated with poor
platelet factor 3 activity, and in part as a result of the interaction
between platelets and the vascular endothelium. Consequently,
there are both decreased adhesion and aggregation. These effects are
further exacerbated by a reduced concentration of von Willebrand
factor. The interaction between von Willebrand factor and factor
VIII facilitates platelets binding to vessel wall collagen via the GP1B
receptor. This interaction can be restored in around 50% of patients
with uraemic platelet dysfunction by the administration of desmopressin (DDAVP).

Immunological
Both cell-mediated and humoral immunity are inhibited resulting
in predisposition to infections. Sepsis is a major cause of death in
CKD patients.

Dialysis
Haemodialysis
Treatment for end-stage renal failure is usually given three to four
times per week in intensive dialysis sessions lasting several hours.
During these sessions, there is, according to the patient’s physiology (and whether or not there is any preservation of native renal
function) significant fluid removal, fluid shifts, and correction
of electrolytes and middle molecules. This can result in marked
hypotension, post-dialysis hypovolaemia (predisposing to hypotension at induction of anaesthesia), and potentially the disequilibrium syndrome. Haemodialysis requires vascular access. This may
be provided through an indwelling intravenous access catheter
(short term), temporary fistula, or permanent (surgically created)
arteriovenous shunt (long term). By definition, haemodialysis is
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an extracorporeal circulation, and requires systemic anticoagulation. This is usually achieved by heparinization. Surgery should
be planned for 4–6 h after the most recent dialysis session. Post-
dialysis electrolytes need to be checked, to confirm the effectiveness
of dialysis and the starting baseline before surgery. Considerable
variation in post-dialysis electrolyte concentrations may be seen.
Patients who habitually have a high potassium concentration tolerate hyperkalaemia well, and in many cases may safely undergo
anaesthesia with potassium concentrations above the normal range.
Hypovolaemia and residual anticoagulation effects of heparin may
be seen intraoperatively. Depending on the nature and magnitude
of surgery, anticipated blood and fluid shifts, it may be necessary
to arrange a further session of haemodialysis for the postoperative
period.

Peritoneal dialysis
This is a slow and continuous process performed through a temporary or permanent catheter inserted into the peritoneum. Dialysis
fluid should be drained preoperatively to avoid respiratory compromise. As with haemodialysis, electrolytes and coagulation should
be rechecked before surgery. Depending on the nature of the surgical procedure, further peritoneal dialysis may not be practicable in
a postoperative setting, in which case postoperative haemofiltration or haemodialysis should be planned. To facilitate this, it may
be prudent to establish either temporary or permanent vascular
access while the patient is under anaesthesia.

Preoperative assessment
In addition to the standard preoperative assessment appropriate to
any patient, special consideration should be given to the fact that
the patient with CKD is likely to be a high-risk patient with multisystem involvement. Special attention should therefore be given
to a careful and thorough cardiorespiratory assessment. Features
of autonomic neuropathy should also be sought, as these may predict intraoperative risk. In particular, an excessive haemodynamic
response (either rate rhythm or cardiac output/blood pressure) to
postural change or a Valsalva manoeuvre may give some clue. The
dialysis history should also be noted. The patient’s normal fluid balance and intake and output assessment (including whether there
is any native urine output) may also be useful, as these will give
some guide as to the prudence or otherwise of intraoperative volume loading.
There should be a full multidisciplinary discussion (surgeon,
nephrologist, and anaesthetist) of the postoperative management
and dialysis plan. The appropriate postoperative environment
should also be discussed; a general surgical ward may not provide
the best setting. A renal ward, dialysis bed, or critical care bed may
be deemed more appropriate, depending on the burden of comorbidity and nature of surgery.

Perioperative care
Prior to the patient being transferred into the anaesthetic room
or operating theatre, a full team brief should take place, alerting
the theatre staff to the comorbidities suffered by the patient, and
any special risk factors associated with these. Particular attention
should be paid in this briefing to the presence of arteriovenous fistulae and the need for appropriate protection and periodic checking of these in the perioperative period. The existence of autonomic
neuropathy should alert the team to the risk of delayed gastric
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emptying and high gastric acid production. Appropriate consideration should be given to risk of aspiration and the need for antacid
prophylaxis. Sites of arteriovenous fistulae must be protected by
wrapping in cotton wool or Gamgee. These sites should not be used
for cannulation, whether venous or arterial, or for the positioning
of non-invasive blood pressure monitoring cuffs.
Appropriate monitoring should be established before the induction of anaesthesia. Traditionally, ECG monitoring using the CM 5
configuration is used for the best detection of myocardial ischaemia. Automated ST-segment monitoring is of value, as this may
detect early and often subtle degrees of ST-segment change. The
role of central venous pressure monitoring to guide fluid administration is controversial; dynamic measures, including oesophageal
Doppler monitoring and other forms of stroke volume monitoring, may be of greater value. That said, central venous cannulation is of value as a route of administration of vasopressors and
cardiovascularly active drugs. The convenience of central venous
catheterization needs to be balanced against the potential difficulty
and risks involved, particularly in this patient group who may have
had numerous previous central venous catheters (in particular for
dialysis access) and who may therefore have very few remaining
sites available for central venous cannulation. Moreover, these sites
are often precious, and where possible should be reserved for future
dialysis access. Neuromuscular function and temperature monitoring are beneficial, and there is little rational argument for omitting
these. All patients should be kept warm using fluid warmers and
forced air warmers to avoid hypothermia, which can contribute to
coagulopathy and the neurohumoral stress response.
Sepsis is a common cause of death. Strict asepsis must be followed. Hepatitis B and C have an increased prevalence in the dialysis population. Universal precautions should be emphasized, for the
protection of the patient, staff, and future patients.

Drugs
Drugs may either be excreted unchanged or as water-soluble
metabolites. The precise modification of those processes in renal
disease varies according to the individual agent, and depends on a
number of factors. More often than not, derangements in patient
physiology (e.g. secondary to cardiovascular disease or relative
hypovolaemia) may have greater relevance for dose modification
than the altered pharmacokinetics or pharmacodynamics secondary to renal failure. Both the water solubility of a drug and its distribution are important when considering modification of the loading
dose. Changes in receptor pharmacology may also be important,
with either increased or reduced receptor expression in disease. In
practical terms, the loading doses of many anaesthetic drugs are
often little changed, although slower injection and titration against
effect is prudent. Alteration of dose interval or infusion rate in the
maintenance phase is often more sensitive to the effects of renal disease. Hypoalbuminaemia and acidosis may result in reduced protein binding and an increased free faction of highly protein-bound
drugs (e.g. many anaesthetic induction agents). Anaesthetic drugs
may have a secondary effect through reduction of renal blood flow,
and hence GFR, on both their own clearance and clearance of
other drugs.

Induction agents
Barbiturates are excreted unchanged in the urine (24%), though
the initial recovery of consciousness is related to redistribution and

thus is not a function of excretion or metabolism. Increased sensitivity to barbiturate drugs is seen possibly as a result of reduced
protein binding. The effects of etomidate are similarly enhanced
because of decreased protein binding. The pharmacokinetics
of propofol appear little changed with impaired renal function.
Benzodiazepines undergo primarily hepatic metabolism, but again
there is increased sensitivity related to reduced protein binding and
an increased free fraction. Ketamine undergoes primarily hepatic
metabolism, though its two principal metabolites then undergo
renal excretion. Ketamine in critical illness shows an increased
half-life because of a relatively greater increase in its volume of distribution than its clearance. Interestingly, there are several reports
of ketamine abuse giving rise to renal dysfunction through precipitation of its metabolites in the ureter, causing obstruction. This
resolves on discontinuation of the drug.

Analgesics
Morphine is metabolized in the liver to water-soluble metabolites
which are excreted by the kidney. These metabolites (morphine-
3-and morphine-6-glucuronide) possess pharmacological activity.
The long-acting metabolite morphine-6-glucuronide has greater μ-
receptor selectivity and is more potent than its parent compound
(45–60-fold in a mouse model), so contributes significantly to the
clinical effectiveness of morphine.
Pethidine similarly undergoes demethylation in the liver. Its
water-soluble metabolite norpethidine is liable to accumulation
in renal failure, and has the potential to cause convulsions. Its use
is generally avoided in severe renal impairment where alternative
analgesic strategies may be used.
Similarly, both codeine and dihydrocodeine are susceptible to an
unpredictably prolonged half-life (up to five-fold) and are therefore best avoided where suitable alternatives exist. Oxycodone has
active metabolites hence the dose should be reduced in renal failure, the dosing interval increased, and titrated to effect. Tramadol
is a centrally acting agent that inhibits noradrenaline and serotonin
reuptake by nerve cells, and acts on μ-opioid receptors. Tramadol
has active metabolites excreted by the kidney; hence the dose-interval may need to be increased. Nevertheless, it has been advocated as
an appropriate drug for the management of moderate pain in renal
disease patients.
The short and ultra-short-acting opioids alfentanil and remifentanil undergo hepatic and plasma-based metabolism respectively.
Alterations in their kinetics in renal dysfunction are clinically
minimal. Their use is thus similar to that in healthy patients.
Postoperatively, there is a good safety track record of patient-
controlled analgesia systems using fentanyl. There is also wide
experience of morphine patient-controlled analgesia systems in
this setting, which can safely be used with appropriate monitoring. Paracetamol is likewise safe to use in standard doses. There
is, however, little or no role for NSAIDs given their exaggerated
risk:benefit profile in this patient group.

Volatile agents
Enflurane and sevoflurane are both biotransformed to inorganic
fluoride, although the plasma concentrations produced are below
nephrotoxic levels. Isoflurane and, in particular, desflurane are
metabolized by the liver to a much lesser extent and so have virtually no direct nephrotoxic potential. The effects of vasodilation and
myocardial depression remain of potential significance but should
be minimized in judicious use.
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Neuromuscular blocking agents
Suxamethonium (succinylcholine) is a depolarizing neuromuscular blocking agent, giving rise to muscle fasciculation and release
of potassium. This is potentially problematic in the patient who
already has an elevated potassium, as it may dispose to cardiac
arrest. The potential for an exaggerated or sustained hyperkalaemic
response generally means that the risks of using suxamethonium
outweigh the benefits. Non-depolarizing neuromuscular blocking
agents (atracurium, cisatracurium, vecuronium, rocuronium) are
good choices as they have excretion pathways which are not absolutely reliant on the kidney (although it is now well established that
atracurium, while undergoing a Hoffman degradation primarily, is
in part renally excreted and has a prolonged half-life in hepatorenal
failure).
The use of the aminosteroid neuromuscular blocking agent rocuronium or vecuronium is attractive, particularly as their effects may
be antagonized by the new agent sugammadex. Sugammadex is a
modified γ-cyclodextrin, a selective neuromuscular blocking drug-
binding agent designed to encapsulate rocuronium but which is
also effective at binding vecuronium. While the pharmacokinetics
of rocuronium are only minimally altered in severe renal impairment, leading to little alteration in its clinical use, the pharmacokinetics of sugammadex are markedly altered. Sugammadex, and
the sugammadex–rocuronium complex, are excreted in the urine.
Nevertheless, even in severe renal failure, sugammadex appears
effective as an agent to antagonize the clinical effects of rocuronium-induced neuromuscular block (Panhuizen et al. 2015). The
aminosteroid neuromuscular blocking drug pancuronium is best
avoided in severe renal impairment, as it has a long duration of
action and is 80% renally excreted.

Conduct of anaesthesia
The anaesthetic technique used should be one which takes account
of the alterations in patient physiology, pharmacodynamics, and
pharmacokinetics. This may involve careful positioning, close
monitoring, and modification of the dose, route of administration,
and rate of administration of anaesthetic and analgesic agents (as
categorized previously). Provided such measures are taken, most
anaesthetic techniques can reasonably be applied to the patient with
renal impairment. The precise choice of technique will depend on
operator experience, the surgery to be undertaken, and the clinical
setting, as much as on the theoretical considerations. For example,
patients undergoing short-duration anaesthesia for day-case procedures, apart from appropriate airway protection, are unlikely to
require a significantly different anaesthetic technique to any other
patient undergoing anaesthesia for a similar procedure.

Postoperative care
The issues relating to postoperative analgesia and environment
have been discussed previously. A multimodal approach to postoperative analgesia is likely to prove the safest and most effective
option. However, when planning regional anaesthetic techniques
or local blocks, it is important to remember that many patients with
significant renal dysfunction also have derangements of clotting
and platelet function and an increased susceptibility to infection.
These are not absolute contraindications to the use of blocks and
regional techniques, but rather factors to be taken into consideration when balancing risk against benefit. More important is a multidisciplinary team approach to the postoperative management of
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the patient with significant renal disease, together with appropriate
monitoring and follow-up so that potential complications of surgery or anaesthesia, or deterioration in general medical state, can
be spotted early and managed in a timely fashion.

Declaration of interest
None declared.

References
Abrams GA, Jaffe CC, Hoffer PB, Binder HJ, Fallon MB. Diagnostic utility
of contrast echocardiography and lung perfusion scan in patients with
hepatopulmonary syndrome. Gastroenterology 1995; 109: 1283–8
Aldenkortt F, Aldenkortt M, Caviezel L, Waeber JL, Weber A, Schiffer E.
Portopulmonary hypertension and hepatopulmonary syndrome. World
J Gastroenterol 2014; 20: 8072–81
Arroyo V, Ginès P, Gerbes AL, et al. Definition and diagnostic criteria of
refractory ascites and hepatorenal syndrome in cirrhosis. International
Ascites Club. Hepatology 1996; 23: 164–76
Bernal W, Hyyrylainen A, Gera A, et al. Lessons from look-back in acute liver failure? A single centre experience of 3300 patients. J Hepatol 2013; 59: 74–80
Boyd AH, Eastwood NB, Parker CJ, Hunter JM. Comparison of the pharmacodynamics and pharmacokinetics of an infusion of cis-atracurium
(51W89) or atracurium in critically ill patients undergoing mechanical
ventilation in an intensive therapy unit. Br J Anaesth 1996; 76: 382–8
Cavill I. Iron and erythropoietin in renal disease. Nephrol Dial Transplant
2002; 17(Suppl) 5: 19–23
Charlton JR, Portilla D, Okusa MD. A basic science view of acute kidney
injury biomarkers. Nephrol Dial Transplant 2014; 29: 1301–11
Cheema SP, Webster NR, Dunn F, Bellamy MC. Mediators of fibrinolysis in
orthotopic liver transplantation. Clin Transplant 1996; 10: 24–7
Child CG, Turcotte JG. Surgery and portal hypertension. In Child CG, ed. The
Liver and Portal Hypertension. Philadelphia, PA: Saunders, 1964: 50–64
Delanaye P, Mariat C. The applicability of eGFR equations to different populations. Nat Rev Nephrol 2013; 9: 513–22
Dundar HZ, Yilmazlar T. Management of hepatorenal syndrome. World J
Nephrol 2015; 4: 277–86
Feltracco P, Carollo C, Barbieri S, et al. Pain control after liver transplantation
surgery. Transplant Proc 2014; 46: 2300–7
Gluud LL, Christensen K, Christensen E, Krag A. Terlipressin for hepatorenal
syndrome. Cochrane Database Syst Rev 2012; 9: CD005162
Hartog CS, Bauer M, Reinhart K. The efficacy and safety of colloid resuscitation in the critically ill. Anesth Analg 2011; 112: 156–64
Hong SH, Lee JM, Choi JH, Chung HS, Park JH, Park CS. Perioperative
assessment of terlipressin infusion during living donor liver transplantation. J Int Med Res 2012; 40: 225–36
Kamath PS, Kim WR. The model for end-stage liver disease (MELD).
Hepatology 2007; 45: 797–805
Kang YG, Martin DJ, Marquez J, et al. Intraoperative changes in blood coagulation and thrombelastographic monitoring in liver transplantation.
Anesth Analg 1985; 64: 888–96
Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury
Work Group. KDIGO Clinical Practice Guideline for Acute Kidney
Injury. Kidney Int Suppl 2012; 2: 19–36
Myburgh JA, Finfer S, Bellomo R, et al. Hydroxyethyl starch or saline for fluid
resuscitation in intensive care. N Engl J Med 2012; 367: 1901–11
O’Grady JG, Schalm SW, Williams R. Acute liver failure: redefining the syndromes. Lancet 1993; 342: 273–5
O’Riordan J, O’Beirne HA, Young Y, Bellamy MC. Effects of desflurane and
isoflurane on splanchnic microcirculation during major surgery. Br J
Anaesth 1997; 78: 95–6
Ozier Y, Tsou MY. Changing trends in transfusion practice in liver transplantation. Curr Opin Organ Transplant 2008; 13: 304–9
Padmakumar AD, Bellamy MC. Liver transplantation: haemodynamic changes, cardiac output monitoring and inotropic support.

1481

1482

1482

PART 12

anaesthesia and concurrent disease

In: Wagener G, ed. Liver Anesthesiology and Critical Care Medicine.
New York: Springer, 2012; 139–47
Panhuizen IF, Gold SJ, Buerkle C, et al. Efficacy, safety and pharmacokinetics of sugammadex 4 mg kg-1 for reversal of deep neuromuscular
blockade in patients with severe renal impairment. Br J Anaesth 2015;
114: 777–84
Patel N, Dalal P, Panesar M. Dialysis disequilibrium syndrome: a narrative
review. Semin Dial 2008; 21: 493–8
Perner A, Haase N, Guttormsen AB, et al. Hydroxyethyl starch 130/0.42 versus Ringer’s acetate in severe sepsis. N Engl J Med 2012; 367: 124–34
Pugh RN, Murray-
Lyon IM, Dawson JL, Pietroni MC, Williams R.
Transection of the oesophagus for bleeding oesophageal varices. Br J
Surg 1973; 60: 646–9
Riordan SM, Williams R. Treatment of hepatic encephalopathy. N Engl J Med
1997; 337: 473–9

Schrier RW. Use of diuretics in heart failure and cirrhosis. Semin Nephrol
2011; 31: 503–12
Schuppan D, Afdhal NH. Liver cirrhosis. Lancet 2008; 371: 838–51
Rahman S, Mallett SV. Cirrhotic cardiomyopathy: Implications for the perioperative management of liver transplant patients. World J Hepatol 2015;
7: 507–20
Triantos C, Kalafateli M. Endoscopic treatment of esophageal varices
in patients with liver cirrhosis. World J Gastroenterol 2014; 20:
13015–26
Velez JC, Nietert PJ. Therapeutic response to vasoconstrictors in hepatorenal
syndrome parallels increase in mean arterial pressure: a pooled analysis
of clinical trials. Am J Kidney Dis 2011; 58: 928–38
Wolfgram DF, Szabo A, Murray AM, Whittle J. Risk of dementia in peritoneal dialysis patients compared with hemodialysis patients. Perit Dial
Int 2015; 35: 189–98

1483

CHAPTER 86

Anaesthesia in the elderly
Bernadette Veering and Chris Dodds
Age only matters when one is ageing, now I have arrived at a
great age I might as well be 20.
Pablo Picasso 1881–1973

Introduction
It is interesting to remember that only a few decades ago, providing surgery and anaesthesia to patients more than 65 years of age
was limited to surgery of minor or intermediate complexity. Now,
for most clinical anaesthetists, the majority of their practice will
be in providing safe anaesthesia for patients over the age of 65 and
often well over 90 undergoing complex major surgery. Our understanding of the specific needs and challenges of this age group has
improved but the incidence of some of the major complications has
remained identical for the last 60–70 years.
This chapter covers the demographic challenges we face, specific
aspects of assessing the elderly patient for anaesthesia, the basic
anatomical and physiological changes that occur with ageing, the
additional effects of chronic diseases, and the legacy of a lifetime
of individual ailments and injuries that, all together, lead to the
truly individual nature of an elderly patient. The impact that these
changes have on the pharmacology of anaesthetic drugs as viewed
both from the perspective of pharmacokinetics (drug disposition)
and pharmacodynamics (the relationship between drug concentration and drug effect) are further elucidated The anaesthetic
management, both for general and regional anaesthesia, and the
associated outcomes is described. Finally, the cognitive dysfunction
that occurs much more commonly in the elderly and the ethical
issues of providing care are reviewed.

Demography
Demography is a statistical description of the way a population
changes over time. The major influences on population change
are those related to births, deaths, ageing, and migration. A stable
population is one where the balance between the sex and age distribution of that population remains steady; it does not mean that the
total number in that group are static.
The data used to estimate population numbers may be acquired
from national registers, of births and deaths, for instance, or by
intermittent census. A census process is very costly in both funding
and personnel time and so is often only performed at regular but
widely spaced intervals; the United Kingdom census is taken every
10 years, for instance. The number of people in a population at any
given time is a balance between those born and those who migrate
into the population against those who die and those who emigrate.
Within a population, there are divisions into subgroups related to
age, gender, or socioeconomic status.

One of the most useful descriptions of a population is through
the generation of a ‘population pyramid’. These graphically display
age on the x-axis and numerical size on the y-axis with male groups
lying to the left of midline and female groups to the right. An ideal
pyramid has low birth and death rates but a high population capable of working. The majority of countries now have ‘top-heavy’
pyramids with a bulge of elderly people and few ‘workers’.
The key to a financially robust population is related to the
replacement ratio and the dependency ratio. The first is the number
of children born to each female. This varies but is very close to 2.3
live births/female. The ratio across the majority of the world is less,
often as low as 1.8 live births/female. The impact of this is that there
are not enough people entering paid employment and therefore not
enough state income generated to provide for the state’s dependent population. The dependency ratio is the number of people who
are too young and those too old to work compared with those old
enough to be in paid employment. A variant of this, the inverse
dependency ratio, describes how many people have to be in work
to provide for one dependent person. While those too young will
mature into independency, the elderly will increase in dependency
as they age. This has clear challenges for any nation trying to deliver
a state-supported social programme, including a health service.
Having identified that the state is increasingly unlikely to be able
to pay for all the needs of an ageing population, it is imperative
that any medical procedure does not increase dependency. This
requires meticulous preoperative assessment and preparation for
anaesthesia and surgery based on understanding the changes that
accompany ageing. These include the organ systems, the impact
these changes have on drug handling, and outcome.

Ageing
There is no clear definition of ageing but it is usually agreed to start
after sexual maturity and includes intracellular changes that progressively affect cells, organ systems, and finally the whole organism. It may be seen as a collection of changes that increase the
likelihood that the organism will die. Chronological age is a poor
guide to outcome and biological age has been seen as an attractive
alternative. The suggestion that there is also a clinical age has yet
to gain wide acceptance. Specific changes occur in the major organ
systems.

Central nervous system
Ageing decreases brain size because of a general reduction in neurone density in grey matter, with a loss of 30% of brain mass by
the age of 80. In addition, the density of dendritic spines and the
number of functional synapses decrease (Sullivan et al. 2004). The
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reduction in neuronal density is accompanied by a decline in cerebral blood flow and in cerebral oxygen consumption. The diameter
of the myelinated fibres in the dorsal and ventral roots becomes
smaller and the number of these fibres decreases with age. The connective tissue sheaths covering the nerve tissues become weakened,
allowing local anaesthetics to penetrate the sheaths more rapidly.
There is a steady loss of peripheral nerve fibres with a slowing of
the conduction velocity, especially in motor nerves (Dorfman and
Bosley 1979). These changes may all lead to functional decline.
Functional magnetic resonance imaging studies have provided
clear evidence of age differences in task-related brain activity in
relation to the anatomical and functional decline. Consequently,
the brain mechanisms that might underlie age differences in cognitive performance might be elucidated (Grady 2012). A variety of
changes occur in neurotransmitter function with ageing (Dickstein
et al. 2007). The number of dopamine, acetylcholine, and serotonin
receptors, their binding sites, and concentrations decrease with age
even in the absence of dementia.
The age-related decline in neurone quantity, quality, or both, and
depletion of brain neurotransmitters, impaired glucose metabolism, and hormonal changes, particularly in the sex and growth
hormones, may all be associated with changes in response to a
variety of drugs. In addition, drugs may have greater penetrance
into the elderly central nervous system (CNS), accounting for the
altered pharmacodynamic response to drugs. These changes in the
CNS are important, as it is the site of action for most anaesthetic
drugs and adjuvants.

Autonomic nervous system
Normal ageing is associated with a progressive impairment of autonomic homeostasis. Elderly people respond to stresses of different
degrees and types with a larger increase in noradrenaline (norepinephrine) concentrations. In addition, the β-receptor affinity for
adrenergic agonists and antagonists appears to be blunted (Rooke
2000). The changes in autonomic function have been referred to
as physiological β-blockade. Baroreceptor sensitivity declines progressively with age resulting in reduced compensatory blood pressure and heart rate responses when the carotid blood pressure alters
(Ebert et al. 1992). This is as a result of an impaired parasympathetic
component of the arterial baroreflex with advancing age, while the
sympathetic component can be well maintained in healthy older
individuals. Advancing age predisposes a patient to perioperative
hypothermia because of a decline in thermoregulatory response
(Frank 2007). Differences in sympathetic haemodynamic responses
to noxious stimuli may contribute to the variability in the response
to drugs between younger and older patients. The processes of the
autonomic nervous system involved in the maintenance of homeostasis become less effective with increasing age enhancing hypotension during anaesthesia. The chronotropic response of the heart to
atropine, which is frequently used in the reversal of neuromuscular
block, is diminished in the elderly.

The cardiovascular system
With ageing, anatomical and physiological changes occur in the
cardiovascular system. The hallmark of vascular ageing is stiffening caused by a loss of elasticity. As a result, advancing age is
associated with an increased systolic blood pressure, widening of
pulse pressure, and a generalized hypertrophy of the left ventricular wall (Lakatta 1993). The age-related increase in stiffness of the

left ventricle causes cardiac function to be more dependent on ventricular filling. This compensatory increase in end-diastolic volume
is associated with an increase in end-diastolic pressure in comparison to younger subjects. The elderly are unable to respond to stress
by significantly increasing their left ventricular ejection fraction.
During stress, the elderly increase their cardiac output by raising
their left ventricular end-diastolic volume and consequently their
stroke volume increases. On the other hand, during stress healthy
younger individuals increase their ejection fraction by 10–25%
compared with resting values by increased adrenergic stimulation
(increased heart rate and contractility) (Barodka 2011). Cardiac
reserve decreases with age and is further influenced by concomitant cardiac diseases. Increased vagal tone and a decreased sensibility of adrenergic receptors lead to a reduction in the heart rate
response. Thus with advancing age, cardiac dilation is a compensatory response, offsetting diminished contractility and heart rate.

The respiratory system
The alveolar–
arterial oxygen gradient increases with age.
Decreased elastic recoil of the lungs and loss of alveolar surface
area lead to increased closing volume, increased air trapping, and
ventilation/perfusion mismatching. This leads to an increased
physiological shunting and a gradual decline in arterial Po2 as is
shown in Figure 86.1 (Sprung et al. 2006). Consequently, increasing the fraction of inspired oxygen to maintain an adequate arterial Po2 under anaesthesia is recommended (Gunnarson et al.
1991). Vital capacity and forced expiratory volume in 1 s decline
gradually with age. On the other hand, residual volume, functional residual capacity, and closing volume increase with age,
whereby the total lung capacity remains the same (Wahba 1983).
In addition, elderly people show a marked reduction in the ventilatory response to imposed hypercapnia and hypoxia. Ageing is
also associated with an impairment of laryngeal reflexes making
the elderly patients more vulnerable to silent aspiration.

Hepatic system
By the age of 80, there is a decrease in hepatic size along with a
proportional reduction in blood flow by at least 30% (Wynne et al.
1989). Age-associated changes in the hepatic system will contribute
to alterations in drug metabolism (Wilkinson 2005). The hepatic
clearance in elderly people is reduced both for high-extraction
(flow-limited) and low-extraction (capacity-limited) drugs. For
high-extraction (flow-limited) drugs there is almost a linear correlation with the age-related reduction in hepatic blood flow, which
may also be the explanation for the reduction in hepatic clearance. Reduction in hepatic mass with age might be associated with
a decrease in clearance of drugs with low intrinsic clearance as a
result of fewer functioning cells. In addition, there is some evidence
that the activity of phase I reactions (oxidation, reduction, hydrolysis) is probably decreased with advancing age (Wilkinson 2005).

Kidney
The biological ageing process includes progressive deterioration of renal structure and function. During ageing, a progressive decrease in the number and surface area of glomeruli and
length and volume of the proximal tubules occurs together with an
increased incidence and severity of glomerular sclerosis (Epstein
1996). There is a decrease in renal blood flow, starting around the
age of 40 years resulting in an approximately 50% loss at the age
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Figure 86.1 Relationship between Pa O2 and age in the awake state (F IO2 = 0.21)
and during anaesthesia (F IO2 = 0.40). Correlations: awake: r = −0.44, P < 0.01;
anaesthesia: r = −0.50, P < 0.001.
Reproduced with permission from Gunnarson, L., Tokics, L., Gustavsson, H., et al. Influence of
age on atelectasis formation and gas exchange impairment during general anaesthesia. British
Journal of Anaesthesia, 1991, Volume 66, Issue 6, pp. 423–32, by permission of the Board of
Management and Trustees of the British Journal of Anaesthesia.

of 80. Despite the decrease in glomerular filtration rate with age,
there is no increase in serum creatinine because of a decrease in
muscle mass and creatinine production. The ability to concentrate
urine is decreased and the ageing kidney is less responsive to vasopressin (Faul et al. 1993). Hydrophilic drugs are predominantly
eliminated by the kidney. The elimination of these drugs and their
metabolites is slower in older than in younger patients resulting in
prolonged elimination half-lives and longer duration of actions.
Consequently, the administration of drugs in the perioperative
period may be affected.

Body composition, pharmacokinetics,
and pharmacodynamics
Clinical observations frequently suggest that older patients exhibit
enhanced sensitivity to a variety of agents and often require smaller
doses of drug to produce a given effect as compared with younger
patients. Those altered dose requirements of anaesthetic agents are
based either on pharmacokinetic or pharmacodynamic changes,
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or both (Sadean and Glass 2003; Vuyk 2003). Pharmacokinetic
changes may cause modifications in the drug concentration available at receptor sites in the elderly with consequent alterations in
the effect of a specific drug. The total body composition changes
gradually as individuals age (Fulop et al. 1985). The intracellular
water content declines as people age which may lead to a decrease
in the total body water. Consequently the adipose tissue will relatively increase somewhat more in women than in men. Disposition
(distribution and elimination) may be altered by these changes in
body composition. In the case of hydrophilic drugs such as morphine, a reduction in the apparent distribution volume may be
anticipated with higher corresponding plasma concentrations. On
the other hand, the distribution volumes of lipophilic drugs would
be expected to increase with lower corresponding plasma concentrations and increases in the corresponding elimination half-lives.
The major plasma binding proteins for most anaesthetic drugs are
albumin and α1-acid glycoprotein (AAG). Albumin binds mainly
acidic drugs, for instance, propofol and benzodiazepines, while
AAG binds mainly basic drugs such as opioids and local anaesthetic agents. The concentration of serum albumin has been found
to decrease whereas the concentration of AAG appeared to be unaltered with age (Veering et al. 1990).
Pharmacodynamic changes reflect differences in the intrinsic sensitivity to a given drug concentration, independently from
changes in the pharmacokinetics. The changes in responsiveness
may result from changes in the number of receptors, their affinity
for the drug, or alterations of their characteristics. Receptors are in
a dynamic state, under the influence of physiological and pathological factors mediated by hormones, neurotransmitters, and intracellular messengers (Vuyk 2003).
So far, hardly any study has observed the effect of age on the
pharmacodynamics of intravenous anaesthetic agents. Clinically
it is obvious that geriatric patients need less anaesthetic agent as
compared with the dose requirement of younger patients. The
degree of change may differ from one drug to another. PK/PD
(pharmacokinetic/pharmacodynamic) modelling is a technique
which integrates a pharmacokinetic and a pharmacodynamic
model into one set of mathematical expressions. Such a model can
describe the effect–time courses resulting from a drug dose and will
predict more precisely the dose regimen of anaesthetic agents for
elderly surgical patients. Recent advances in PK/PD models include
using age as a covariate, making it possible to predict more adequately an optimal individual dose requirement of specific drugs
(Kruijt et al. 2011).

Changes in anaesthetic
and analgesic requirements
Table 86.1 summarizes how the physiological changes with increasing age affect the pharmacokinetics and pharmacodynamics of
commonly used anaesthetic and analgesic drugs (White et al. 2012).
The anatomical changes of the CNS and the depletion of neurotransmitters associated with ageing may have important implications for drug responses.

Inhalation agents
Elderly patients exhibit an increased responsiveness to inhalation
agents. The minimum alveolar concentration (MAC) of inhalation
agents gradually decreases with age and can be as much as 30%
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Table 86.1 Age-related changes in organ system function and effect on pharmacokinetic (PK) and pharmacodynamic (PD) changes in the elderly
and implications for anaesthetic management
PK and PD changes

Organ system changes

Implications for anaesthetic dosing

Effect on anaesthetic medications

Drug absorption

↑ gastric emptying time

Minimal as most anaesthetic drugs
are given IV

None for anaesthetic drugs administered via the
parenteral route

Medications given via the oral route
may be poorly absorbed

↓ absorption of oral digoxin or analgesic medications

Body composition changes: ↓ total
body water

↑ peak drug concentrations after IV
bolus doses

↑ initial blood concentration → ↑ potency of
hydrophilic drugs after a standard IV bolus dose
(e.g. propofol, opioids, midazolam)

↑ body fat

↑ volume of distribution → prolonged Prolonged duration (↑ half-life) for lipophilic drugs
effect for lipophilic drugs
(e.g. benzodiazepines, inhaled anaesthetic agents
especially isoflurane)

↓ cardiac output

↑ circulation time

↑ time to onset of hypnosis during induction of
anaesthesia

Plasma protein binding

↓ plasma proteins

↓ binding of anaesthetic medications
by proteins (e.g. albumin) → ↑ free
(active) drug

↑ free-drug concentrations of highly protein bound
drugs (e.g. propofol) → ↑ potency after a standard IV
bolus dose

Drug metabolism

↓ liver function secondary to ↓ hepatic
blood flow

↓ clearance of many anaesthetic
medications

↑ duration of anaesthetic drugs ‘cleared’ as they pass
through the liver (e.g. opioids, lidocaine, ketamine)

↓ in intestinal motility
↓ gastric acid production
↓ intestinal blood flow
↓ absorption capacity
Drug distribution

↓ Phase 1 metabolism (e.g. drug
oxidation, reduction, and hydrolysis)

Slightly ↑ duration of anaesthetic drugs metabolized
by the liver (i.e. diazepam, lidocaine)

Drug elimination

↓ renal blood flow → ↓ GFR ↓ renal
function

↓ clearance of drugs eliminated by
the kidney

↑ duration of anaesthetic drugs primarily eliminated
by the kidney (i.e. NMBAs, opioids)

CNS drug sensitivity

Cerebral atrophy → ↓ white matter and
neurones in the brain

↑ sensitivity to anaesthetic drugs

↑ sensitivity to propofol → ↓ dose by 40% to 50% in
patients ≥65 years

↓ receptor sites (e.g. GABA, NMDA, β
adrenergic, muscarinic)

Anaesthetic agents exert their
effects at lower blood and effect-site
concentrations

↑ sensitivity to sedatives and opioids, especially
remifentanil
↓ MAC for inhalational anaesthetic agents

↓ neurones in the spinal cord and
deterioration in myelin sheaths of nerves
Progressive closure of the intervertebral
foramina ↓ volume of CSF

↑ sensitivity to local anaesthetics
↓ area of the epidural space

↑ spread of local anaesthetic and ↑ levels of analgesia
after spinal or epidural block → ↓ dose

GFR = glomerular filtration rate; MAC = minimal alveolar concentration; CSF = cerebral spinal fluid; CNS = central nervous system; GABA = gamma-aminobutyric acid;
NMDA = N-methyl-D-aspartate; NMBAs = neuromuscular blocking agents.
Reproduced with permission from White, P.F., White, L.M., Monk, T, et al. Perioperative care for the older outpatient undergoing ambulatory surgery. Anesthesia and Analgesia, Volume 114,
pp. 1190–215, Copyright © 2012 International Anesthesia Research Society.

lower by the age of 80 (Fig. 86.2) (Mapleson 1996). In general, the
MAC of all inhalation agents decreases approximately 6% per decade of age over 40 years. For example, the MAC for sevoflurane
is 2.3% in children of 1 year of age vs 0.9% in patients of 80 years
(Nakajima et al. 1993).

Induction agents
Elderly patients exhibit a greater dose–responsiveness to induction agents, which is mainly as a result of changes in the pharmacokinetics. The induction dose of thiopental decreases linearly
with age (Stanski and Maitre 1990). For thiopental, etomidate, and

propofol, a decline in the initial volume of distribution appears to be
the most important change (Arden et al. 1986; Stanski and Maitre
1990; Schnider et al. 1999). The EC50 for EEG changes for etomidate
and thiopental is the same in younger and older patients, indicating that pharmacodynamic mechanisms play no role in the greater
sensitivity.
Elderly patients are more sensitive to the hypnotic effects of
propofol than are younger people (Schnider et al. 1999). The onset
of the hypnotic effect may be slower as a result of slower blood–
brain circulation times in the elderly. The decrease in blood pressure is more profound after any given dose of propofol and will be
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MAC
Age

Des
20

7.4

30

7.0

40
50
60
70
80
90
100

6.6

2.2

2.0

6.2
5.8

Iso

1.3

1.2

1.1
1.6
1.0

4.6
4.2

1.4

1.8

5.4
5.0

Sev

1.4
0.9
1.2
0.8

Figure 86.2 Normogram for minimum alveolar concentration (MAC) as a
function of age. The MACs for desflurane (Des), sevoflurane (Sev), and isoflurane
(Iso) can be determined by placing a ruler on the dot at left and drawing a line
through the age of the patient. Where the line crosses the respective MAC
normogram line yields the MAC value for that age. The dotted line shows an
example for MAC in a 75-year-old patient.
Reproduced with permission from Rivera, R., Antognini, J.F. Perioperative drug therapy in
elderly patients. Anesthesiology, Volume 110, Issue 5, pp. 1176–81, Copyright © 2009 American
Society of Anesthesiology.

reached later in the elderly. A decline in the initial volume of distribution and metabolic clearance appears to be the most important change, leading to higher concentrations in older patients. The
dose to achieve a certain effect is decreased by 30–50% in the elderly. Older patients wake up at lower concentrations. So changes in
the propofol dose vs effect relationship appear to be as a result of
age-related changes in pharmacokinetics rather than changes in the
pharmacodynamics in the elderly patients. Caution is warranted
when propofol is infused for sedation during spinal anaesthesia.
Elderly patients wake up later compared with younger patients and
for that reason the elderly should be observed for a longer period
after termination of sedation with propofol (Shinozaki et al. 2002).

Opioids
Elderly patients seem to be more sensitive to opioids and require
lower doses. This is explained either by pharmacokinetic or
pharmacodynamic changes or by both. The pharmacokinetics of
fentanyl and alfentanil were unaffected by age (Scott and Stanski
1987). However, the dose of fentanyl and alfentanil required to
achieve a given level of depression of the EEG decreased by 50%
from the age of 20 to 89 years. The increased sensitivity may be
caused by functional changes of the opioid receptor, by a decline
of the quantity of receptors, or ageing-related changes in opioid
receptor binding in the CNS. Increased penetration of opioids in
the CNS may play a role as well. There are very few studies that
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investigate the effect of age on the dose-response relationship of
sufentanil (Matteo et al. 1990). The pharmacokinetics of sufentanil
are unchanged in the elderly compared with younger patients and
the reduction in dose requirements in elderly patients is probably
as a result of a pharmacodynamic mechanism. Age affects both
the pharmacokinetics and pharmacodynamics of remifentanil.
The central volume and clearance of remifentanil decreased in
elderly patients, resulting in higher plasma concentrations (Minto
et al. 1997). In addition, the brain sensitivity is increased, with the
EC50 for EEG suppression markedly decreased in the elderly. This
important study provided information on the dosing of remifentanil in the elderly. It appeared that the bolus dose should be halved
and infusion rates decreased to one-third in the elderly to achieve
the same effect (Minto et al. 1997). Even though there is marked
interindividual variability among the elderly in general, the emergence from anaesthesia with remifentanil will be slower in older
than younger patients.
Older patients may be more sensitive to the effects of morphine.
This is probably as a result of higher peak plasma concentrations,
which is caused by reduced distribution volumes and by decreased
clearance of active metabolites of morphine (Owen et al. 1983).
Morphine is metabolized to morphine-6-glucoronide (M6G) and
morphine-3-glucoronide (M3G), whose elimination is significantly
reduced with renal failure (Smith 2011). M6G has analgesic properties and M3G is associated with neuroexcitatory phenomena. M6G
may accumulate because of the age-related reduction in renal function or relative dehydration. It is recommended to lower the initial
dose by 50% when starting therapy. Increases in dose escalation
should not exceed 33–50%.

Neuromuscular blocking drugs
The initial dose of non-depolarizing neuromuscular blocking
drugs is unaltered in elderly patients compared with younger ones.
However, the onset time in elderly patients is increased irrespective
of the study drug (Cope and Hunter 2003). The pharmacokinetics of
several non-depolarizing neuromuscular blocking agents changes
with increasing age. The duration of action may be extended as the
clearance of these agents is decreased while the elimination half-life
is increased in the elderly. The pharmacodynamics of neuromuscular blocking agents are unaltered by age. Again, the altered features
of the neuromuscular blocking agents in the elderly are primarily as
a result of changes in pharmacokinetics.
Sugammadex has been introduced recently to reverse profound
neuromuscular block after the administration of vecuronium or
rocuronium. The dose to facilitate rapid reversal from moderate
neuromuscular block induced by rocuronium was the same in
younger and older patients (McDonagh et al. 2011).

Benzodiazepines
Elderly patients exhibit a greater dose–drug response to benzodiazepines. The duration of the effects of benzodiazepines such as sedation, amnesia, and respiratory depression can be very prolonged
in the elderly. The increased sensitivity to midazolam in elderly
patients appears to be related to pharmacodynamic changes rather
than to altered pharmacokinetics (Jacobs et al. 1995). The greater
sensitivity to benzodiazepines in the elderly is probably based on
increased receptor-binding affinity, impaired homeostatic mechanisms, and higher sensitivity of the aged CNS.
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Conclusion: intravenous agents in the elderly
Physiological and pharmacological changes must be taken into
account when anaesthetizing elderly patients. Based on the information from the few pharmacokinetic studies in older individuals,
highly lipophilic drugs appear to show a trend towards a reduced
initial volume of distribution and a slower clearance rate. Smaller
induction doses should be administered much more slowly to
reduce their anticipated profound haemodynamic effects. In addition, smaller or less frequent maintenance doses and slower infusion rates should be administered to avoid an increase in the plasma
concentration of the various drugs. In general, drug doses should
be decreased by 30–50% in the elderly. One should realize that
increasing age is associated with large inter-individual variability in
dose requirements. As such, it is important to titrate a dose against
the desired clinical effect in an older patient. The suggested intravenous drug doses for elderly patients are summarized in Table 86.2
(Rivera and Antognini 2009).

Regional anaesthesia
Neuraxial techniques and peripheral nerve blocks are routinely performed in elderly patients. During thoracic, abdominal, pelvic, and

Table 86.2 Intravenous drug doses
Drugs

Young patient

Elderly patient

Midazolam

0.05 mg/kg

0.02 mg/kg

Propofol: bolus

2–2.5 mg/kg

1–2 mg/kg

Propofol: maintenance

100–200 μg/kg/min

50–100 μg/kg/min

Ketamine

0.5–2 mg/kg

0.3–1.5 mg/kg

Etomidate

0.2–0.3 mg/kg

0.1–0.2 mg/kg

Thiopental

3–5 mg/kg

1.5–3 mg/kg

Fentanyl

1–2 μg/kg

0.5–1 μg/kg

Morphine

0.03–0.06 mg/kg

0.02–0.03 mg/kg

Sufentanil

0.5–10 μg/kg

0.25–5 μg/kg

Remifentanil: bolus

0.1 μg/kg

0.05 μg/kg

Remifentanil: maintenance

0.5–2 μg/kg/min

0.3–1.5 μg/kg/min

Sedative hypnotics

Opioids

Neuromuscular blocking drugs
Suxamethonium

0.5–1.0 mg/kg

0.5–1.0 mg/kg

Rocuronium

0.1–0.6 mg/kg

0.05–0.4 mg/kg

Vecuronium

0.02–0.06 mg/kg

0.01–0.04 mg/kg

Pancuronium

0.02–0.1 mg/kg

0.01–0.05 mg/kg

Cisatracurium

0.05–0.2 mg/kg

0.05–0.2 mg/kg

Atracurium

0.2–0.5 mg/kg

0.2–0.5 mg/kg

Doxacurium

0.01–0.03 mg/kg

0.005–0.03 mg/kg

Reproduced with permission from Rivera, R., Antognini, J.F. Perioperative drug therapy in
elderly patients. Anesthesiology, Volume 110, pp. 1176–81, Copyright © 2009 American
Society of Anesthesiology.

lower extremity surgery, epidural anaesthesia is regularly added to
‘light’ general anaesthesia in elderly surgical patients.
Spinal anaesthesia is especially indicated in orthopaedic surgery,
peripheral vascular surgery of the lower extremities, genitourological surgery, gynaecological procedures and inguinal surgery. Elderly
patients appear to be more sensitive to the blocking action of local
anaesthetic agents. Age-related changes in the CNS and peripheral
nervous system (PNS) as described previously will all contribute to
altered nerve block characteristics (dose–response relationship).
With epidural anaesthesia, higher levels of block should be anticipated both after lumbar and thoracic administration of a fixed dose
of a local anaesthetic solution (Veering et al. 1987; Hirabayashi and
Shimuzi 1993; Simon et al. 2002, 2004). With advancing age, anatomical and physiological changes occur in the epidural space. The
epidural compliance increases, whereas its resistance decreases. In
addition, the residual epidural pressure increases. In younger people, the areolar tissue around the intervertebral foramina is soft and
loose, whereas in the elderly, this areolar tissue becomes dense and
firm. This leads to the progressive sclerotic closure of intervertebral foramina. All these factors together with the described changes
in the CNS and PNS will contribute to increases in longitudinal
spread of analgesia with advancing age (Tsui et al. 2004).
As the responsiveness to β-adrenergic agonists is reduced with
ageing, a small dose of adrenaline (epinephrine) added to a local
anaesthetic solution does not appear to be a reliable detector of
unintentional intravascular injection (Guinard et al. 1995).
The baricity of the anaesthetic solution is the main factor influencing the clinical features of spinal anaesthesia. With isobaric
solutions the level of analgesia is unaltered in older compared with
younger patients. On the other hand, with a hyperbaric solution, a
faster onset and a higher level of analgesia are demonstrated with
increasing age. The duration of both sensory and motor block is
prolonged in the elderly irrespective of the baricity of the solution
(Tsui et al. 2004; Veering 2012).
Peripheral nerve blocks are used in elderly patients especially as a
supplementary analgesic technique for upper limb trauma, hip, and
knee surgery. Atrophy of peripheral nerves together with a decrease
in conduction velocity, in particular of motor nerves, and deterioration of myelin sheaths may result in an altered quality of the nerve
block. Studies of the effect of age on the clinical course of peripheral
nerve blocks are very limited at present. The duration of complete
motor and sensory block appeared to be prolonged with age after
brachial plexus block with ropivacaine (Paqueron et al. 2002) as well
as after sciatic nerve block with mepivacaine (Hanks et al. 2006).
Regional anaesthesia may cause some problems in elderly
patients. The techniques of spinal and epidural anaesthesia are
made more difficult, so there is always a chance of a technical failure. This is often as a result of the changes in anatomical configuration of the lumbar and thoracic spine. Elderly individuals often
have a dorsal kyphosis and an increased inability to flex the hips
and knees because of osteoarthritic changes and chondrocalcinosis. Moreover, the intervertebral foramina are narrowed by sclerotic
changes and calcification in elderly patients. Also the ligamentum
flavum probably changes into a form that is easily ossified. As a
consequence, it can be very difficult to place and advance the epidural or spinal needle.
In elderly patients, hypotension and bradycardia are the most
frequent side-effects of central neural blockade. Hypotension is
common with high levels of epidural and spinal anaesthesia as a
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of local anaesthetics after epidural and subarachnoid administration appears to be biphasic (Veering et al. 1990; Simon et al. 2004,
2006; Tsui et al. 2004). After epidural administration, the systemic
absorption was unchanged with advancing age. Therefore the
observed age-related changes in the nerve block characteristics
with epidural anaesthesia are probably connected to changes in the
pharmacodynamics or local distribution, or both, rather than alterations in the pharmacokinetics (i.e. the rate of systemic absorption
of local anaesthetic agents).
A population PK/PD model capable of linking the kinetic data to
the analgesic effects of local anaesthetics (i.e. sensory neural blockade) has been developed (Olofsen et al. 2008). By fine tuning this
model it may be feasible to identify factors that influence the time
course of epidural anaesthesia and to develop and investigate new
local anaesthetic agents for epidural use.
Intrathecal and epidural opioids are administered to surgical patients to provide prolonged postoperative analgesia. Elderly
people may be more sensitive to opioids (see previous discussion)
and as such have a greater probability of respiratory depression.
A reduction in the requirements of epidural morphine in older
patients has been reported and is thought to be related to higher
cerebrospinal fluid concentrations (Ready et al. 1987). As the
elderly are more sensitive to benzodiazepines, caution should be
used when they are given as premedication and concomitantly in
elderly patients receiving spinal opioids.

Regional vs general anaesthesia
in the elderly
Increasing numbers of elderly patients will undergo major complex surgery. The incidence of pre-existing disease is high in older
patients and as a consequence the elderly are at an increased risk
of developing perioperative complications with the potential for a
poorer postoperative outcome. Postoperative outcome is not only
determined by pre-existing co-morbidities but also by the severity of the surgery, the anaesthetic technique, and the quality of
perioperative care.
The decision whether to use regional or general anaesthesia in
elderly patients should be based on outcome data. Research in this
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result of blockade of the sympathetic nerve system (Fig. 86.3)
(Simon et al. 2002). Bradycardia may be partly caused by decreased
sensibility of adrenergic receptors and involvement of cardiac sympathetic fibres during high levels of analgesia (Veering and Cousins
2000). Intravenous administration of a colloid solution in combination with an α-agonist given in the first 5–10 min when the block is
developing appeared to be effective in counteracting the expected
decline in central venous pressure and systemic vascular resistance
(Critchley 1996). The incidence of hypotension is often greater in
older patients with hypertension and limited cardiac reserve when
compared with young healthy patients and may be harmful.
One method to try to limit these cardiovascular changes is the
use of incremental injections of local anaesthetic solutions by
means of a continuous spinal or epidural catheter technique or
combined spinal–epidural anaesthesia in order to control the level
of the block (Minville et al. 2006). Another method is to reduce
the dose with the aim to avoid a high sympathetic block. The interaction with local anaesthetic agents and opioids is synergistic for
both epidural and spinal anaesthesia. As a result, a lower dose of
either the local anaesthetic or the opioid will be effective when they
are combined and in addition the analgesia is preserved with fewer
adverse effects. This technique of reduced doses of both agents was
effectively illustrated in elderly patients scheduled for hip fracture
surgery (Ben-David et al. 2001; Olofsson et al. 2004). A combination of only 4 mg of bupivacaine with fentanyl (20 μg) or a dose of
7.5 mg of a hyperbaric bupivacaine solution in combination with
sufentanil resulted in an effective block without any cardiovascular
adverse event. Elderly patients who have central neural blockade
are especially at risk of hypothermia as a result of the vasodilation
produced by sympathetic block leading to an increased rate of heat
loss. It is important that the temperature should be monitored in
these patients (Sessler 2008).
The clearances of bupivacaine, ropivacaine, and lidocaine after
epidural administration decrease with age possibly resulting in
increased accumulation of these agents during continuous infusion
or after intermittent epidural injections (Veering et al. 1987; Simon
and Veering 2010). Reducing the dose will not influence the quality
of nerve block as elderly patients appeared to be more sensitive to
the blocking action of local anaesthetic agents. Systemic absorption
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Figure 86.3 Relationship between the max decrease of mean arterial pressure (MAP) and the height of anaesthesia as a function of age.
Reproduced with permission from Simon, M.J., Veering, B.T., Stienstra, R., van Kleef, J.W., Burm, A.G., The effects of age on neural blockade and hemodynamic changes after epidural anesthesia with
ropivacaine, Anesthesia and Analgesia, Volume 94, Issue 5, pp. 1325–30, Copyright © International Anesthesia Research Society 2002.
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area has focused on elderly patients with clinically significant co-
morbidities such as ischaemic heart disease, renal insufficiency,
chronic obstructive pulmonary disease, and diabetes and cognitive deficits undergoing peripheral vascular surgery of the lower
extremities or surgery for hip fracture repair. These surgical procedures are frequently performed in the elderly.
Cardiac and pulmonary complications remain the main causes of
perioperative morbidity associated with vascular and orthopaedic
procedures in the elderly population (Veering 2008). Discrepancies,
however, exist between the early studies that assessed the influence
of anaesthetic technique on perioperative outcome in this frail
population (Veering 2008). Some investigators found a reduction
in cardiac morbidity whereas others could not demonstrate any
beneficial effects of regional anaesthesia on postoperative outcome.
However, interpretation of these results is unclear because of a lack
of data from major studies and because most studies were insufficiently powered with a lack of standardization. The only conclusion at the moment is that, in this frail population, intraoperative
regional anaesthesia decreases the incidence of postoperative pulmonary complications (Ballantyne 2004).
More recently Neumann et al. (2012) demonstrated in a retrospective cohort study of 18 000 elderly patients having surgery for
repair of hip fracture that regional anaesthesia markedly decreased
the incidence of respiratory complications. The consensus until
now is that no single anaesthetic technique has been found to be
superior for older frail patients who are prone to develop postoperative complications. Optimal anaesthetic care for the frail elderly
patient involves not only tailor-made anaesthesia but also adequate
treatment of pre-existing medical problems. Factors other than the
choice of anaesthesia may be crucial for long-term survival (Norris
et al. 2001).
Once the options for managing an elderly surgical patient have
been reviewed, the next stage in the surgical pathway is a detailed
preoperative assessment and risk analysis for that individual
patient.

Preoperative assessment of the elderly
The basic principles for safe and effective pre-assessment are the
same as for any other patient but there are some areas that are more
important with advancing age.

Communication
The special senses of sight, hearing, touch, and balance all deteriorate with age. By the age of 70, blindness occurs in up to 30% of
patients and deafness in almost the same number. Many have both
problems. Even in the United Kingdom, up to 10% of the elderly
are illiterate and about 5% will have learning difficulties. It is clear
that seeking an accurate history and giving advice on which to base
informed consent is not an easy task. Reading a standard consent
form may prove impossible for a patient.
Local dialects will also influence interpretation as the meaning of
common words may vary markedly across quite small geographical
areas. This variation is more preserved in the less geographically
mobile elderly population.

Assessment of behavioural adaption
Once the level of communication is established an assessment
of the functional capability (see ‘Functional assessment’) of the

patient should be made. This differs from younger adults in that
chronic conditions such as arthritis may impose limits on exercise
that can mask deteriorating cardiovascular status. Activities of daily
living should be reviewed as these do give a reliable assessment of
preoperative status and may identify those who will need a high
level of support to maintain independent living at home.
Almost all chronic conditions have a strong behavioural or
adaptive component to them, and failing to seek this leads to
underestimation of the severity of that condition. The elderly are
very capable in managing their long-term conditions and adapting their lifestyle to minimize the impact that even severe chronic
illness has. Examples include fluid restriction before social events
or hospitalization, or limiting movement rather than increasing
analgesic medication and risking constipation. This adaption can
be maintained until almost all residual functional capacity has
been lost.

Specific aspects
Cognition
Important information may have to be garnered from relatives or
carers, but should include any previous episode of delirium possibly related to previous operations, chest infections, or other
physical stress. A cognitive review using a validated tool such as the
MMST (Mini-Mental State Evaluation) or the AMT (Abbreviated
Mental Test) should be performed and recorded in the case notes.
Any variation in cognition noted by the relatives that could be suggestive of an early dementing process should also be documented.
However, non-specialist clinical staff should not make a diagnosis
of dementia.

Frailty
Outcome from surgery is profoundly influenced by the physical condition of the patient (Clegg et al. 2013) and their ability to
mount an appropriate stress response to the operation. Recognition
that the ‘bedside’ appearance of frailty has major implications for
outcome is now widespread, despite variations of its precise definition (Makary et al. 2010; Kim et al. 2013; Velanovich et al. 2013).
The commonest descriptions include variations of the following:
◆

Unexplained weight loss of greater than 5 kg in 6 months

◆

Weak hand grip

◆

Slow ‘get up and go’

◆

Slow walking pace

◆

Reduced physical activity.

The causes of frailty and its treatment are still being investigated but
one contender is a form of immune senescence, possibly related to
increased interleukin 6 concentrations. Of the research interventions aimed at improving frailty, exercise appears to be the most
cost-effective (Thomas et al. 2010).

Depression
A large proportion of elderly surgical patients have clinical depression. This is an independent risk factor in poor postoperative outcome. It will only be recognized if actively sought, as the ‘quiet,
withdrawn’ depressive patient will appear to simply lack good
communication skills and possibly have loss of hearing. Seeking
specialist assessment through the psychiatric team at the earliest
opportunity is wise.
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Advanced directives
Across the world, the legally binding views of patients in regard to
their explicit and informed consent are now also being recorded
to ensure that their wishes are followed if they lose the competence to
express these opinions at a later stage of life. This may occur during
a major illness where direct communication may be lost, for example, while being artificially ventilated in a critical care unit.
Advocacy processes are often in place to ensure that as much
information on the wishes of the patient is gathered before major
decisions on their healthcare are made. It is imperative that every
attempt to communicate and get informed consent should be made
and recorded in the case notes. However, the imperative in emergency situations is to act to support the patient while simultaneous
attempts to identify their wishes are made.

Medication
The elderly are the greatest users of medication, and often take two
or more drugs as long-term therapy. The combination of adverse
side-effects and poor compliance often mean that a period of
supervised withdrawal of drug therapy may be necessary before
moving to elective surgery. Prescribed medication may form only
a small part of the range of over-the-counter and herbal remedies
being taken. It is not uncommon for important medication to be
missed ‘because it was upsetting them’ with clear risks to anaesthesia and surgery.

Risk assessment
The use of rating scales to estimate the risk of any procedure to
an individual patient is seldom precise. The commonest scale used
is the American Society of Anesthesiologists (ASA) scale and this
continues to be predictive of outcome in the elderly. Others have
been developed for surgical groups and even specific operative
procedures. These include the Possum (Copeland et al. 1991) and
P-Possum scales (Portsmouth modification of the original Possum
scale) (Prytherch et al. 1998) which use a combination of physiological variables and operative factors in estimating the outcome
for an individual. Surgical speciality-specific versions exist for vascular, orthopaedic, and colon cancer.
It is important to remember that these rating scales are much
better at the estimation of population outcomes (but even this is
subject to variation between populations rather than simply surgical units). Individual outcome prediction is still poor with large
variations between predicted and realized surgical outcome.

Functional assessment
For major surgery (and increasingly for intermediate level procedures) a global assessment of the patient’s ability to mount an
effective response to the surgical stress helps predict likely problems perioperatively. These assessments may include the patient’s
ability to perform normal activities and compare these to known
metabolic equivalent (MET) demands. This assessment of METs
has been used extensively and with reasonable reliability in
younger patients. A figure of less than 4 METs, about the same as
being able to climb two flights of stairs, is often used as a marker of
likely poor outcome. Unfortunately in the elderly, factors such as
arthritis may limit their performance and mask an underlying poor
functional state.
Cardiopulmonary exercise testing is widely used for major surgery as a comprehensive tool for assessing aerobic delivery. It is
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largely risk free and can be performed on most patients. Low values
for anaerobic thresholds are predictive of poor outcome.
Specific testing of organ systems such as for coronary arterial
disease may be indicated and for those with limited locomotive
ability; dobutamine stress echocardiography appears to hold the
most value.
Where functional limitations are identified there is a need to
reconsider both the surgical and the anaesthetic options. It may
also be possible to improve the patient’s functional reserve. This has
become more common in elective surgical cases.

Preoperative optimization
The initial descriptions of optimization were on acutely ill patients
scheduled for urgent surgery. They were admitted to critical care
facilities and intravenous fluids and inotropes were titrated to
improve oxygen delivery. Outcome was improved in these patients.
However, this is not a practical reality for many surgical units and
other techniques have been explored.
For elective procedures, exercise classes, dietary modification,
and careful reviewing of medication (including smoking and alcohol) have all improved outcome. They need time, often measured
in weeks, and this may not be appropriate in surgery for cancer for
instance.
One measure that can be used rapidly is to transfuse the patient
back to a ‘normal’ adult haemoglobin concentration. The use of
transfusion triggers has clear merit but increasing the haemoglobin
from 8 to 12g dl−1 reduces the cardiac output by 50% for the same
oxygen delivery. This may prove vital in the postoperative period
when catabolic stresses peak.

Postoperative challenges more common
in the elderly
Delirium/postoperative cognitive dysfunction
One of the most dangerous complications in the perioperative
period is that of changed cognitive state. This may be acute as delirium or more insidious and long-lasting as postoperative cognitive
dysfunction (POCD). These occur in patients of all age groups but
are far more commonly associated with the elderly.
Delirium may occur very rapidly after any medical event,
including chest infections at home. However, it is very common
after medical admission to hospital and especially after major surgery. It occurs in about 35% of postoperative elderly patients but
the range is from almost 0% in minor outpatient surgery such as
cataract surgery to more than 75% in open cardiac surgery. There
are assessment tools such as the Confusion Assessment Method
(Leslie et al. 2008) that are useful in clarifying the diagnosis. It
is related to frailty and has a poor prognostic value as the risk of
developing a dementia is two to three times greater over a 3-year
period.
It is usually defined into three broad groups;
◆

Withdrawal or intoxication

◆

Multiple aetiology

◆

As a result of a general medical condition.

The last of these is the most commonly seen but alcohol withdrawal
remains a possibility in all patients. The most commonly observed
presentation is of an acutely distressed patient but the withdrawn
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and unresponsive presentation is often missed. The major features
(described in the fifth edition of the Diagnostic and Statistical
Manual of Mental Disorders) include:
◆

◆

◆

◆

Disturbance of attention: reduced awareness of their environment with increased distractability including a reduced ability to
focus, maintain, or change attention
A change in cognition such as memory deficit or disorientation,
that is not explained by a pre-existing or evolving dementia
The disturbance develops quickly; usually within hours to days
and tends to fluctuate over time
There is often evidence from the history, physical examination, or
routine investigations indicating that the disturbance may be as a
result of medication, drug withdrawal, a general medical condition, or combinations of all of these.

From an anaesthetic perspective, emerging evidence suggests that a
simple checklist for use in the recovery area can improve both outcome and time in hospital by triggering referral to the multispecialist cognitive management team within the geriatric or psychiatric
departments (Dodds et al. 2013).
Specific precipitating factors include fluid imbalance, poor pain
control, the use of centrally active anticholinergic agents, and
hypoxia.
Treatment can be difficult (National Institute for Health and Care
Excellence 2012). Strategies to reduce agitation such as brightly lit
rooms, relatives or carers known to the patient being in attendance, visible clocks to aid time orientation, and frequent reassurance from the clinical staff are all effective to a degree but for some
patients, who are a risk to themselves or others, medication may be
needed. This appropriate medication should be administered under
the guidance of the multidisciplinary cognitive team. Acute management consists of haloperidol, although it is an off-licence use,
which should be used in an escalating dose and stopped as soon as
possible.
POCD has been identified as a complication of surgery and
anaesthesia since the 1950s. Unfortunately the incidence has not
changed since then despite the advances in monitoring, drugs,
and surgical techniques. The definition of POCD has yet to be
fully agreed unlike delirium but most describe changes in cognitive function including memory, planning, organization, attention,
and information processing. One of the more socially disruptive
but very common problems is disinhibition. These changes present
between 3 and 7 days after surgery, often after the patient has been
discharged home. They may last for a few months but in about half
of all cases they are permanent. Age is one of the most important
independent predictors and for major abdominal surgery the incidence of POCD is nearly 25% decreasing to 10% after 3 months
at age 65. At this point there is very little further recovery and the
deficit is permanent. Advanced age increases the incidence and by
75 years of age the early incidence is nearer to 40% and there is a
greater degree of residual dysfunction.
Many attempts to elucidate the cause have failed to find a single
major factor, such as hypoxia or hypotension, and many studies
were simply of too small a size to give meaningful results. However,
recent work suggests that an underlying inflammatory process may
be to blame, and acute stresses such as an episode of hypoxia may
then trigger the onset of POCD.

Many of the pro-inflammatory factors are raised and activation
of the astrocytic system would fit with this proposed model. Much
more research is needed before treatment options may be considered
but avoidance of known precipitating anaesthetic agents would be
wise. These include ketamine and nitrous oxide. The role of xenon
as a neuroprotective agent is still being explored. Certainly, at present, there is no firm evidence for choosing a regional anaesthetic
technique over general anaesthesia in order to prevent POCD.

Ethical issues
The care of the elderly is fraught with many ethical issues that are
similar to those in children and patients with learning difficulties.
The four principles that all clinical decisions have to adhere to are:
◆

Beneficence: the action to do good

◆

Non-maleficence: the action should do no harm

◆

◆

Autonomy: the action should respect the rights of the individual
patient
Justice: the action should consider the rights of an individual
against those of society.

This can be daunting when faced with complex elderly patients who
may have lost the capacity to make judgements on their own healthcare. It is important to get as complete a picture as possible before
deciding on treatment, and if there is an urgent need for intervention, the course that is least irreversible should be chosen. An example of this would be an elderly patient with a compromised limb
from poor circulation, who also has a severe infection in that limb.
The delirium triggered by the infection has rendered that patient
incompetent to make an informed decision themselves but, they
had stated before, that amputation of the compromised limb was not
acceptable to them. In this case, treating the infection with the aim
of also treating the delirium would be the wisest choice. It is doing
good and least harm to the patient and allowing them the chance to
regain their autonomy. In this case, there is no real dilemma with
‘justice’ as the treatment does not compromise other patients’ care.

Conclusion
As anaesthetists we are faced with an increasing number of elderly
surgical patients. It is a challenge to provide optimal perioperative
care. Elderly patients should be viewed from the perspective of
understanding the process of ageing, how it occurs, how it affects
specific organ systems, and how it may influence clinical care, when
a patient is subjected to operation. The whole operative process
should be reviewed, including the scope for preoperative optimization, choices of anaesthetic technique and agents, and likely postoperative complications. These should all be balanced within the
ethical framework defined by that patient’s express wishes. We must
remember that with ageing, pharmacokinetic or pharmacodynamic
changes, or both, occur that affect handling of intravenous, inhalation, and local anaesthetic agents. Consequently, elderly patients
may demonstrate increased sensitivity to anaesthetic agents. All
these changes with age should be viewed against the background
of the large variations among older individuals. Ageing is only
one of the many sources of variability in drug response. Besides
internal factors such as genetics and diseases, external factors such
as lifestyle variables (i.e. physical activity, smoking, alcohol use,
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nutritional intake, and education) may all contribute to the lowered
dosage requirements. The anaesthetist should titrate a dose until
the desired effect has been achieved in an older patient.

Declaration of interest
None declared.

References
American Psychiatric Association. Diagnostic and Statistical Manual of
mental Disorders, 5th Edn. Washington, DC: American Psychiatric
Association, 2013
Arden JR, Holley FO, Stanski DR. Increased sensitivity to etomidate in the
elderly: initial distribution versus altered brain response. Anesthesiology
1986; 65: 19–27
Ballantyne JC. Does epidural analgesia improve surgical outcome? Br J
Anaesth 2004; 92: 4–6
Barodka VM. Review article: implications of vascular ageing. Anesth Analg
2011; 112: 1048–60
Ben-David B, Frankel R, Arzumonov T, Marchevsky Y, Volpin G. Minidose
bupivacaine-fentanyl spinal anaesthesia for surgical repair of hip fracture in the aged. Anesthesiology 2000; 92: 6–10
Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in elderly people.
Lancet 2013; 381: 752–62
Cope TM, Hunter JM. Selecting neuromuscular-blocking drugs for elderly
patients. Drugs Ageing 2003; 20: 125–40
Copeland GP, Jones D, Walters M. POSSUM: a scoring system for surgical
audit. Br J Surg 1991; 78: 355–60
Critchley LAH. Hypotension, subarachnoid block and the elderly patient.
Anaesthesia 1996; 51: 1139–43
Dickstein DL, Kabaso D, Rocher AB, Luebke JI, Wearne SL, Hof PR.
Changes in the structural complexity of the aged brain. Aging Cell 2007;
6: 275–84
Dodds C, Foo I, Jones K, Singh SK, Waldmann C. Peri-operative care of
elderly patients –an urgent need for change: a consensus statement to
provide guidance for specialist and non-specialist anaesthetists. Perioper
Med 2013; 2: 1–6
Dorfman LJ, Bosley TM. Age-related changes in peripheral and central nerve
condition in man. Neurology 1979; 29: 38–44
Ebert TJ, Morgan BJ, Barney JA, Denahan T, Smith JJ. Effects of ageing on
baroreflex regulation of sympathetic activity in humans. Am J Physiol
1992; 263: H798–803
Epstein M. Ageing and the kidney. J Am Soc Nephrol 1996; 7: 1106–22
Faull CM, Holmes C, Baylis PH. Water balance in elderly people: is there a
deficiency of vasopressin? Age Ageing 1993; 22: 114–20
Frank SM. Body temperature management in the elderly surgical patient.
In: Sieber FE, ed. Geriatric Anaesthesia. New York: McGraw-Hill,
2007; 211–21
Fulop TJ, Worum J, Csongor J, et al. Body composition in elderly people.
Gerontology 1985; 31: 6–14
Grady C. The cognitive neuroscience of ageing. Nat Rev Neurosci 2012;
20: 491–505
Gunnarson L, Tokics L, Gustavsson H, et al. Influence of age on atelectasis
formation and gas exchange impairment during general anaesthesia. Br
J Anaesth 1991; 66: 423–32
Guinard JP, Mulroy MF, Carpenter RL. Ageing reduces the reliability of epidural epinephrine test doses. Reg Anesth 1995; 20: 193–8
Hanks RK, Pietrobon R, Steele SM. The effect of age on sciatic nerve block
duration. Anesth Analg 2006; 102: 588–92
Hirabayashi Y, Shimizu R. Effect of age on extradural dose requirement in
thoracic extradural anaesthesia. Br J Anaesth 1993; 71: 445–6
Jacobs JR, Reves JG, Marty J, White WD, Bai SA, Smith LR. Ageing increases
pharmacodynamic sensitivity to the hypnotic effects of midazolam.
Anesth Analg 1995; 80: 143–8

anaesthesia in the elderly

Kim H, Higgins PA, Canaday DH, Burant CJ, Hornick TR. Frailty assessment
in the geriatric outpatient clinic. Geriatr Gerontol Int 2014; 14: 78–83
Kruijt Spanjer MR, Bakker NA, Absolaom AR. Pharmacology in the elderly and
newer anaesthesia drugs. Best Pract Res Clin Anaesthesiol 2011; 25: 355–65
Lakatta EG. Cardiovascular regulatory mechanism in advanced age. Physiol
Rev 1993; 73: 413–67
Leslie A, Wei BA, Fearing MA, Sternberg EJ, Inouye SK. The confusion
assessment method: a systematic review of current usage. J Am Geriatr
Soc 2008; 56: 823–830
Makary MA, Segev DL, Pronovost PJ, et al. Frailty as a predictor of surgical
outcomes in older patients. J Am Coll Surg 2010; 210: 901–8
Mapleson WW. Effect of age on MAC in humans: a meta-analysis. Br J
Anaesth 1996; 76: 179–85
Matteo RS, Schwartz AE, Ornstein E, Young WL, Chang WJ. Pharmacokinetics
of sufentanil in the elderly surgical patient. Can J Anaesth 1990; 37:
852–6
McDonagh DL, Benedict PE, Kovac AL. Efficacy, safety, and pharmacokinetics of sugammadex for the reversal of rocuronium-induced neuromuscular blockade in elderly patients. Anesthesiolgy 2011; 114: 318–29
Minto CF, Schnider TW, Egan T, et al. The influence of age and gender
on the pharmacodynamics of remifentanil: I. Model development.
Anesthesiology 1997; 86: 10–23
Minto CF, Schnider TW, Shafer SI, et al. The influence of age and gender
on the pharmacodynamics of remifentanil: II. Model application.
Anesthesiology 1997; 86: 24–33
Minville V, Fourcade O, Grousset D, et al. Spinal anaesthesia using single
injection small-dose bupivacaine versus continuous catheter injection
techniques for surgical repair of hip fracture in elderly patients. Anesth
Analg 2006; 102: 1559–63
Nakajima R, Nakajima Y, Ikeda K. Minimum alveolar concentration of sevoflurane in elderly patients. Br J Anaesth 1993; 70: 273–5
Neuman MD, Silber JH, Elkassabany NM, Ludwig JM, Fleisher LA.
Comparative effectiveness of regional versus general anesthesia for hip
fracture surgery in adults. Anesthesiology 2012; 117: 72–92
National Institute for Health and Care Excellence. Guidance on the Treatment
of Delirium. 2012. Available from https://www.nice.org.uk/guidance/
cg103
Norris EJ, Beattie C, Perler BA. Double-masked randomized trial comparing
alternate combinations of intraoperative anaesthesia and postoperative
analgesia in abdominal aortic surgery. Anesthesiology 2001; 95: 1054–67
Olofsen E, Burm AGL, Simon M, Veering BT, van Kleef J, Dahan A.
Population pharmacokinetic-pharmacodynamic modeling of epidural
anesthesia. Anesthesiology 2008; 109: 664–74
Olofsson C, Nygards EB, Bjersten AB, Hessling A. Low-dose bupivacaine
with sufentanil prevents hypotension after spinal anaesthesia for hip
repair in elderly patients. Acta Anaesthesiol Scand 2004; 48: 1240–4
Owen JA, Sitar DS, Berger L. Age-related morphine kinetics. Clin Pharmacol
Ther 1983; 34: 364–8
Paqueron X, Boccara G, Bendahou M, Coriat P, Riou B. Brachial plexus nerve
block exhibits prolonged duration in the elderly. Anesthesiology 2002;
97: 1245–9
Prytherch DR, Whiteley MS, Higgins B, Weaver PC, Prout WG, Powell
SJ. POSSUM and Portsmouth POSSUM for predicting mortality.
Physiological and Operative Severity Score for the enUmeration of
Mortality and morbidity. Br J Surg 1998; 85: 1217–20
Ready LB, Chadwick HS, Ross B. Age predicts effective epidural morphine
dose after abdominal hysterectomy. Anesth Analg 1987; 66: 1215–8
Rivera R, Antognini JF. Perioperative drug therapy in elderly patients.
Anesthesiology 2009; 110: 1176–81
Rooke GA. Autonomic and cardiovascular function in the geriatric patient.
Anesthesiol Clin North America 2000; 18: 31–46
Sadean MR, Glass PS. Pharmacokinetics in the elderly. Best Pract Res Clin
Anesthesiol 2003; 17: 191–205
Schnider TW, Minto CF, Shafer SL. The influence of age on propofol pharmacodynamics. Anesthesiology 1999; 90: 1502–16

1493

1494

1494

PART 12

anaesthesia and concurrent disease

Scott JC, Stanski DR. Decreased fentanyl/alfentanil dose requirement with
increasing age. A pharmacodynamic basis. J Pharmacol Exp Ther 1987;
240: 159–66
Sessler DI. Temperature monitoring and perioperative thermoregulation.
Anesthesiology 2008; 109: 318–38
Shinozaki M, Usui Y, Yamaguchi S, Okuda Y, Kitayama T. Recovery of psychomotor function after propofol sedation is prolonged in the elderly.
Can J Anaesthesiol 2002; 49: 927–31
Simon MJ, Veering BT. Factors affecting the pharmacokinetics and neural
block characteristics after epidural administration of local anaesthetics.
Eur J Pain Suppl 2010; 4: 209–18
Simon MJG, Veering BT, Burm AGL, Stienstra R, Van Kleef JW. The effect of
age on the the systemic absorption and disposition of ropivacaine following epidural anaesthesia. Anesth Analg 2006; 101: 276–82
Simon MJ, Veering BT, Stienstra R, van Kleef JW, Burm AG. The effects of age
on neural blockade and hemodynamic changes after epidural anesthesia
with ropivacaine. Anesth Analg 2002; 94: 1325–30
Simon MJ, Veering BT, Stienstra R, van Kleef JW, Burm AG. Effect of age on
the clinical profile and systemic absorption and disposition of levobupivacaine after epidural administration. Br J Anaesth 2004; 93: 512–20
Smith HS. The metabolism of opioid agents and the clinical impact of their
active metabolites. Clin J Pain 2011; 27: 824–38
Sprung J, Gajic O, Warner DO. Review article: Age related alterations in respiratory function -anaesthetic considerations. Can J Anaesth 2006;
53: 1244–57
Stanski DR, Maitre PO. Population pharmacokinetics and pharmacodynamics
of thiopental: the effect of age revisited. Anesthesiology 1990; 72: 412–22
Sullivan EV, Rosenbloom M, Serventi KL, Pfefferbaum A. Effects of age and
sex on volumes of the thalamus, pons, and cortex. Neurobiol Ageing 2004;
25: 185–92
Thomas S, Mackintosh S, Halbert J. Does the ‘Otago exercise programme’
reduce mortality and falls in older adults?: a systematic review and meta-
analysis. Age Ageing 2010; 39: 681–7

Tsui BC, Wagner A, Finucane B. Regional anaesthesia in the elderly: a clinical
guide. Drugs Aging 2004; 21: 895–910
Veering BT. Are epidurals worthwhile in vascular surgery. Curr Opin
Anesthesiol 2008; 21: 616–8
Veering BT. Regional anaesthesia in the elderly. In McLeod GA, McCartney
CJL, Wildsmith JAW, eds. Principles and Practice of Regional Anaesthesia,
4th Edn. Oxford: Oxford University Press, 2012; 263–8
Veering BT, Burm AGL, Souverijn JHM, Serree JMP, Spierdijk J. The effect of
age on serum concentration of albumin and alpha-1-acid glycoprotein.
Br J Clin Pharmacol 1990; 29: 201–6
Veering BT, Burm AGL, Van Kleef JW,Hennis PJ, Spierdijk J. Epidural anaesthesia with bupivacaine: effects of age on neural blockade and pharmacokinetics. Anesth Analg 1987; 66: 589–94
Veering BT, Burm AGL, Vletter AA, van den Heuvel RPM, Onkenhout
W, Spierdijk J. The effect of age on the systemic absorption and systemic disposition of bupivacaine after epidural administration. Clin
Pharmacokinet 2004; 22: 75–84
Veering BT, Cousins MJ. Cardiovascular and pulmonary effects of epidural
anaesthesia. Anaesth Intensive Care 2000; 28: 620–35
Velanovich V, Antoine H, Swartz A, Peters D, Rubinfeld I. Accumulating
deficits model of frailty and postoperative mortality and morbidity: its
application to a national database. J Surg Res 2013; 183: 104–10
Vuyk J. Pharmacodynamics in the elderly. Best Pract Res Clin Anaesthesiol
2003; 17: 207–18
Wahba WM. Influence of ageing on lung function-clinical significance of
changes from age twenty. Anesth Analg 1983; 62: 764–76
White PF, White LM, Monk, T, et al. Perioperative care for the older outpatient undergoing ambulatory surgery Anesth Analg 2012; 114: 1190–215
Wilkinson GR. Drug metabolism and variability among patients in drug
response. N Engl J Med 2005; 352: 2211–21
Wynne HA, Cope LH, Mutch E, Rawlins MD, Woodhouse KW, James OFW.
The effect of age upon liver volume and apparent liver blood flow in
healthy man. Hepatology 1989; 9: 297–301

1495

CHAPTER 87

Anaesthesia for
the obese patient
Frédérique S. Servin and Valérie Billard
Introduction
Overweight and obesity are defined as abnormal or excessive fat
accumulation. They are associated with increased morbidity and
mortality and have specific implications for anaesthesia.
A crude measure of obesity is the body mass index (BMI), a
person’s weight (in kilograms) divided by the square of his or her
height (in metres). A person with a BMI of 30 kg m−2 or more is
generally considered as obese. A person with a BMI equal to or
more than 25 kg m−2 is defined as overweight (Table 87.1). The
typical patient currently proposed for bariatric surgery has a BMI
around 50 kg m−2, and patients with a BMI of more than 70 kg m−2
are not uncommon.
Other definitions of obesity have been used in the past, such as
the percentage that actual body weight exceeds ideal body weight,
which is calculated as a function of height and gender (Cheymol
2000). Several formulas to calculate ideal body weight have been
described, but they all return similar values (Pai and Paloucek 2000).
In many countries, including developing ones, obesity is growing into an epidemic and a major health problem, so much so that
the US Department of Health and Human Services issued a plan of
action against this condition in 2001, ‘The Surgeon General’s call
to action to prevent and decrease overweight and obesity’ (http://
www.surgeongeneral.gov/library) (Fig. 87.1).
Table 87.1 World Health Organization standard classification of obesity
BMI (kg m−2)

Risk of co-morbidities

18.5–24.9

Average

Preobese

25.0–29.9

Slightly increased

Obesity class I

30.0–34.9

Moderate

Obesity class II

35.0–39.9

Severe

Obesity class III

≥40

Very severe

Normal
Overweight

Reprinted from the WHO Database on Body Mass Index, Copyright © 2006 World Health
Organization. http://apps.who.int/bmi/index.jsp?introPage=intro_3.html. Data from WHO.
Physical status: the use and interpretation of anthropometry. Report of a WHO Expert
Committee. WHO Technical Report Series 854. Geneva: World Health Organization,
1995; WHO. Obesity: preventing and managing the global epidemic. Report of a WHO
Consultation. WHO Technical Report Series 894. Geneva: World Health Organization, 2000;
and WHO expert consultation. Appropriate body-mass index for Asian populations and its
implications for policy and intervention strategies. The Lancet, 2004; 157–163.

Thus, any anaesthetist will have to treat obese patients either for
bariatric surgery, or for any other surgical condition, including
emergencies. In this context, all anaesthetists should have an appropriate understanding of the physiopathological changes associated
with obesity and the anaesthetic implications for such patients.

Physiopathological consequences of obesity
As stated by Haslam and James (2005), ‘Hippocrates wrote
“Corpulence is not only a disease itself, but the harbinger of others”, recognizing that obesity is a medical disorder that also leads to
many comorbidities’. Obesity significantly reduces life expectancy
through a number of physiopathological changes such as metabolic
syndrome, including hypertension and diabetes, cardiovascular
disorders, sleep apnoea syndrome, arthritis, and even increased
prevalence of cancer.
One of the rationales for bariatric surgery is that most of those
changes are improved by weight loss. Given the increasing prevalence of severely obese patients, a scientific advisory board from the
American Heart Association provided recommendations about the
perioperative management of morbidly obese patients undergoing
surgery (Poirier et al. 2009).

Metabolic syndrome
The metabolic syndrome may be defined by the presence of the following (McCullough 2011): android or central obesity (Aucouturier
et al. 2009), abnormal concentrations of triglycerides, high-density
lipoprotein cholesterol and fasting glucose, and hypertension. The
simple measure of waist circumference has been used to recognize
this syndrome (Bauduceau et al. 2007). It is a major feature of obesity not only by its prevalence (25% in the United States), but also
as a promoter of the development of diabetes and cardiovascular
disease. Bariatric surgery may significantly improve this syndrome,
and cure diabetes mellitus (Proczko-Markuszewska et al. 2012; Yip
et al. 2012). For the anaesthetist, the implications of the metabolic
syndrome are mainly linked to the associated cardiovascular disorders (Tung 2010).

Cardiovascular changes
Cardiac output is increased according to the amount of fat tissue
(0.1 litres min–1 are required to perfuse every kilogram of fat tissue) (Reisin and Frohlich 1981). As heart rate is not modified, this
increase in cardiac output is mainly linked to an increase in stroke
volume. This will lead to left ventricular dilatation and hypertrophy
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Figure 87.1 Obesity trends among adults in the United States. Behavioural Risk Factor Surveillance System [BMI ≥30, or about 30 lbs (13.6 kg) overweight for 54″ (1.65 m) person]. The legend was modified in 2015.
Source: Behavioural Risk Factor Surveillance System (BRFSS), CDC, (http://www.cdc.gov/obesity/data/prevalence-maps.html). This legend was modified in 2015.
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Renal function
Obese patients have larger kidneys than patients of normal weight
(Naeye and Roode 1970). The glomerular filtration rate is increased
as well as tubular excretion, which may be proportionally even
greater (Stockholm et al. 1980). Estimation of creatinine clearance
from serum creatinine using formulae such as the Cockroft–Gault
equation (Cockcroft and Gault 1976) or the MDRD (Modification
of Diet in Renal Disease) equation (Levey et al. 1999) overpredicts
creatinine clearance when using actual body weight and underestimates it when using ideal body weight (Wilhelm and Kale-Pradhan
2011). A calculation using both serum and urine data is therefore
preferable when preoperative renal failure is suspected. Moreover,
an accurate calculation is the only method to be recommended
for postoperative renal failure and to adjust drug dosage (e.g. antibiotics, heparin), because serum creatinine changes are delayed
after acute kidney injury (6–24 h), are apparent only after massive
tubular damage, and can be obscured by several factors including
haemodilution.

Obstructive sleep apnoea syndrome
Obesity is an independent risk factor for obstructive sleep apnoea
(OSA) (Ramachandran et al. 2010), through an increased tendency
for collapse of the pharyngeal airway (Isono 2009). This condition must be recognized during the preoperative evaluation, and
its severity assessed since it directly influences perioperative outcome. In elective surgery, when clinical signs and history suggest
OSA, sleep studies (polysomnography) will estimate its severity.
This should be done sufficiently in advance of surgery to allow preoperative preparation, including preoperative use of continuous
positive airway pressure (CPAP) or mandibular advancement, and
preoperative weight loss if feasible (Gross et al. 2006). After general anaesthesia, patients with OSA should be fully awake before
tracheal extubation with full recovery from neuromuscular block.
Tracheal extubation should be carried out in the semi-upright position and the patient maintained in this position during the recovery
period. In the postoperative period, CPAP should be resumed as
soon as possible but the settings may need to be modified (Brown
et al. 2012). Non-opioid analgesia including regional analgesia techniques are preferred when suitable (see ‘Postoperative analgesia’).

100
r = 0.86
p < 0.01

75
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(Alpert 2001) and reduced cardiovascular reserve. These changes,
which may appear years before the overt cardiovascular complications of obesity, are corrected by weight loss. Over time, hypertension is frequent in obese patients and is associated with a significant
risk of ischaemic heart disease and left ventricular failure.
An Obesity Surgery Mortality Risk Score (OS-MRS) has been
validated (DeMaria et al. 2007) including five risk variables: BMI
of 50 kg m−2 or higher, male gender, hypertension, risk of pulmonary embolism, and age 45 years or greater. Class A (low risk)
includes patients with no or one risk factor; class B (intermediate
risk), patients with two to three risk factors; and class C (high risk),
patients with four to five risk factors. Interestingly, diabetes mellitus
was not identified as an independent risk factor for mortality.
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Figure 87.2 Relationships between compliance of the total respiratory system
(Cst,rs) and body mass index (BMI).
Reproduced from Pelosi P, et al. The effects of body mass on lung volumes, respiratory
mechanics, and gas exchange during general anesthesia. Anesthesia and Analgesia, Volume 87,
Issue 3, pp. 654–660, Copyright © International Anesthesia Research Society 1998.

(Luce 1980). In morbidly obese patients, the respiratory rate tends
to increase while tidal volume is reduced, albeit moderately, with
a net increase in minute ventilation (Littleton 2012). The reasons
for the higher respiratory rate remain controversial. Fatty infiltration of the chest wall reduces its compliance (Fig. 87.2), while the
expiratory reserve volume decreases exponentially with increasing
BMI (Littleton 2012).
Functional residual capacity is proportionally less affected, since
residual volume is preserved. The changes in lung volumes seem
to be mainly related to fat acting as a load, both compressing the
chest wall and displacing the diaphragm. Lung compliance is also
reduced, through decreased lung volumes leading to microatelectasis. These changes are more important in the supine position,
which is not always well tolerated by morbidly obese patients.
Obese patients have ventilation/perfusion mismatch leading to an
increased alveolar–arterial oxygen gradient, which is worse in the
supine position. Thus, the tolerance of obese patients to apnoea is
poor, with an early onset of hypoxaemia (Lin and Lin 2012). Most
of the changes associated with obesity are reversed after significant
weight loss (de Souza et al. 2010).

Pharmacological changes in
the obese patient
Pharmacokinetics
Absorption
Obesity by itself does not modify intestinal absorption of drugs
(Cheymol 2000). Nevertheless, some bariatric surgical procedures
(gastric or intestinal bypasses) may promote impaired absorption
syndromes. Patients who have had gastric bypass frequently show
vitamin K deficiency, and sometimes vitamin D, vitamin B12, or
folate deficiency (Malone 2008).

Respiratory consequences of obesity

Distribution

The energy expenditure required to move a larger body mass, along
with the metabolic activity of increased adipose tissue, lead to an
increased oxygen consumption and carbon dioxide production

Obesity is associated with an inflammatory state (Wellen and
Hotamisligil 2003). α1-acid glycoprotein (AAG) concentration may
double in obese patients when compared with controls of normal
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weight (Zini et al. 1990). As a consequence, the active free fraction
of drugs that are weak bases such as fentanyl and congeners may be
markedly lowered, thus reducing their efficacy.
The increase in fat tissue mass is obviously a major factor affecting
changes in the apparent volume of distribution in obese patients,
but obesity is also associated with increases in blood volume and
in the size of many organs (liver or kidneys, for example) (Kjellberg
and Reizenstein 1970). Consequently, the volume of the central
compartment is usually increased, as well as the volume of distribution at steady state even in drugs that do not penetrate fat. Lean
body mass is also greater in obese patients (Janmahasatian et al.
2005). Thus, to reach the same concentration and therefore the
same clinical effect, the dose of most drugs needs to be increased.
Of course, the drugs that are readily distributed into fat need
greater dosage adjustments than those that remain in the extracellular spaces, since fat body mass is much more increased than lean
body mass (Cheymol 1993). One must nevertheless keep in mind
that adjusting hydrophilic drug dosage on ideal body weight in
morbidly obese patients may lead to under-dosing.

Elimination
Hepatic metabolism
Obesity is associated with increased cardiac output, blood volume,
and organ blood flow, but functional hepatic blood flow remains
mostly unchanged despite the increase in liver size, possibly as a
result of fatty infiltration of the liver which may impair liver function even if standard biochemical tests of liver function remain normal (Adler and Schaffner 1979). The clearance of drugs principally
metabolized by phase I processes is usually unchanged, as is that of
acetylated drugs, despite an increased activity of some cytochrome
P450 enzymes. Conversely, the clearance of many conjugated drugs
increases in parallel with total body weight, possibly through extra-
hepatic conjugation pathways (Abernethy et al. 1983).
Renal elimination
Obese patients have larger kidneys than patients of normal weight
(Naeye and Roode 1970). The glomerular filtration rate is increased
as is tubular excretion, which may be proportionally even greater
(Stockholm et al. 1980). As a consequence, the elimination of drugs
excreted through the kidney is enhanced.

Pharmacodynamics
There is very little information in the literature on pharmacodynamic changes in obese patients. This condition does not seem to
affect the concentration–effect relationship for hypnotic drugs
(Servin et al. 1993) or neuromuscular blocking agents. Some studies on human pain thresholds have yielded contradictory results,
some claiming increased and others reduced pain sensitivity in the
obese (McKendall and Haier 1983; Zahorska-Markiewicz et al. 1983;
Ramzan et al. 1993). Nociceptive threshold appears to be increased in
obese rats (Ramzan et al. 1993). It seems that even non-diabetic obese
patients display a sub-clinical conduction defect in small-diameter
sensory fibres, mimicking the metabolic peripheral neuropathy such
as observed in hyperinsulinaemia (Miscio et al. 2005).

Bariatric surgery
Bariatric surgery, or weight loss surgery, includes various procedures which aim to cause a significant sustained loss of weight
associated with a reduction in co-morbidities such as diabetes

mellitus or cardiovascular risk, and ultimately a reduction in mortality (Inabnet et al. 2012; Jimenez et al. 2012). It is mainly offered to
patients younger than 60 years of age with a BMI of at least 40 kg m−2.
It is currently the most frequent circumstance when an anaesthetist
has to manage morbidly obese patients for elective surgery.
The most frequent procedures are gastric banding and sleeve
gastrectomy, which reduce the functional size of the stomach, and
gastric bypass in which a part of the small intestine is resected and
rerouted to a small residual gastric pouch. All those procedures can
be done through a laparotomy, but nowadays most are performed
laparoscopically.

Adjustable gastric banding
Adjustable gastric banding is a procedure in which the functional
size of the stomach is reduced by a silicone band inserted around
part of the stomach leaving only a small pouch with a narrow outlet. The silicone band is adjusted by injecting more or less saline in
a port placed just under the skin. Gastric banding has been a very
popular procedure considered by many surgeons and patients as
minimally invasive and potentially reversible. It is more and more
frequently proposed as an outpatient procedure (Elli et al. 2013).
Nevertheless, over time some concerns have arisen both about the
efficacy of the procedure, and its long-term complications (Romy
et al. 2012). In a cohort of 442 patients matched for age, sex, and
BMI having either gastric banding or Roux-en-Y gastric bypass
with a follow up of 6 years, the weight loss was significantly more
and lasted longer in the bypass group. More importantly perhaps,
the long-term complication rate was significantly higher with gastric banding (41.6% vs 19%, P < 0.001), with most of the complications related to oesophageal dilation and food intolerance. This is
an important point for the anaesthetist: many such patients are subsequently referred for plastic surgical procedures to remove excess
skin after weight loss, and they should be considered at high risk of
aspiration of ‘gastric contents’ and receive a rapid sequence induction of anaesthesia with cricoid pressure and tracheal intubation,
after complete deflation of the gastric band before induction (Avriel
et al. 2012).

Gastric bypass
The most common form of gastric bypass is the Roux-en-Y gastric
bypass. A small stomach pouch is created with staples, and connected to the distal small intestine. The upper part of the small
intestine is then reattached in a Y-shaped configuration. The gastric
bypass is currently considered to be the gold standard in bariatric surgery and has been performed on hundreds of thousands of
patients (Livingston 2010).

Sleeve gastrectomy
Sleeve gastrectomy is a relatively new procedure in which the stomach is reduced to about 15% of its original size, by surgical removal
of a large portion of the stomach, following the major curve. It is
considered to be a less ‘traumatic’ procedure than gastric bypass
and can be used as a first step in massively obese patients to obtain
a significant weight loss before a gastric bypass (Catheline et al.
2012). Its current results and complication rate are similar to those
of Roux-en-Y gastric bypass (Boza et al. 2012). The most frequent
complication after sleeve gastrectomy is staple line leak (Sakran
et al. 2013).
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General anaesthesia for the obese patient
Preoperative assessment, preparation,
and premedication
The preoperative assessment of a morbidly obese patient should
consider the potential technical problems: peripheral venous
access, positioning on the operating table, tolerance of the supine
position, landmarks for central venous access or regional anaesthesia, and tracheal intubation (see later in chapter). It should also
identify causes of perioperative morbidity such as the presence of
OSA (the importance of which should be quantified), or a history
of venous thromboembolism (VTE).
If significant unrecognized OSA is diagnosed, the patient should
be referred to a specialist to be treated by nocturnal CPAP or mandibular advancement before elective surgery.
Although obese patients are frequently anxious or depressed,
sedatives in premedication should be used with caution. An antacid premedicant is often proposed, mainly to prevent acid aspiration during a difficult intubation. Measures to prevent VTE are
mandatory (see ‘Venous thromboembolism and its prevention in
the obese patient’).

Which drugs, which dosing scheme?
Hypnotic agents
Thiopental
Obese patients require a higher absolute dose (in mg) than lean
patients, as a result of increased cardiac output, lean body mass, and
distribution (Wada et al. 1997). Adjusting the dose to ideal body
mass would result in under-dosing the obese patient. Thiopental is
extensively stored in fat tissues, resulting in an increased volume of
distribution and terminal half-life, which are good reasons to limit
its use to a single induction bolus.
Propofol
Propofol is a lipophilic drug, but not so lipophilic that it concentrates mainly in fat. Its distribution volume, therefore, is increased
proportionally to the total body weight (Servin et al. 1993).
Propofol is mainly eliminated after conjugation and its metabolic
clearance also increases with obesity. Thus, propofol dosage during maintenance of anaesthesia in the morbidly obese should
be calculated on total body weight. If target-controlled infusion
is used, the best model in this population is the Marsh model,
which includes only total body weight as a covariate (La Colla
et al. 2009).
The propofol dose required for induction of anaesthesia remains
subject to debate (Ingrande et al. 2011; Van Kralingen et al. 2011a).
It is certainly higher than normal but a calculation based on total
body weight may lead to overdosage with haemodynamic consequences: careful titration against effect is recommended.
Volatile anaesthetics
Both sevoflurane and desflurane have been used extensively and
satisfactorily for maintenance of anaesthesia in morbidly obese
patients. However, a faster early recovery after desflurane compared
with sevoflurane is consistent with the pharmacokinetics, with desflurane demonstrating absence of accumulation (De Baerdemaeker
et al. 2003). Similarly, early (2 h) and late (24h) postoperative respiratory function are better after desflurane than after propofol
maintenance both for volumes (vital capacity) and flows (forced
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expiratory volume in 1 s) and are more sensitive to BMI after
propofol than after desflurane (Zoremba et al. 2011).
Nitrous oxide did not markedly increase bowel distension during
laparoscopic bariatric surgery (Brodsky et al. 2005).

Opioids
Morphine
The pharmacokinetics of morphine in the obese have not been
reported. One may nevertheless assume that morphine, which is
metabolized by conjugation, may have an increased metabolism
in obese patients, with no accumulation of the active metabolites
which are eliminated through the kidney. Morphine is bound in
plasma to albumin, and its unbound fraction probably remains
normal. Thus, as far as analgesia is concerned, the obese patient
probably requires more morphine than the lean one. Nevertheless,
the main problem with morphine use in the obese is respiratory
depression and hypoxaemia, even in the absence of sleep apnoea
syndrome. Morphine should therefore always be part of a multimodal analgesic protocol to minimize the dosage, and titrated to
effect under close monitoring in this population.
Fentanyl and congeners (alfentanil, sufentanil, remifentanil)
Fentanyl and alfentanil pharmacokinetics in the obese have not
been reported in peer-reviewed research articles.
Despite its large volume of distribution, fentanyl should not be
administered as a function of total body weight in obese patients,
but rather proportionally to a so-called pharmacokinetic mass,
linked to clearance (Shibutani et al. 2004). Nevertheless, the cumulative properties of fentanyl do not favour its use in obese patients
when repeated or high doses are required.
Sufentanil has been studied in more detail: as might be expected
from its high lipid solubility, the total volume of distribution of
sufentanil is increased in the obese patient (Schwartz et al. 1991).
This increase is moderate since the data lose statistical significance
if expressed as a function of body weight. The most recent pharmacokinetic model published for sufentanil does not include body
weight as a significant covariate (Gepts et al. 1995). Interestingly,
it performed well when used for sufentanil target-controlled infusion in morbidly obese patients despite a slight overestimation
of plasma sufentanil concentrations specifically when the BMI
was greater than 40 kg m−2 (Slepchenko et al. 2003). The authors
concluded that the pharmacokinetic parameters derived from a
normal-weight population accurately predicted plasma sufentanil
concentrations in morbidly obese patients.
The pharmacokinetic properties of remifentanil (small volume
of distribution, high clearance, no lingering effects), renders it a
relatively ideal drug for use during anaesthesia in the obese patient.
Apart from the (expected) high clearance, another important feature of remifentanil pharmacokinetics is its apparent independence
from body weight, with only the lean body mass appearing as a significant morphological covariate in the model (Minto et al. 1997).
As a consequence, remifentanil pharmacokinetics are not markedly
different in obese vs lean subjects. In clinical practice, remifentanil
dosing regimens should be based on lean body mass and not on
total body weight.

Neuromuscular blocking agents and reversal agents
Neuromuscular blocking agents are water-soluble drugs. As such,
their dosage in obesity should not be based on total body weight,
but rather on lean body mass, or on ideal body weight (Leykin et al.
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2004a, 2004b). As it is not always easy to estimate the adequate dose
to use, monitoring is mandatory. Conversely, to obtain complete
neuromuscular paralysis, suxamethonium dosage should be 1 mg
kg−1 total body weight (Lemmens and Brodsky 2006).
A complete recovery from neuromuscular block is mandatory
before tracheal extubation in the obese patient. Sugammadex may
be a useful agent to allow adequate rocuronium dosage and complete reversal, but the dose calculated from ideal body weight is
insufficient to ensure adequate recovery (Llaurado et al. 2012). This
confirms that, because of an increased lean body mass and extracellular volume in morbidly obese compared with lean patients, the
doses of water-soluble drugs should be based on lean body mass
and not ideal body weight in this population.

Antibiotics
Few data are available regarding disposition of antibiotics in obese
patients.
For vancomycin, absolute values of both apparent volume of distribution and clearance are increased proportionally to total body
weight. As efficacy is a greater concern than toxicity, the daily dose
should be calculated based on total body weight, and dosing interval for intermittent boluses should take into account an estimate
of renal function (Bearden and Rodvold 2000). Both should be
adjusted to daily measured drug concentration.
Aminoglycosides are highly polar drugs distributing poorly in
fat. The principal concern in this instance is toxicity. The initial
drug dose should be based on ideal body weight plus 40% of the
difference between actual and ideal body weight rather than total
body weight (Bearden and Rodvold 2000) and adjusted according
to plasma concentration.
For ciprofloxacin, the volume of distribution is increased but not
proportionally to the body weight (i.e. volume of distribution kg−1
decreases) as is clearance. Thus doses should be adjusted to ideal
body weight plus 45% of the difference between actual and ideal
body weight.
When using cefazolin for surgical antibiotic prophylaxis, the distribution volume increases with weight, whereas clearance does not
(Van Kralingen et al. 2011a). Increasing the initial dose from 1 g to
2 g in obese patients resulted in similar plasma concentrations as
1 g in non-obese patients and is therefore recommended (Bearden
and Rodvold 2000).

Preparation for induction of anaesthesia
Positioning is very important in obese patients in whom pressure
injuries may easily happen (Brodsky 2002). An operating table and
accessories designed for obese patients should be used with the
patient transferred directly from the bed as theatre trolleys usually
have a maximum capacity of 140 or 160 kg. Sufficient staff to help
transfer the patient should be available. The supine position is frequently poorly tolerated by obese patients and a semi-recumbent
position with the head raised may greatly improve mask oxygenation and tracheal intubation. All accessories must be adapted to
obese patients, for example, blood pressure cuffs.
Peripheral venous access is more likely to be difficult in obese
than in lean patients. When visual or tactile localization fails,
ultrasound-guided insertion may decrease both the time to place
a venous line, especially in the upper arm, and the number of
attempts (Gregg et al. 2010; Joing et al. 2012), provided the practitioner has already gained good experience with the technique.

Induction of anaesthesia
Oxygenation
Rapid sequence induction of anaesthesia is recommended in morbidly obese patients, not so much because of the risk of aspiration
of gastric contents (see ‘Is there a risk of aspiration of gastric content?’), but rather as a result of poor tolerance of apnoea leading to
rapid hypoxaemia. In the supine position, the delay after preoxygenation to a SpO2 decrease to less than 90% is around 2.7–3 min
but can be less than 1 min in some patients (Altermatt et al. 2005).
The first mechanism contributing to rapid development of
hypoxaemia is a reduction in lung volumes observed in morbidly
obese patients even when awake (see ‘Respiratory consequences of
obesity’). This reduction is exacerbated by anaesthesia and is compounded by a reduction in lung compliance (Pelosi et al. 1998).
The second contributory mechanism is the presence of atelectasis,
which is present before induction but increased by it (Eichenberger
et al. 2002). Atelectasis persists longer in morbidly obese than in
lean patients and can be observed up to 24 h after surgery.
As a consequence, standard preoxygenation by spontaneous
breathing of pure oxygen through a face mask is not sufficient in
this population, and is associated with a very short duration of
apnoea before hypoxaemia ensues. Performing induction in the
semi-upright position can lengthen the delay before hypoxaemia
by around 1 min. The application of CPAP during preoxygenation reduces atelectasis formation and increases the time of non-
hypoxaemic apnoea by 50% (Coussa et al. 2004; Gander et al.
2005). The addition of pressure support ventilation to positive end-
expiratory pressure (PEEP) increases the efficacy of preoxygenation, shortens the time to reach the maximal fractional end-tidal
oxygen concentration and achieves a higher fractional end-tidal
oxygen value (Delay et al. 2008). However, in this study, the times to
reach the maximal fractional end-tidal oxygen concentration were
longer than usually published in patients of normal weight, thus
stressing that in morbidly obese patients preoxygenation should be
for at least 3 min.
Nevertheless, all of these interventions, while useful, are all short
term, and a recent study has demonstrated the benefit of applying
a recruitment manoeuvre after tracheal intubation to improve respiratory function during the initial period of maintenance of anaesthesia (Futier et al. 2011).

Rapid sequence induction
Any intravenous agent suitable for rapid sequence induction can be
used in morbidly obese patients. Depth of anaesthesia monitoring
may help. To ensure adequate anaesthesia during tracheal intubation, we recommend giving opioids before induction, taking into
account the drug onset time.
Suxamethonium (succinylcholine) is frequently used to rapidly
provide neuromuscular block and offers good intubating conditions
following induction of anaesthesia. Nevertheless, suxamethonium
use is not devoid of unwanted effects, and an alternative is high-dose
rocuronium (Gaszynski and Szewczyk 2011), with sugammadex
readily available to reverse neuromuscular block if required in an
emergency (Desforges and McDonnell 2011).

Is tracheal intubation more difficult?
Considering the poor tolerance to apnoea of morbidly obese
patients, a careful assessment of the airway and prediction of difficult tracheal intubation is particularly important. Morbid obesity
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per se does not seem to be an independent factor for difficult intubation (Mashour et al. 2008), and neither is OSA in obese patients
(Neligan et al. 2009b). The problem is rather the poor predictive
value of the preoperative tests (Juvin et al. 2003), even with a modified Mallampati test with craniocervical extension (Mashour et al.
2008). The measure of neck circumference has been proposed as
a useful adjunct to airway assessment, as some authors describe
a thick neck as a predictor of difficult intubation (Brodsky et al.
2002) but others did not. Finally diabetes mellitus was also a significant predictor of difficult laryngoscopy (Mashour et al. 2008).
In order to optimize intubating conditions, positioning the patient
in a ‘ramped’ (with the head placed on a pillow or folded blankets
so that the external auditory meatus and the sternal notch are horizontally aligned) rather than the ‘sniff ’ position improved intubating conditions, specifically in obese patients (Collins et al. 2004).
Video-assisted laryngoscopy may be used to decrease duration of
intubation and limit desaturation (Dhonneur et al. 2009).
In preparing a strategy for failed intubation, ventilation of the
lungs through a facemask is more likely to be difficult in morbidly
obese patients (Langeron et al. 2000). Laryngeal mask airways
(LMAs) are usually easy to insert and provide efficient ventilation
of the lungs and oxygenation as rescue devices (Abdi et al. 2009).
The intubating LMA Fastrach™ (Teleflex Incorporated, Wayne, PA,
USA) was considered even more efficient in controlling the airway
in morbidly obese than non-obese patients (Combes et al. 2005).
Consequently, these devices should be immediately available.

Is there a risk of aspiration of gastric contents?
In the absence of gastric banding or pregnancy, the risk of aspiration of gastric contents is not increased in obese patients, in whom
both the gastric fluid volume and pH are no different from those of
lean subjects (Juvin et al. 2001).
The presence of a gastric band, even if the ring is deflated, must
be considered as an obstacle to gastric emptying, and conveys a
high risk of aspiration (Kocian and Spahn 2005). Such patients may
be selected for bariatric surgery after failure or short-lasting efficacy of gastric banding.
Pregnancy induces a triple risk during induction of anaesthesia:
◆

Intubation is more likely to be difficult because of anatomical
changes
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et al. 2007; Reinius et al. 2009). Alveolar–arterial Po2 difference is increased in morbidly obese patients (Sprung et al. 2003).
Consequently, standard inspired oxygen concentrations may not
guarantee adequate arterial oxygen saturation.

Manoeuvres
PEEP decreases elastance of the respiratory system in obese
patients, and improves oxygenation (Pelosi et al. 1999). The optimum level of PEEP may be determined by estimating compliance.
Recruitment manoeuvres using sustained lung inflation followed
by PEEP decrease atelectasis for a longer time than recruitment
manoeuvres alone (Reinius et al. 2009) and improve oxygenation
(Chalhoub et al. 2007), especially during laparoscopic bariatric surgery (Whalen et al. 2006). They also reduce the alveolar–arterial
Po2 gradient (Chalhoub et al. 2007). However, they may induce
haemodynamic instability and require fluid load or vasopressors.
The benefit of the manoeuvres ceases after tracheal extubation.

Posture
The beach-chair position has been reported to increase lung volumes and decrease elastance similarly to PEEP, the combination
of both being necessary to correct respiratory function during
pneumoperitoneum (Valenza et al. 2007). However, the effect
of posture is debated and other groups found no benefit of a 30°
head-up position on oxygenation or respiratory function (Casati
et al. 2000; Sprung et al. 2002). When required for surgery, the
prone position increases functional residual capacity, lung compliance, and oxygenation compared with the supine position
(Pelosi et al. 1996).

Ventilation mode
Pressure-controlled ventilation produced no clear benefit compared
with volume-controlled ventilation with similar minute volume. It
reduced peak inspiratory airway pressure but did not affect plateau
pressure (the most important for barotrauma), haemodynamic stability, or postoperative arterial blood gases (De Baerdemaeker et al.
2008; Hans et al. 2008). One study found improved oxygenation
during anaesthesia (Cadi et al. 2008), but another did not (Hans
et al. 2008).

Tidal volume

Maintenance of anaesthesia

In the obese, not only are awake lung volumes not increased in proportion to total body weight but they are even smaller than those
observed in non-obese patients (Jones and Nzekwu 2006). Thus,
tidal volume should rather be based on ideal rather than actual
body weight: a tidal volume between 8 and 10 ml kg−1 ideal body
weight is usually selected initially. Subsequently the tidal volume is
adjusted according to the end-tidal CO2, with 30–35 cm H2O as a
maximum inspiratory pressure.
Sprung et al. (2003) investigated the effect of doubling the tidal
volume on airway closure and atelectasis during laparoscopic surgery. They observed an improvement in compliance, both before
and during pneumoperitoneum, but no clear benefit on oxygenation and they concluded by not recommending this intervention.

Ventilation and oxygenation

Tracheal extubation

General anaesthesia decreases diaphragmatic muscular tone and
increases intra-abdominal pressure, especially in the supine position and during laparoscopic surgery. These changes decrease all
lung volumes and compliance, and favour airway closure by external compression, inducing hypoxaemia and atelectasis (Valenza

As mentioned previously, tracheal extubation should be delayed
until the patient is awake and recovery from neuromuscular block
has been achieved. The patient should be in the sitting position
and ideally able to demonstrate good tidal volumes before the tracheal tube is removed. After extubation, the application of CPAP

◆

◆

Duration of non-hypoxic apnoea is reduced by an increase in
cardiac output
Gastric acidity and gastric volume are increased resulting after
the first trimester in a very high risk of aspiration (Vallejo 2007).

These major risks are enhanced in morbidly obese patients and
they provide a strong indication for regional anaesthesia whenever
possible for delivery and for surgery: where regional anaesthesia is
otherwise contraindicated, is refused by the patient, or fails because
of technical difficulties, all of the precautions previously described
for induction of anaesthesia should be implemented.
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improves forced expiratory volume in 1 s, forced vital capacity, and
peak expiratory flow rate (Neligan et al. 2009a).

Which monitoring?
‘Non-invasive’ cardiac output monitoring uses algorithms that
were validated in lean patients and may not be valid in the morbidly obese. Some authors suggested calibrating the oesophageal
Doppler monitor for a BMI of 30 kg m−2, whatever the actual value
(Erlandsson et al. 2006). Extrapolation of readings from pulse contour monitors without calibration may return unreliable results.
The use of a LiDCO™ (LiDCO System, London, UK) monitor with
lithium calibration to maintain stroke volume variation at less than
10% has been proposed to guide intravenous fluid loading in morbidly obese patients undergoing laparoscopic bariatric surgery and
resulted in the administration of approximately 2 litres of crystalloid for 3.5 h of surgery (Jain and Dutta 2010).
Bispectral Index™ (BIS™, Covidien, now Medtronic Minimally
Invasive Therapies, Minneapolis, MN, USA) monitoring has been
used to titrate propofol during bariatric surgery (Van Kralingen
et al. 2011b). Its use resulted in a propofol infusion rate around
5 mg kg−1 h−1, irrespective of whether propofol was combined with
remifentanil or with epidural analgesia.

Fluid management during surgery
There is still a debate in the literature between ‘restrictive’ and ‘liberal’ approaches to fluid management during surgery in the morbidly obese. In the liberal approach, it is suggested to give a lot of
fluids regardless of the estimated fluid loss (>10 ml kg−1 h−1, i.e. up
to 4–5 litres for 2 h of surgery) (Ogunnaike et al. 2002) in order to
prevent rhabdomyolysis-induced acute kidney injury. The restrictive approach proposes a smaller baseline fluid load to compensate for estimated insensible (<1 mg kg−1 h−1 even in abdominal
surgery) and urine losses, supplemented by additional ‘boluses’ of
crystalloid or colloid to correct hypotension, tachycardia, or indices of fluid responsiveness (Chappell et al. 2008).
In comparative studies, the restrictive approach resulted in a lower
volume of fluid administered and a lower urine output, but there was
no effect on serum creatinine or creatine kinase (Wool et al. 2010;
Matot et al. 2012). We would suggest a total hourly rate of fluid
administration of less than 5 ml kg−1 with replacement of blood loss.
In morbidly obese patients suspected of being hypovolaemic
through preoperative transthoracic echocardiography, an individualized rehydration strategy before induction of anaesthesia may
improve cardiovascular stability (Pösö et al. 2014).
Postoperative fluid should also be controlled to optimize oxygenation and wound healing. Urine output is a more reliable indicator of hypovolaemia postoperatively than intraoperatively because
there is no influence of raised intra-abdominal pressure. The standard target for urine output of 0.5 ml kg−1 h−1 may be insufficient in
the morbidly obese because renal blood flow and glomerular filtration are higher than normal. Daily body weight measurements may
reveal fluid overload.

Recovery and postoperative care
Postoperative analgesia
Postoperative analgesia has not been extensively studied in morbidly obese patients. Regional analgesia is a good choice, but should
not limit ambulation. Otherwise, a multimodal analgesic regimen is

useful in order to reduce morphine requirements. Morbidly obese
patients are often sensitive to the respiratory depressant effects of
morphine and patient-controlled analgesia may be useful with the
patient monitored in an appropriate setting. Most of the following
recommendations are based on the pharmacological properties of
the drugs.

Weak opioids and opioid-related analgesics
Codeine, oxycodone
Codeine is a prodrug and has to be transformed into morphine by
the enzyme debrisoquine hydroxylase (CYP2D6) to be effective. As
a consequence, the effects of codeine are the same as morphine,
with a time delay related to the biotransformation. A significant
minority of individuals (about 10% of the European population)
lack the ability to transform codeine into morphine (Lotsch et al.
2004). In morbidly obese patients, conjugation pathways are
often enhanced, and the clearance of conjugated drugs is therefore increased. However, the variability of morphine production is
increased and it is therefore more reliable, in this population sensitive to the respiratory depressant effects of the drug, to titrate morphine itself rather than a pro-drug.
Tramadol
Tramadol is a racemic mixture of two enantiomers with similar
pharmacokinetics: a volume of distribution at steady state of about
3.5 litres kg−1, and an intermediate elimination clearance of about
500 ml min−1 (Reeves and Burke 2008). Tramadol also undergoes
hepatic metabolism via the cytochrome P450 iso-enzyme CYP2D6,
and is O- and N-demethylated to five different metabolites. One of
these, M1 (O-desmethyltramadol) is active, and may accumulate
with repeated doses (Lehtonen et al. 2010). Tramadol has not been
specifically studied in the obese patient, but we can infer from its
pharmacological properties that the initial dose should be high, and
the dosing interval increased as a result of its cumulative potential.
In the future, pupillometry may perhaps be used to titrate tramadol
to effect.

Non-opioid analgesics
Non-steroidal anti-inflammatory drug
Non-steroidal anti-inflammatory drugs (NSAIDs) may be used in
morbidly obese patients with the usual precautions and contraindications, especially those related to impaired renal function. They
may even help to control the metabolic syndrome (Gao et al. 2009).
In the perioperative period, as part of a multimodal analgesia protocol, NSAIDs may help reduce the dose of postoperative opioids
and therefore the risk of respiratory impairment. Their small volume of distribution [0.15 litres kg-1 for ketoprofen (Debruyne et al.
1987)] suggests that they do not penetrate the adipose tissue and
therefore the effective doses are little modified by obesity.
Paracetamol (acetaminophen)
Although the pharmacokinetics of paracetamol have not been
studied in obese patients, its volume of distribution (0.9 litres kg-1)
in patients of normal weight (Forrest et al.1982) suggests that some
increase in dose may be necessary to achieve full analgesic effect.

Rhabdomyolysis
Rhabdomyolysis is a frequent postoperative complication in
obese patients: its incidence has been estimated as 7% in bariatric surgery (Ettinger et al. 2008) but it can be much higher when
the BMI exceeds 50 kg m2, with a long operation, and in patients
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with hypertension, diabetes, hepatic steatosis, or intraoperative
hypotension.
Muscle cell damage as a result of prolonged muscle compression
results in fluid extravasation, which may result in hypovolaemia
and vasoconstriction. Acute kidney injury can be caused by both
dehydration and renal tubular obstruction from precipitation of
myoglobin. Muscle cytolysis also induces hyperkalaemia, hyperphosphataemia, hyperuricaemia, and metabolic acidosis (Menezes
Ettinger et al. 2005).
Prevention of rhabdomyolysis includes careful padding of all
pressure points, use of pneumatic beds, avoidance of hypotension,
and selection of patients and medical team in order to limit the
duration of the procedure. Diagnosis is suspected when there is
tea-coloured urine, decubitus erythema at pressure points (shoulders, back, buttocks, calves), or oliguria. It is confirmed by elevated
serum creatine kinase (greater than five-fold) (Ettinger et al. 2007).
Treatment is based, in obese as in lean patients, on hydration and
monitored by urine flow and repeated creatine kinase and creatinine assays. Bicarbonate has been proposed to maintain urinary
pH higher than 6 in order to prevent precipitation of myoglobin
and tubular obstruction. Mannitol may be used to stimulate urine
output but if additional fluid replacement is not anticipated, dehydration and hypovolaemia may be exacerbated: any further interpretation of urine output as a marker of hydration and volume
loading will be precluded. Furosemide is recommended only when
fluid loading has induced pulmonary oedema.
Gentle massage of the damaged muscles can reverse the vicious
circle of oedema and ischaemia that can easily develop with rhabdomyolysis with resulting compartment syndrome. If severe rhabdomyolysis affects the limbs or retroperitoneal muscles, compartment
syndrome should be anticipated and, if suspected, decompressive
fasciotomy performed as a matter of urgency.

Venous thromboembolism and its prevention
in the obese patient
Obesity is associated with an increased risk of pulmonary embolism
which is directly related to BMI (Goldhaber 2004). Other risk factors are frequently found in this population, such as hypertension,
poor mobility, diabetes, and large varicose veins. The incidence of
symptomatic VTE after bariatric surgery is approximately 1% with
suboptimal prophylactic protocols (Hamad and Choban 2005). It
is delayed after the procedure [13 days on average, with one-third
(Carmody et al. 2006) to three-quarters (Steele et al. 2011) of events
occurring after hospital discharge] and mortality is high (27%).
Consequently, prolonged VTE prophylaxis using low-molecular-
weight heparin (LMWH) is recommended by most specialist societies for bariatric surgery and also for any major procedure, cancer
surgery, after major trauma, or in patients having multiple risk
factors. It should be combined with mechanical devices such as
graduated compression stockings or intermittent pneumatic compression and these should be implemented before surgery (Geerts
et al. 2008; Kakkos et al. 2008). Early postoperative ambulation,
facilitated by appropriate anaesthetic techniques, is also strongly
recommended.
Administration of LMWH every 12 h is recommended to
improve the efficacy of prophylaxis, although the level of proof
for this strategy is poor. When low-dose unfractionated heparin
is used, it should be given three times a day (Geerts et al. 2008).
There is no consensus about the dose but standard doses used in
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non-obese patients are definitely insufficient in the obese. Seeking
therapeutic concentrations of antifactor Xa (0.18–0.44 U ml−1),
Rowan et al. (2008) found that after the third dose of enoxaparin
30 mg twice daily, fewer than 10% of patients had reached the lower
limit of the therapeutic range. Increasing enoxaparin dose to 40 mg
every 12 h increased the number of patients above the therapeutic
threshold to 40% (Rowan et al. 2008) and decreased the number
of venous thromboembolic events and duration of hospital stay
(Scholten et al. 2002). When increasing to 60 mg (12 h)−1, Simone
et al. (2008) found all patients were above the lower limit of the
therapeutic range, but 57% were above the upper limit. Our suggestion is to give enoxaparin (or another LMWH at equipotent doses)
40 mg every 12 h up to a BMI of 60 kg m−2 and 60 mg twice daily
when the BMI is greater.
Another option would be to adjust the dose to total body weight,
based on the finding that after a fixed dose, the area under the
concentration–time curve decreased linearly with body weight
(Frederiksen et al. 2003) whereas after a dose adjusted for total
body weight, peak concentration is independent of BMI (Sanderink
et al. 2002).
Freeman et al. (2012) compared enoxaparin 0.5 mg kg−1 with
0.4 mg kg−1 or 40 mg fixed dose and concluded that 0.5 mg kg−1
achieved the desired peak concentration more frequently than
with either alternative regimen. Similar findings were described for
dalteparin suggesting that it should be dosed as a function of total
body weight or ideal body weight plus 40% of the excess over ideal
body weight (Hanley et al. 2010).
Pharmacological prophylaxis should be maintained for at least
10 days after discharge (12–13 days postoperatively) (Raftopoulos
et al. 2008), and possibly much longer since the incidence of venous
thromboembolic events was described to increase from 0.88% at
discharge to 2.17% within 1 month and 2.99% within 6 months
(Steele et al. 2011).

Regional anaesthesia in the obese patient
Regional anaesthesia is beneficial in obese patients, first to avoid
general anaesthesia and its additional morbidity, but also to treat
postoperative pain and improve rehabilitation. However, it may
be difficult to manage both from the technical perspective and to
determine drug dosage, especially in obstetrics.
Regional anaesthetic techniques tend to be more difficult in
the obese because bony landmarks may be difficult to feel and
the depth between the skin and the nerves is hard to estimate
(Ingrande et al. 2009). Ultrasound guidance has been shown to be
helpful for neuraxial and peripheral blocks (Brodsky and Lemmens
2007) although there are technical limitations of ultrasonography in the morbidly obese. It should therefore be anticipated that
proficiency in ultrasound-guided regional anaesthesia should be
obtained in non-obese patients [for spinal blocks in non-obese
patients, it has been estimated that at least 30–40 cases are required
to reach proficiency (Chin and Perlas 2011)] before attempting
techniques in obese patients.

Neuraxial block
The distance from the skin to the epidural space is increased, but not
linearly, with BMI. At the lumbar level for epidural labour analgesia,
the average skin–space distance was estimated to be approximately
6.5 cm (Balki et al. 2009). In bariatric surgical patients (average
BMI 48, range 36–91 kg m−2), the epidural space was measured
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at an average of 9 cm from the skin (range 5.5–11 cm) when the
needle was inserted cranially at an angle of 60–90° (Nishiyama et al.
2012). These findings suggest that a standard 8 cm epidural needle
would be reasonable to use in the first instance, but a longer needle should be available (Soens et al. 2008). For spinal anaesthesia,
the use of an introducer may so limit the depth of insertion of the
needle that it will not reach the subarachnoid space (Corfe 2008).
The skin-to-epidural space depth also increases (by at least 1–
2 cm) when moving from the sitting to the lateral position (Hamza
et al. 1995). Therefore, we recommend that the catheter is advanced
at least 4 cm into the epidural space when it is inserted with the
patient in the sitting position to avoid migration of the catheter
from the epidural space with patient repositioning. Conversely,
inserting the catheter in the lateral head-down position reduces the
risk of epidural vein puncture (Bahar et al. 2004). When identification of the midline is difficult it may be useful to ask the patient to
help (Marroquin et al. 2011).
The cerebrospinal fluid volume may be reduced by increased
abdominal pressure, and may result in extended block after neuraxial anaesthesia (Hogan et al. 1996; Ingrande et al. 2009). An
increased incidence of hypotension or bradycardia in morbidly
obese compared with non-obese patients has also been described
during epidural analgesia for labour (Vricella et al. 2011).
Combined spinal–epidural anaesthesia in the obese is associated
with an increased risk of high block and adverse cardiovascular
effects (Brodsky and Mariano 2011).
However, there are insufficiently consistent and robust data upon
which to base epidural or spinal analgesia dosing schedules in morbidly obese patients. For labour analgesia, spinal bupivacaine doses
vary widely between studies from 5 ml of 0.125% [+ fentanyl 7.5 µg
+ adrenaline 5 µg ml−1 (Vricella et al. 2011)], to 12 ml of 0.25%
(Milligan et al. 1993) or 20 ml of 0.067% (Panni and Columb
2006). For Caesarean section, an ED50 dose of spinal bupivacaine
when combined with fentanyl 10 µg and morphine 200 µg, has
been estimated to be approximately 10 mg in obese patients
(Carvalho et al. 2011). In the same study, the ED95 in obese
patients was estimated to be approximately 15 mg compared with
11 mg in lean patients but these values were extrapolated using
probit analysis and may be unreliable (Carvalho et al. 2011). In
knee arthroplasty, the ED50 for successful spinal anaesthesia did
not differ in obese patients, but the incidence of tourniquet pain
was lower (Kim et al. 2012).
For pain management after bariatric surgery, epidural analgesia by a continuous infusion of 6–15 ml h−1 of bupivacaine 0.1% +
fentanyl 3 μg ml–1 was effective and decreased the time to passing
of flatus but, surprisingly, it was also associated with a greater risk
of wound infection compared with patient-controlled intravenous
morphine (Charghi et al. 2003). An alternative to neuraxial analgesia after laparoscopic bariatric surgery is administration of intraperitoneal bupivacaine, which has been demonstrated to decrease
postoperative pain either by continuous infusion (Sherwinter et al.
2008) or aerosolization (10 ml at 0.5%) (Alkhamesi et al. 2008), but
the influence on analgesic consumption is inconsistent (Cottam
et al. 2007; Symons et al. 2007) while the effect on postoperative
nausea and vomiting is negligible.

Peripheral nerve block
Because of anatomical and technical challenges, nerve blocks had a
two to four times higher risk of failure in obese vs non obese patients

(Nielsen et al. 2005), although this study was done at a time when
ultrasound-guided techniques were not used widely and the technology was inferior to that available today. Axillary brachial plexus
bock in obese patients was associated with increased requirement
for supplemental nerve blocks, a higher incidence of vascular puncture (27% vs 9%), and fewer satisfied patients (Hanouz et al. 2010).
A higher success rate of nerve block (supraclavicular brachial
plexus) was found in diabetic patients and the authors assumed
that the nerves of diabetic patients may be more sensitive to local
anaesthetics, or the finding was related to subclinical diabetic neuropathy (Gebhard et al. 2009).
However, the potential benefits on perioperative morbidity
by avoiding general anaesthesia mean that it can be worthwhile
attempting regional anaesthesia even when there is an increased
failure rate in the obese. For example, multilevel nerve stimulator-
guided paravertebral block has been proposed for breast cancer
surgery: surgical anaesthesia was achieved in 76.9% of morbidly
obese patients and the failure rate (no analgesia) was 11.5%
(Naja et al. 2011). Some trials, however, suggest that regional
anaesthetic techniques can be less effective in obese patients; for
example, transversus abdominis plane block failed to reduce post-
abdominoplasty opioid requirements to the same extent in post-
bariatric surgery patients compared with other patients (Gravante
et al. 2011).

Conclusion
Maximizing the safety of anaesthesia for morbidly obese patients
requires a good knowledge of the anatomical, physiological, and
pathological effects of obesity and great care and attention to detail
in planning and executing anaesthetic management from the preoperative assessment to the postoperative period. Even in elective
surgery, many cases can be technical challenges and only a step-
by-step approach to the avoidance of potential adverse events will
result in the optimal outcome.
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CHAPTER 88

Pre-surgical optimization
of the high-risk patient
Andrew J. Clarkin and Nigel R. Webster
Introduction
There is a small group of patients undergoing surgery who comprise the majority of perioperative deaths. In order to reduce the
morbidity and mortality associated with anaesthesia and surgery
it is necessary to identify this high-risk group and target it with
appropriate interventions. A number of studies have shown that if
this group is identified and managed aggressively in the operative
period using goal-directed therapy then morbidity, mortality, and
length of stay can all be reduced. The optimal form of this management is called pre-optimization and involves pre-emptive admission to the intensive care unit (ICU) before surgery, although there
are also beneficial effects from intra-and postoperative optimization. It requires an understanding of oxygen delivery, the use of cardiac output monitoring to guide fluid and inotrope administration,
and the attainment of supranormal physiological goals.

History of pre-optimization
There is a large body of evidence demonstrating the benefits of
increasing the oxygen delivery beyond normal during the perioperative period. The concept emerged in the 1980s based on observational work conducted by Bland and Shoemaker. They showed
that increased cardiac output causing supranormal levels of oxygen
delivery and consumption was associated with greater survival than
normal oxygen delivery (Bland et al. 1985). The proposed explanation of these findings was that the elevated levels are those required
to meet the increased metabolic requirements of the patient, and in
a subsequent study Shoemaker et al. (1992) showed a link between
increasing oxygen debt and mortality. Although these values were
identified in patients who increased their cardiac output spontaneously, they postulated that those who failed to do so would benefit
from pharmacological augmentation to prevent the oxygen debt
and mortality.
Values seen in survivors:
◆
◆
◆

Cardiac index (CI): >4.5 litres min−1 m−2
Oxygen delivery index (Ḋo2I): >600 ml min−1 m−2
̇ I): >170 ml min−1 m−2.
Oxygen consumption index (Vo
2

In another study, Shoemaker et al. (1988) demonstrated a significant reduction in morbidity and mortality of high-risk patients
when physiological goals were set and targeted in a systematic
manner. They used a pulmonary artery (PA) catheter to monitor

the patients and instituted goal-directed therapy preoperatively
to meet elevated values of CI, Ḋo2I, and V̇o2I. In order to meet
these goals they used intravenous fluids and blood, inotropes
(principally dobutamine), vasodilators (including glyceryl trinitrate and sodium nitroprusside), and vasoconstrictors [such as
noradrenaline (norepinephrine) and dopamine]. The patients
who were managed with these supranormal targets had a greatly
improved mortality (4% vs 33%) compared with those in whom
the targets were normal values for physiological parameters such
as blood pressure, heart rate, Ḋo2, and PA occlusion pressure.
As a result of this landmark study, the concept of managing
high-risk surgical patients by instituting goal-directed therapy to
meet supranormal physiological values emerged. Further studies were then conducted which confirmed the benefits shown by
Shoemaker et al.
In a randomized controlled trial, Boyd et al. (1993) admitted
high-risk surgical patients to intensive care preoperatively and
instituted haemodynamic monitoring including PA catheterization. They targeted normal values of arterial pressure, PA occlusion
pressure, oxygen saturation, haemoglobin concentration, and urine
output. In the treatment group, they also targeted a Ḋo2I greater
than 600 ml min−1 m−2 using dopexamine as an inotrope to achieve
this. This protocol was continued postoperatively until the lactate
was normal for two consecutive readings. They demonstrated a
75% reduction in mortality and fewer postoperative complications.
Wilson et al. (1999) compared standard perioperative care against
pre-optimization in intensive care or high dependency units using
intravenous fluid and blood to achieve PA occlusion pressures
greater than 12 mm Hg, haemoglobin concentrations greater than
110 g litre−1, and using either adrenaline (epinephrine) or dopexamine to achieve a Ḋo2I greater than 600 ml min−1 m−2. They demonstrated a mortality reduction of 82% in the treatment group, and
a reduced incidence of complications and hospital length of stay in
the dopexamine group.
These key papers confirmed the morbidity and mortality benefits
of preoperative optimization of oxygen delivery in high-risk surgical patients. Since their publication, the principles of goal-directed
therapy to optimize oxygen delivery have been shown to be beneficial in orthopaedic trauma patients (Sinclair et al. 1997), general
surgical patients (Lobo et al. 2000), and cardiac surgical patients
(Polonen et al. 2000). Further studies such as those by Donati
et al. (2007) and Pearse et al. (2005) have looked at goal-directed
therapy beginning intraoperatively and postoperatively. These have
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demonstrated reduced rates of organ dysfunction and length of stay
although not a mortality benefit.

Controversy
Despite the plethora of good evidence supporting the use of pre-
optimization of the high-risk surgical patient, it remains a controversial subject with limited adoption (Singh and Manji 2001) for a
number of reasons:
1. Outcomes are dependent on patient selection
2. Critical care resource implications
3. Use of PA catheter
4. Outcomes are because of additional fluid.

Patient selection
As described, the studies that have shown a morbidity and mortality benefit are those which implemented goal-directed therapy for
patients classed as high risk—those with a greater chance of mortality because of an inability to meet the oxygen requirements associated with surgery. There have been notable studies that have failed
to demonstrate a benefit from goal-directed therapy, and these have
contributed to the scepticism around this therapy. Gattinoni et al.
(1995) compared supranormal CI and normal Sv O2 to a control
group of normal CI and failed to achieve an improvement in morbidity or mortality. However, the patient population was different to
previous studies in that these were patients who were already critically ill and included patients with sepsis syndrome or septic shock.
Moreover, the targets in the treatment groups were only met in
44.9% and 66.7% respectively. Hayes et al. (1994) used dobutamine
to achieve supranormal levels of CI and oxygen delivery in those
who failed to respond to fluid therapy and low-dose dopamine in
a mixed population of medical and surgical patients admitted to
ICU. Despite this, there was no difference in oxygen consumption
between the treatment and control groups and a higher in-hospital mortality rate in the treatment group. Again, the patients were
already critically ill at the start of treatment with established organ
failure and in this study, very high doses of dobutamine were used
to meet the targets. These results contrast with those demonstrated
by Rivers et al. (2001) who showed that in patients with severe sepsis and septic shock, early and aggressive fluid resuscitation supplemented with dobutamine administration to maintain Scv O2 above
70% reduces mortality.
Rather than refuting goal-directed therapy as beneficial, these
studies highlight the importance of correctly identifying patients
who stand to benefit from goal-directed therapy and the dangers
of extrapolating the results to other populations. The described
therapies are effective if implemented before surgery and the
attendant elevation of oxygen consumption and cellular hypoxia,
whereas benefit has not been seen in patients who are not high risk,
if supranormal Ḋo2 targets are not used, or if organ failure or septic shock is established. When critical illness is already established,
they should be avoided.

regarded as an essential component of perioperative care and
absence of acute organ failure or need for organ support often precludes ICU admission. Critical care units are expensive resources
and unnecessary admission is not economically responsible.
The perception that prophylactic ICU admission and goal-
directed therapy would incur additional expense and increase the
cost of patient care was questioned by Guest et al. (1997) who conducted a cost-effectiveness analysis of Boyd et al.’s (1993) earlier
study into supranormal oxygen delivery. They analysed the medical
care and resource utilization in the study groups and identified the
unit price of each resource, allowing them to calculate the treatment cost of each patient. The cost of standard care was an average of GBP £1259 more than pre-optimization, attributable mainly
to the expense of treating postoperative complications. Fenwick
et al. (2002) conducted a retrospective cost-effectiveness analysis
of Wilson et al.’s (1999) pre-optimization trial. They demonstrated
a lower overall cost of treatment with an optimization strategy than
with standard care and an average saving of EUR €5655. This saving
was because of a reduction of postoperative resource consumption
and of in-patient stay, which more than offset the expense incurred
by implementing pre-optimization.
The reduced incidence of complications and need for critical care
and the reduction in hospital length of stay which results from the
implementation of goal-directed therapy in a high-risk population
makes this a more fiscally efficient strategy than the current model
of reacting to complications once they have developed. There is
also evidence that instituting the described therapies postoperatively without preoperative intervention can reduce morbidity and
hospital stay, further reducing the burden on critical care resources
(Pearse et al. 2005).

Pulmonary artery catheter
The majority of studies demonstrating improved outcomes after goal-
directed therapy have used oxygen delivery as the targeted index.
This has been calculated using a PA catheter to measure cardiac output. However, there has been a trend away from using the PA catheter
as research has called into question its utility and suggested increased
mortality associated with its use (Connors et al. 1996; Sandham et al.
2003). Despite these concerns, the described benefits to morbidity
and mortality when an appropriate patient group is selected and PA
catheterization is used to guide therapy have been confirmed in a
meta-analysis (Kern and Shoemaker 2002). Moreover, Hamilton
et al. (2011) conducted a meta-analysis into goal-directed therapy
and showed improved mortality rates when PA catheterization is
used compared with other cardiac output monitors.
It is important to recognize that the improved outcomes result
from individualized fluid and vasoactive therapy increasing the
oxygen delivery, and that the PA catheter is simply used as a flow
monitor to guide this. Avoidance or unavailability of a PA catheter
should not preclude goal-directed therapy. Pre-optimization can be
delivered using alternatives to the PA catheter: the key is that they
must be monitors of blood flow to permit assessment of oxygen
delivery.

Critical care resources

Additional fluid requirements

Critical care resources are limited and vary widely between countries (Wunsch et al. 2008). Lack of bed availability may impact the
ability to admit patients either pre-or postoperatively to implement
goal-directed therapy. Preoperative optimization is not currently

The various optimization algorithms seek to increase cardiac output and tissue oxygenation by maximizing ventricular filling with
intravenous fluid administration and patients in the treatment arm
tend to receive more fluid intraoperatively (Abas and Hill 2008).
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Some of the studies have demonstrated an outcome benefit without recourse to inotropic therapy (Sinclair et al. 1997; Gan et al.
2002). Fluid management is therefore an important component
and prevention of both occult fluid depletion and volume overload are essential. Some suggest that the increased fluid administration observed in the treatment arms supports the hypothesis
that patients simply require additional fluid and that this could be
administered without the need for cardiac output monitoring or
inotropic therapy. While it is appealing to administer additional
volume without stroke volume guidance, this has not been shown
to have the same benefits as goal-directed therapy (Cuthbertson
et al. 2011). Fluid administration is only appropriate while there
is recruitable cardiac output and blind administration is unlikely
to position the patient optimally on the Frank–Starling curve.
A patient undergoing surgery requires the correct amount of fluid
and this cannot be identified without monitoring.
Optimizing the filling status improves outcomes but the addition of inotropic support has further beneficial effects (Pearse et al.
2008; Hamilton et al. 2011). The high-risk population described
is at risk of tissue oxygen debt because of impaired physiological
reserve combined with general anaesthesia even with optimal filling (Lobo et al. 2006). In addition, the use of inodilators such as
dopexamine has been shown to improve microvascular blood flow
compared with fluid alone (Jhanji et al. 2010).
Optimization of haemodynamics in the perioperative period
has been confirmed as beneficial on rates of mortality and surgical
outcomes in numerous studies over the past 25 years. Despite concerns regarding invasive monitoring and resource utilization, and
early problems associated with the principles being extrapolated to
other populations, it has repeatedly been shown in meta-analyses
to improve outcomes even when compared with the improving
outcomes of standard care (Kern and Shoemaker 2002; Poeze et al.
2005; Hamilton et al. 2011).

Oxygen delivery
Oxygen is required for energy production in the mitochondria
by aerobic metabolism. It is transported in the blood, the majority bound to haemoglobin with a small quantity dissolved in the
plasma; it is not stored in the tissues. Oxygen delivery (Ḋo2) is
therefore reliant on oxygen content of arterial blood (Ca O2 ) and
cardiac output (CO).
D o2 (ml min −1) = CO (1itres min −1) × Ca O2 (ml litre −1 )

(88.1)

In health, global Ḋo2 usually far outweighs oxygen consumption
(V̇o2), which varies between tissues depending on their metabolic
activity. The extraction ratio (ER) describes the fraction of delivered
oxygen which is consumed by the tissues. As oxygen delivery to the
tissues reduces as a result of hypoxia or reduced cardiac output,
aerobic metabolism is maintained by extracting a greater fraction
of oxygen from the delivered blood. As a result, the mixed venous
oxygen content drops and the extraction ratio rises. Eventually a
threshold is reached and the V̇o2 begins to drop. This is classed
as the critical Ḋo2 and beyond this level V̇o2 is said to be supply
dependent. Beyond this critical Ḋo2 there is an inadequate oxygen
supply to the cells to meet the requirement for aerobic metabolism
and anaerobic metabolism will begin.
VO2 (ml min) = CO (litre min −1 ) × (Ca O2 − Cv O2 )(ml litre −1 )

(88.2)

pre-surgical optimization of the high-risk patient
ER (% ) = VO2 D O2

(88.3)

Very high oxygen extraction ratios are suggestive of inadequate
oxygen delivery. A clinically useful marker of oxygen extraction is
the mixed venous oxygen saturation (Sv O2 ). The term mixed venous
is used to denote that the sampled blood is taken from the PA after
mixing of systemic venous blood from the superior and inferior
vena cava, ensuring that global oxygen consumption is considered.
Measurement of Sv O2 requires placement of a PA catheter in order
to sample blood after mixing has occurred in the right heart. In the
absence of a PA catheter, central venous oxygen saturation (Scv O2 )
measured from blood in the superior vena cava can be used as a
surrogate. This method requires a central venous line but must
be interpreted as a regional rather than global measure. Once a
catheter is sited, intermittent measurements of oxygen saturation
are made simply by aspirating a blood sample and processing in
a point-of-care blood gas analyser. With modern catheters, both
Sv O2 and (Scv O2 ) can also be continuously measured in vivo using
catheters with fibreoptic oximeters.
The extraction ratio can also be calculated using the arterial
and mixed venous oxygen saturations as the variable that changes
between arterial and mixed venous oxygen content is the saturation.
ER (% ) = (S a O2 − S v O2 ) / S a O2 

(88.4)

As oxygen delivery falls, so the amount of oxygen extracted
from the blood rises to maintain an adequate tissue supply. This
increased extraction causes the venous blood returning to the right
heart to have a reduced oxygen content and this is evident in the
oxygen saturation. Falling Sv O2 or Scv O2 can be used as a measure of
increasing extraction ratio and therefore reduced oxygen delivery.
If left uncorrected this reduction in Ḋo2 will cause tissue hypoxia
and a reliance on anaerobic metabolism with consequent lactate
generation.
The effects of tissue hypoxia are broad (Karimova and Pinsky
2001; Davies and Wilson 2004). The endothelium becomes activated, causing inflammation, capillary leak with loss of barrier
function, and vasoconstriction. Leucocytes and platelets are activated and there is a procoagulant state. Splanchnic hypoperfusion
causes disruption of the enteric mucosal barrier with translocation of microorganisms and endotoxin into the circulation. These
changes precipitate dysfunction of the microcirculation and eventually organ failure and death.

Implementing pre-optimization
In order to achieve the described benefits from haemodynamic
optimization in the perioperative period, it is essential that a number of steps are followed (Lees et al. 2009). To improve rates of morbidity and mortality it is necessary to identify those patients at high
risk of these complications. Once a patient is identified, they should
be admitted to intensive care and appropriate monitoring instituted. This monitoring should allow quantification of appropriate
physiological parameters and assessment of response to treatment.
Once appropriate monitoring is in place, a therapeutic algorithm
should be followed to target specific predefined physiological goals.
This goal-directed therapy should comprise optimization of arterial
oxygen content and cardiac output through the use of intravenous
fluid loading and inotropic support. When the targets have been
met, then the surgery should take place with continued adherence
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to the haemodynamic goals. The patient should return to the ICU
postoperatively to continue the treatment protocol.

Identification of high-risk patients
There is a small subset of patients who account for the majority
of perioperative deaths. Pearse et al. (2006) demonstrated that of
over 4 million surgical procedures performed during a 70-month
period, 12.5% could be classified as high risk with an expected
mortality rate of greater than 5%. The mortality rate of patients
undergoing high-risk surgery was 12.3%, compared with 0.42% in
the standard-risk group, and accounted for more than 80% of all
deaths during the study period. Therefore, if interventions are to be
instituted to reduce the risk of perioperative mortality, a means of
identifying the at-risk patient is required.
In general terms, increased operative risk is related to increased
oxygen demand and the patient’s ability to meet this demand;
inability to do so is directly related to mortality (Clowes and Del
Guercio 1960). Both surgical and patient factors have a bearing
on this.
Surgical factors: factors which increase the stress response to the
surgical insult and so the oxygen demand such as extent and duration of surgery are associated with increased rates of complications
and death. For example, major intra-abdominal surgery is associated with an increased oxygen demand of 40% or more which must
be met with increased oxygen delivery or extraction (Older and
Hall 2004).
Patient factors: the key factor is the ability to meet the
increased oxygen requirements imposed by the surgery. Patients
with adequate physiological reserve are able to meet this requirement by increasing their oxygen delivery, primarily by increasing
their cardiac output. Reduced cardiopulmonary reserve limits
this response.
There have been numerous criteria described for identifying the
high-risk surgical patient. Simple clinical criteria such as presence
of one or more risk factors from a list (Pearse et al. 2005) can be
used, or more complex scoring systems such as the Portsmouth
Physiologic and Operative Severity Score enUmeration of Mortality
(P-POSSUM) which attempts to predict mortality based on parameters such as age, cardiac and respiratory disease, conscious level,
haemodynamics, laboratory investigations, and nature of surgery
(Prytherch et al. 1998). Similarly there have been cardiac risk indices described by Goldman, Lee and Detsky, and the Duke Activity
Status Index. The best-validated method for assessing cardiorespiratory function is cardiopulmonary exercise testing (Older and
Hall 2004).
A degree of pragmatism is required—it may not be practical to
subject patients requiring emergency surgery to cardiopulmonary
exercise testing. However, it is essential that the high-risk patient be
identified in order that they receive appropriate management in the
perioperative period (Box 88.1).
A proportion of the patients identified will be at high risk of
perioperative myocardial ischaemia and excessive β-stimulation
as a result of inotrope administration may exacerbate this. These
patients have often been excluded from studies of pre-optimization,
and safety limits set to prevent undue tachycardia or ECG changes.
Successful management requires optimal disease control preoperatively and perioperative β-blockade may be more appropriate than the supranormal oxygen delivery described (Pearse et al.
2004; Flynn et al. 2011). However, hypovolaemia remains a risk

Box 88.1 Presence of one or more factors denotes a high risk for the
surgical patient
◆

◆

◆
◆

◆
◆

◆

◆

◆

Severe cardiac or respiratory illness resulting in severe functional limitation
Extensive surgery planned for carcinoma involving bowel
anastomosis
Acute massive blood loss (>2.5 litres)
Aged over 70 years with moderate functional limitation of one
or more organ systems
Septicaemia (positive blood cultures or septic focus)
Respiratory failure (Pa O2 < 8 kPa on FIO2 > 0.4, i.e. Pa O2 : FIO2
ratio < 20 kPa or ventilation > 48 h)
Acute abdominal catastrophe (e.g. pancreatitis, perforated viscous, gastrointestinal bleed)
Acute kidney injury (urea > 20 mmol l−1, creatinine > 260
µ mol l−1)
Surgery for abdominal aortic aneurysm.

Data from ‘Early goal-directed therapy after major surgery reduces
complications and duration of hospital stay. A randomised, controlled
trial [ISRCTN38797445]’, Rupert Pearse, Deborah Dawson, Jayne Fawcett,
Andrew Rhodes, R Michael Grounds and E David Bennett, Critical Care,
2005 9:R687.

necessitating accurate fluid administration, and the principles of
monitoring and fluid management outlined should be followed.

Monitoring
It is clear that, by identifying patients at risk of tissue hypoxia and
preventing this insult, the incidence of postoperative complications
can be reduced with a beneficial effect on surgical mortality. This
detection and prevention is dependent on being able to make a
meaningful assessment of the haemodynamic status of the patient
and to use this assessment to guide therapy; no monitoring will
improve outcome unless coupled to a treatment that itself improves
outcome (Pinsky 2007).
Physiological monitoring is a core component of anaesthesia
and intensive care. The most commonly measured parameters are
heart rate, arterial pressure, and oxygen saturation; invasive arterial
pressure and central venous pressure measurements are frequently
added in higher-risk populations. The essential function of the cardiovascular system is delivery of oxygen to the tissues yet the parameters listed give no measure of blood flow or oxygen delivery. They
give a measure of the status of the cardiovascular system with the
assumption that achieving normal values equate to normal function and prevention of organ injury. The assumption fails to deal
with underlying pathological mechanisms. Arterial pressure may be
adequate but maintained by elevated systemic vascular resistance in
the face of a reduced cardiac output. If outcomes are to be improved,
therapeutic interventions must be delivered and guided by the physiological responses detected by appropriate monitoring (Table 88.1).
The principle of goal-directed therapy is to ensure adequate
oxygen delivery to prevent ischaemia and an oxygen debt. This is
achieved by ensuring adequate preload to optimize the position
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Oxygen content

Table 88.1 Required monitoring
Equipment

Variables to be monitored

Pulse oximeter

Arterial oxygen saturation

Electrocardiograph

Heart rate, dysrhythmias

Arterial catheter

Systolic, diastolic, and mean
blood pressure; blood gas analysis;
haemoglobin concentration

Central venous catheter

Central venous oxygen saturation,
administration of inotropes

Cardiac output monitor—one of:
Pulmonary artery catheter

Stroke volume, cardiac index, mixed
venous oxygen saturation

Pulse contour analysis

Stroke volume, cardiac index, pulse
pressure variation, stroke volume
variation

Oesophageal Doppler

pre-surgical optimization of the high-risk patient

Stroke volume, cardiac index,
corrected flow time

on the Frank–Starling curve, and then when the patient’s intravascular volume status is optimal, inotropes and vasodilators are
started as required to reach a predetermined Ḋo2. Neither central
venous pressure nor PA occlusion pressure is reliable in assessing
fluid responsiveness (Michard and Teboul 2002; Marik et al. 2008);
a measure of blood flow is required to make a meaningful assessment of response to a fluid challenge. Flow measurement is also
required for quantifying the cardiac output in order to calculate
the Ḋo2. The early studies into goal-directed therapy all utilized
the PA catheter to measure cardiac output and so oxygen delivery.
As use of the PA catheter has declined, there have been a number
of less-invasive cardiac output monitors developed for use in the
operating theatre and critical care environments. These include the
oesophageal Doppler monitor (Singer 2009) and a variety of arterial pressure waveform analysis systems. The pressure waveform
systems can be calibrated (e.g. using transpulmonary thermodilution or lithium dilution) or uncalibrated. All of these systems give
an indication of stroke volume and cardiac output and they should
be used to direct therapy.

Goal-directed therapy
The aim of pre-optimization is to prevent an oxygen debt in those
at risk by manipulating the factors that affect oxygen flux. The most
extensively studied target is a supranormal Ḋo2I; achievement of
a Ḋo2I of 600 ml min−1 m−2 has been shown to confer a survival
benefit (Hamilton et al. 2011). Other measures have also been
studied: maintaining an oxygen extraction ratio (calculated using
central rather than mixed venous oxygen saturations) below 27%
(Donati et al. 2007), and targeting a corrected flow time greater
than 0.35s (Abbas and Hill 2008) improved rates of complications
and length of stay.
Tissue oxygenation is maintained by ensuring adequate arterial oxygen content and elevating oxygen delivery to supranormal
levels by increasing the cardiac output and controlling the systemic vascular resistance if required. Goals are predefined and the
haemodynamics manipulated to achieve those goals before surgery.

In high-risk patients who lack the cardiorespiratory reserve to meet
the increased oxygen requirements posed by surgery, there is an
increased risk of complications and death. Oxygen delivery can be
increased by increasing the arterial oxygen content (Ca O2) or the
cardiac output.
Arterial oxygen content is dependent on the oxygen saturation
and the haemoglobin concentration. There is a small amount of dissolved oxygen in the plasma but this fraction is far smaller than that
bound to haemoglobin. Oxygen content can be increased then by
ensuring adequate haemoglobin concentration and oxygen saturation, both standard measures in anaesthesia and intensive care.
Ca O2 (ml O2 per litre of blood) = [1.34 × Hb (g litre −1 ) × Sa O2 ]
+ [0.225 × Pa O2 (kPa )]
(88.5)
While it is an attractive prospect to improve oxygen delivery by
increasing the haemoglobin concentration, there is a trade-off
between oxygen-carrying capacity and blood rheology. There are
also risks associated with blood transfusion itself, such as allergy,
haemolysis, and immunosuppression. Some of the studies have
mandated a minimum haemoglobin concentration or haematocrit
but the targets have been variable: in one of the early studies, Boyd
et al. (1993) kept the haemoglobin above 120 g litre−1. In a more
recent study, when transfusion practices had changed, Pearse et al.
(2005) had a limit of 80 g litre−1 and still showed a benefit in the
protocol group. An optimum haemoglobin concentration that is
adequate for oxygen transport but does not compromise blood flow
should be the goal. A concentration of 70 g litre−1 or more—higher
in those patients with ischaemic heart disease—is sufficient for this
and may be superior to a more liberal transfusion strategy (Hebert
et al. 1999). The nature of surgery and expected blood loss will have
a bearing on this level and will need to be taken into account when
preparing the patient for surgery.
Hypoxia should also be avoided and oxygen administered if
required to keep the patient well oxygenated. Oxygen saturations of
94% would be a reasonable target to ensure adequate arterial oxygen content. Continuous positive airways pressure may be required
to achieve this, particularly after surgery.
These determinants of oxygen content should be achieved
before further efforts are made to elevate the oxygen delivery;
otherwise, there is the risk of excessive fluid administration and
associated risks.

Fluid loading
The first step in optimizing the delivery of oxygen is to increase
the cardiac output through administration of intravenous fluids. Inappropriate fluid administration not only lacks benefit to
the patient but also causes harm by increasing tissue oedema and
impairing oxygen transfer in the lung and peripheral tissues leading to tissue hypoxia. It is therefore essential to assess whether a
patient is fluid responsive—whether they have recruitable cardiac
output—and to avoid unnecessary fluid therapy.

Assessing fluid responsiveness
Fluid responsiveness is the ability to increase the stroke volume and
thus cardiac output in response to a fluid challenge; an increase of
10–15% is generally taken as a positive response (Marik et al. 2008).
By administering a rapid intravenous fluid bolus, the venous return
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Figure 88.1 Examples of Frank–Starling curves.

is increased and so the end-diastolic volume rises. If the patient is
on the ascending part of the Frank–Starling curve then the stroke
volume will increase. As the flat upper portion of the curve is
reached there will be little change to stroke volume in response to
volume administration and the patient is no longer fluid responsive; fluid is no longer beneficial and should be stopped (Fig. 88.1).
It is important to note that a positive response to a fluid challenge
does not necessarily mean that the patient is hypovolaemic. Most
people will increase their stroke volume in response to an increased
venous return. Under these circumstances, intravenous fluid is not
being used to replenish a circulatory deficit but to augment the
venous return and so the cardiac output.
Traditionally, the response of the central venous pressure or PA
occlusion pressure was used as a measure of the preload response
to a fluid challenge. This has been shown to be an ineffective
means of quantifying response to fluid and should not be used
(Michard and Teboul 2002; Marik et al. 2008). The response to
a fluid challenge should be assessed using either a measure of
stroke volume or cardiac output, or a surrogate dynamic variable such as pulse pressure variation (PVV) or stroke volume
variation (SVV).
While fluid responsiveness can be assessed by measuring the
change in stroke volume in response to a fluid challenge, the potential harm of excessive fluid administration can be avoided through
the use of predictors of fluid responsiveness. If these predictors
suggest that the patient will not respond, then fluid administration
can be avoided altogether. There are two methods which can be
utilized: passive leg raising (PLR) which acts as a reversible fluid
challenge and assessing the cyclical variation in venous return associated with positive pressure ventilation:
1. Passive leg raise. Raising and holding the legs at 30–45° above
the chest causes an increase in venous return equivalent to a
300 ml fluid challenge that persists for 2–3 min. The immediate haemodynamic response can be used as a measure of fluid
responsiveness while avoiding the potential of fluid overload
(Boulain et al. 2002; Monnet and Teboul 2008). Total body water
is unchanged and excessive fluid administration is avoided in
non-responders.
2. Positive pressure ventilation. When a patient with no spontaneous respiratory effort is mechanically ventilated, there will
be an increase in right atrial pressure during the inspiratory
phase. The pressure will oppose the venous return and cause

a reduction in atrial filling. Right and thus left ventricular filling will drop and so there will be a cyclical fall in stroke volume and arterial pulse pressure. These cyclical variations can
be indexed to give the stroke volume variation (SVV = SVmax −
SVmin/SVmean, averaged over 30 s) of 10% or more is predictive
of fluid responsiveness (Berkenstadt et al. 2001). As the main
determinant of pulse pressure is stroke volume, the PPV is also
a good predictor of fluid responsiveness—a value of 13% or over
is predictive of a positive response to a fluid challenge (Michard
et al. 2000). PVV has the additional advantage of requiring only
an arterial waveform as opposed to a flow measurement device
and has been shown to have a greater diagnostic accuracy than
either SVV or systolic pressure variation (Marik et al. 2009).
The changing intrathoracic pressure causes a varying venous return
and thus similar effects on the cardiac output to a fluid challenge,
again with the avoidance of excessive fluid administration. The
absolute value of the variation characterizes the degree of responsiveness and exogenous fluid is administered only if the patient is
predicted to respond. These values must be interpreted carefully—
spontaneous or pressure-supported ventilation or an open chest
will affect the intrathoracic pressure and the variation in venous
return. It can be seen that the change in intrathoracic pressure will
also be affected by the tidal volume and it is recommended that
these measures are used in patients ventilated with a tidal volume
of 8 ml kg−1 or more (Marik et al. 2009).

Fluid challenge
A fluid challenge should be administered as a rapid bolus of
intravenous fluid. It should be large enough to increase the end-
diastolic volume and so the stroke volume if the patient lies on the
ascending side of the Frank–Starling curve, while not so large as
to cause excessive volume administration as the upper portion of
the curve is approached. If the infused volume is inadequate then
the end-diastolic volume will not increase, risking a false-negative
result. A bolus of 3 ml kg−1 is a safe and appropriate volume to
make an assessment of response. This volume should be administered over 5–10 min in order to cause a stretch in the ventricle large enough to have detectable effects on the stroke volume
(Cecconi et al. 2011). If the stroke volume increases by 10% or
more then the patient is fluid responsive (Table 88.2). The stroke
volume may subsequently fall as the administered fluid redistributes but the knowledge that the patient remains on the ascending
limb of the curve supports further fluid challenges if required. If
the stroke volume fails to increase in response to a fluid bolus then
the patient is no longer fluid responsive and further administration should be avoided.

Table 88.2 Positive response to a fluid challenge
Direct measurements
Stroke volume

Increase of 10% or greater

Cardiac index

Increases

Predictors
Pulse pressure variation

Absolute value >13%

Stroke volume variation

Absolute value >10%
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Inotropes
When the haemodynamic goals cannot be met with intravenous
fluid therapy alone then inotropic support will be required. The
agents which have been most studied are dobutamine, dopexamine, and adrenaline.
Dobutamine is a direct-acting β-adrenoreceptor agonist, acting primarily at β1 receptors with weak β2 activity. It increases
the cardiac output via heart rate and contractility and acts as a
peripheral vasodilator despite α1 stimulation. Dopexamine is a
dopamine analogue that has effects at β2 and dopamine receptors.
It acts as a positive inotrope and peripheral vasodilator, improving
flow in the microcirculation and splanchnic vessels, and has anti-
inflammatory effects. Adrenaline is an agonist of all adrenoreceptor
types. It increases cardiac output and vascular tone.
When the use of fluids was compared against fluids and dobutamine to reach a target Ḋo2I of 600 ml min−1 m−2 in high-risk
patients, worse outcomes and complication rates were found in
those treated with fluids alone, while those treated with fluids and
dobutamine were more likely to reach their target oxygen delivery
(Lobo et al. 2006). Dopexamine has been shown to confer a benefit on both mortality and length of stay when used at doses up
to 1 μg kg−1 min−1 although higher doses lack this effect (Pearse
et al. 2008). Dopexamine was compared with adrenaline in another
study targeting the Ḋo2I—this showed a mortality improvement in
both treatment groups compared with the control population but
that only the dopexamine group had improved rates of complications and length of stay (Wilson et al. 1999).
Therefore, the use of inotropic agents confers benefits on patients
receiving perioperative haemodynamic manipulation. The maximal benefits are seen with dobutamine or dopexamine rather than
adrenaline. However, care is required when implementing these
therapies as the increased heart rate and consequent myocardial
oxygen consumption may be hazardous in patients with ischaemic
heart disease or at risk of ischaemic cardiac events.

pre-surgical optimization of the high-risk patient
increases in oxygen delivery. It is necessary to institute these therapies pre-emptively.
The early studies showing improved mortality rates began treatment before surgery and did not operate until the oxygen delivery
targets had been met. Later research has shown that intraoperative and postoperative haemodynamic manipulation also confers
a benefit although this is seen on rate of complications and length
of stay but not overall mortality. It is preferable therefore to admit
high-risk patients to intensive care before surgery in order to begin
monitoring and goal-directed therapy and operate once those goals
have been met. However, if this is unachievable it is still beneficial
to use goal-directed therapy intraoperatively and then continue it

Admit to Intensive Care Unit

Institute monitoring including cardiac
output monitor

Optimize oxygen saturation and
haemoglobin concentration

Institute goal-directed therapy to
achieve supranormal oxygen delivery

Vasoactive drugs
The aim of the described therapies is to increase the cardiac output, and it is the increase in tissue oxygen delivery that has been
shown to improve outcomes. Manipulation of the cardiac output
will affect the arterial pressure and the majority of studies have
included this measure as a controlled variable. Anaesthesia and
the vasodilating effects of inotropic agents may cause a reduction
in vascular resistance and overall reduction in mean arterial pressure. Similarly, underlying elevated vascular tone coupled with
an increased cardiac output may cause arterial hypertension. It is
important therefore that the mean arterial pressure is controlled
within an appropriate range for the patient and this might require
the use of a vasoconstrictor such as noradrenaline or a vasodilator
such as glyceryl trinitrate.

Timing of surgery
The key difference between the studies demonstrating an
improved outcome and those that have not is the timing of the
intervention. If treatment is delayed until tissue hypoxia is established, such as in patients with septic shock, then the benefits are
not seen and supranormal oxygen delivery is detrimental (Hayes
et al. 1994; Gattinoni et al. 1995). If oxygen debt is irreversible,
then cell death and resultant organ failure will not respond to

Operate, continuing supranormal
oxygen delivery

Return to Intensive Care Unit
postoperatively

Continue supranormal oxyen delivery
for 8 h, or until two consecutive
lactate measurements are normal

Discontinue goal-directed therapy

Figure 88.2 Sequence of events during perioperative optimization.
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postoperatively if possible. This postoperative management should
continue for 8 h or until the serum lactate is normal (Boyd et al.
1993; Pearse et al. 2005).

Table 88.3 Treatment goals

Algorithm
Patients who are classified as high risk according to the criteria listed should have coexisting disease treated optimally before
surgery. They should then be admitted to intensive care preoperatively. In the absence of ICU beds, consideration should be given
as to whether the management algorithm can be safely followed in
a high-dependency unit. If not, then intraoperative optimization
should be used and continued postoperatively if an appropriate
critical care bed is available. Appropriate monitoring should be
applied, including some form of cardiac output monitoring. Any
hypoxia should be corrected using supplemental oxygen or continuous positive airways pressure as required. Blood should be transfused if required to reach a minimum haemoglobin concentration
of 70 g litre−1 (Fig. 88.2). Once these conditions have been met,

Condition

Measurement

Oxygen saturation

≥94%

Haemoglobin concentration

>70 g litre−1

Mean arterial pressure

70–100 mm Hg

Urine output

>0.5 ml kg−1 h−1

goal-directed therapy should be instituted to reach and maintain
supranormal oxygen delivery (Table 88.3).
The cardiac output monitor should be used to assess fluid responsiveness and oxygen delivery. A Ḋo2I of 600 ml min−1 m−2 should
be targeted. If the Ḋo2I is not available then a CI of 4.5 ml min−1 m−2
or an oxygen extraction ratio of less than 27% should be used. If
this value is not met then intravenous fluid challenges should be

Ensure SpO ≥ 94%,
2
Hb >70 g litre–1

No

Fluid
responsive?

DO2I >600
ml min−1 m−2

Yes

Operate. Reassess
every 30 min

No

Yes
Fluid challenge

Start dopexamine/
dobutamine

DO2I > 600

Yes

No

HR increase
<20% of baseline

Yes
Increase inotrope

Figure 88.3 Goal-directed therapy algorithm to achieve supranormal oxygen delivery. HR, heart rate.

No

Reduce inotrope
until HR within 20%
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Table 88.4 Targets for goal-directed therapy
Condition

Measurement

Oxygen delivery index

600 ml min−1 m−2

If oxygen delivery index unavailable:
Cardiac index

4.5 litres min−1 m−2

Oxygen extraction ratio

27%

administered while the patient is fluid responsive or predicted to
be fluid responsive. If the Ḋo2I is still below target when an optimum position on the Frank–Starling curve has been reached then
either dopexamine or dobutamine should be started to increase the
cardiac output. This should be titrated up until the target is met, for
example, by increasing the infusion rate by a standard increment
every 30 min (Boyd et al. 1993) (Table 88.4 and Fig. 88.3).
If the patient develops chest pain, tachycardia (an increase is heart
rate of more than 20% of baseline), or ischaemic ECG changes then
further increases in inotrope should be avoided and the infusion
rate may need to be reduced. A mean arterial pressure adequate for
the patient should also be maintained and this may require vasopressors or vasodilators.
Once the patient is optimally filled and the oxygen delivery targets
are met, the patient should be transferred to the operating theatre
and the surgery performed. The supranormal oxygen delivery should
continue during surgery following the same treatment algorithm.
After surgery, the patient should be returned to intensive care.
The treatment protocol should continue for 8 h or until the two
consecutive measurements of serum lactate are normal. It should
then be discontinued and the patient discharged from the ICU.

Conclusion
Over the past three decades, a succession of studies have demonstrated that the morbidity and mortality resulting from tissue
hypoxia in the perioperative period can be predicted and prevented. Patients who lack the physiological reserve to elevate their
cardiac output spontaneously to supranormal levels to meet the
increased oxygen requirements around the time of surgery incur
an oxygen debt that is associated with adverse outcomes. These
patients should be identified before surgery and managed using a
treatment algorithm to attain a pre-defined goal of supranormal
oxygen delivery. The use of haemodynamic monitoring which
estimates stroke volume facilitates accurate assessment of cardiac
filling, prevents inadequate or excessive fluid administration, and
guides the inotropic therapy required to meet specified goals. There
are both patient outcome and economic benefits to this management strategy that support the individualized goal-directed therapy
approach to managing high-risk patients.
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CHAPTER 89

Acute illness in the
postoperative period
Gernot Marx and Michael Fries
Introduction
Healthcare systems in the United States and Europe will face profound changes in the next decade. Despite resources becoming
more limited, the numbers of patients requiring surgery including
invasive and complex operations in a range of disciplines including cardiac and vascular surgery, neurosurgery, abdominal surgery, orthopaedic surgery, gynaecology, and urology are steadily
increasing (http://ec.europa.eu/eurostat/web/products-datasets/-/
hlth_co_proc2).
Table 89.1 lists the number of patients undergoing major surgery
in selected European countries in 2005 and 2009.
The average age of patients is also increasing. For example, the
average age for isolated coronary artery bypass grafting has risen
from 64 years in 1999 to 67 years in 2009, with more than 20%
of patients undergoing a coronary artery bypass graft, in most of
Europe, being older than 75 years. Octogenarians represent more
than 5% of patients (Bridgewater et al. 2010). There is a strong

Table 89.1 Total number of complex surgical procedures performed
in selective European countries for 2005 and 2009 (Austria, Denmark,
France, Germany, Italy, Luxemburg, Netherlands, Spain, Sweden,
Switzerland, United Kingdom)
Surgical
discipline

Procedure

Cardiovascular

Coronary artery bypass grafting

Neurosurgery

2005

2009

219 865

175 993

Aneurysm repair

25 422

20 528

Femoro-popliteal bypass

52 730

46 887

Carotid endarterectomy

83 682

88 786

Intracranial bleeding

32 045

33 748

Tumour resection

47 258

48 776

300 853

298 675

1 040 128

1 206 456

Abdominal
surgery

Colectomy

Orthopaedic
surgery

Hip-/knee endoprosthesis

Urology

Prostatectomy

243 261

Gynaecology

Hysterectomy
Mastectomy

association between age and postoperative mortality, which
increases from less than 1% in patients younger than 56 years to
7% in those aged 80 years or older. Factors contributing to prolonged hospitalization and increased postoperative morbidity
and mortality are well recongized in cardiac surgery and include
obesity, diabetes, structural lung disease, arteriopathy, and preoperative renal failure (Bridgewater et al. 2010). Similar risk factors
have been described in vascular surgery, total hip replacement, and
transurethral resection of the prostate (Armitage et al. 2010; Gupta
et al. 2012).
While there is considerable variation in the intensity of surgical procedures performed within the last year of life, it is well
documented that up to 20% of elderly people in industrialized
countries die in the intensive care unit (ICU) and of these, half
undergo mechanical ventilation and a quarter undergo cardiopulmonary resuscitation (The SUPPORT Principal Investigators 1995;
Prendergast et al. 1998; Angus et al. 2004; Kwok et al. 2011).
Despite recent advances, the perioperative period still predisposes
to a disproportionately large number of problems and complications, especially in the early postoperative phase. Many risk factors
are not modifiable, but some critical conditions arising during or
after surgical procedures may be preventable or, if anticipated, need
both recognition and intervention to mitigate risk. Acute illness
in the immediate postoperative period differs from the frequently
observed and mostly benign problems that are encountered in
recovery rooms although these complications may require intervention in 25% of cases (Hines et al. 1992). See Box 89.1 for typical complications in post-anaesthesia care units (i.e. recovery rooms). These
complications generally have little impact on length of hospital stay
or the clinical course. There are far more serious complications that
may necessitate admission to the ICU. These include sepsis, cardiovascular complications (myocardial infarction, pulmonary embolism,

Box 89.1 Typical complications in the recovery room
◆

Nausea and vomiting

◆

Upper airway obstruction

226 739

◆

Hypotension

419 956

375 039

◆

Rhythm disturbances

114 612

119 601

◆

Neurological compromise
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and stroke), and massive bleeding. These acute complications may
not be preventable but are associated with increased mortality in
comparison to those patients with planned admission to the ICU
(Vlayen et al. 2012).
This chapter provides an overview of those aspects of critical care
that are pertinent to the immediate postoperative phase.

Sepsis
The term sepsis characterizes the complex systemic inflammatory
response of a human to the invasion of microorganisms (e.g. bacteria, viruses, and fungi). It incorporates the sub-definitions sepsis, severe sepsis, and septic shock. Sepsis and persistent shock is
associated with a mortality of up to 55% (Engel et al. 2007). The
incidence of sepsis is not only high but a continuous increase has
been observed over recent years (Dombrovskiy et al. 2003; Linde-
Zwirble and Angus 2004).
Anaesthetists, either in the operating theatre or as part of a medical emergency team, are often involved in the early diagnosis and
management of septic patients. Explicit knowledge about early
detection and the appropriate treatment is mandatory. The mortality rate of septic patients, especially those with shock, is high
and progresses by 10% for each hour of treatment delay (Kumar
et al. 2006). To increase awareness and hence decrease mortality
from sepsis, the ‘Surviving Sepsis Campaign’ (http://www.survivingsepsis.org) was initiated in 2002 by the Society of Critical Care
Medicine, the European Society of Intensive Care Medicine, and
the International Sepsis Forum. This culminated in the release of
international guidelines in 2004, which advocated the use of resuscitation bundles (Dellinger et al. 2004). Implementation of specific
sepsis bundles have been shown to improve outcome in septic
patients (Castellanos-Ortega et al. 2010; Nguyen et al. 2011). These
guidelines have been updated (Dellinger et al. 2012).
Common foci for sepsis in adults are the respiratory tract, urogenitary system, and device-related infections (i.e. line-associated
infections), while in surgical patients there may be wound infections or peritonitis after abdominal operations. Diagnosis of sepsis is difficult and a range of criteria need to be considered which
might indicate an inflammatory response, inherent organ dysfunction, and signs including those of reduced tissue perfusion, arterial hypoxaemia, encephalopathy, decreased urine output, and
coagulation abnormalities (Box 89.2). Many of these alterations
may also present in other acute illnesses such as pulmonary embolism or myocardial infarction. Accurate diagnosis of sepsis can be
improved using laboratory variables, of which C-reactive protein
is probably the most widely used. Procalcitonin is considered superior to C-reactive protein and concentrations greater than 2 ng ml−1 are
highly indicative of a bacterial infection; however, major trauma and
highly invasive surgical procedures may also induce an increase
in serum procalcitonin (Meisner et al. 1998; Harbarth et al. 2001;
Clech et al. 2004). If the focus cannot be clearly identified then
imaging studies will be necessary, including the use of computed
tomography, but if the patient is deemed unstable then ultrasound
may be useful.
The microorganisms inducing sepsis may be either Gram-
negative (e.g. Escherichia coli, Pseudomonas aeruginosa,
Enterobacteriaceae, and Serratia marcescens) or Gram-positive
bacteria (Staphylococcus aureus, coagulase-negative staphylococci,
and enterococci). Identification of microorganisms in body fluids is

Box 89.2 Diagnostic criteria for sepsis

Infection, documented or suspected, and some of the
following:
General variables
◆

Fever (>38.3°C)

◆

Hypothermia (core temperature < 36°C)

◆

Heart rate > 90 min−1 or > 2 sd above the normal value for age

◆

Tachypnoea

◆

Altered mental status

◆

◆

Significant oedema or positive fluid balance (>20 ml kg−1
over 24 h)
Hyperglycaemia (plasma glucose > 140 mg dl−1 or 7.7 mmol
litre−1) in the absence of diabetes.

Inflammatory variables
◆

Leucocytosis (WBC count > 12 000 µl−1)

◆

Leucopenia (WBC count < 4000 µl−1)

◆

Normal WBC count with > 10% immature forms

◆

Plasma C-reactive protein > 2 sd above the normal value

◆

Plasma procalcitonin > 2 sd above the normal value.

Haemodynamic variables
◆

Arterial hypotension (systolic blood pressure < 90 mm Hg;
MAP < 70 mm Hg; or a systolic blood pressure decrease
> 40 mm Hg in adults or > 2 sd below normal for age).

Organ dysfunction variables
◆
◆

Arterial hypoxaemia (Pa O2 FIO2 < 300)
Acute oliguria (urine output < 0.5 ml kg−1 h−1 or 45 mmol
litre−1 for at least 2 h, despite adequate fluid resuscitation)

◆

Creatinine increase greater than 0.5 mg dl−1 or 44.2 µmol litre−1

◆

Coagulation abnormalities (INR > 1.5 or a PTT > 60 s)

◆

Ileus (absent bowel sounds)

◆

Thrombocytopenia (platelet count, <100 000 µl−1)

◆

◆

Hyperbilirubinaemia (plasma total bilirubin > 4 mg dl−1 or
70 µmol litre−1)
Encephalopathy.

Tissue perfusion variables
◆

Hyperlactatemia (> upper limit of lab normal)

◆

Decreased capillary refill or mottling.

culture dependent and usually takes more than 24 h before results
are available. Even when infection is highly likely, cultures will be
positive in only about 30% of cases (Vincent et al. 1995; Alberti
et al. 2002). Newer, faster, and more reliable test methods, including
the polymerase chain reaction, are currently under investigation
and—if positively evaluated—may dramatically impact the time
and accuracy of detection of microorganisms (Tissari et al. 2010).
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Until then, if sepsis is suspected it is recommended that blood samples (10 ml each) are taken under sterile conditions from at least
two different locations and incubated in anaerobic and aerobic
blood culture bottles (Dellinger et al. 2004). It is also recommended
that a bronchoalveolar lavage, urine samples, and, whenever possible, suspected tissue samples be taken for microbiological analyses.
Prompt and accurate treatment of septic patients is vital in order
to improve the otherwise grave prognosis. Of the therapeutic
approaches, causative, supportive, and adjunctive, early eradication of the septic focus has the highest priority. Source control with
complete surgical removal of infected tissue is a key element for
effective treatment (Koperna and Schulz 2000). Surgical approaches
may include image-guided drainage of abscesses, explantation of
implanted devices (pacemakers, endoprotheses, artificial valves,
etc.), or more radical approaches such as laparotomy, fasciotomy, or
amputation (Sia et al. 2005; Mehendiratta et al. 2007; van Ruler et al.
2007). In conjunction with surgical eradication of septic foci, early
initiation of antimicrobial therapy is equally important and should
not be delayed after the diagnosis of sepsis is made (Garnacho-
Montero et al. 2003; Leone et al. 2003). The empirical therapy is
based on the type of infection with consideration of the individual
patient (age, referred from a healthcare facility, risk factor for multidrug resistance, previous antibiotics exposure, etc.) and local ecology including the local resistance of microorganisms (Bodi et al.
2001). In the sicker patients presenting with septic shock, a combination therapy might be considered to cover nosocomial infections
with organisms such as meticillin-resistant Staphylococcus aureus
or Pseudomonas aeruginosa, although this approach has only been
proved effective in patients with community-acquired pneumonia (Martin-Loeches et al. 2010). Re-evaluation of the antibiotics
as soon as microbiological results with susceptibility are available
should focus treatment, increase efficacy, reduce costs, and prevent
multidrug resistance. With some exceptions, treatment duration is
not required for more than 7–10 days (Chastre et al. 2003; Nobre
et al. 2008).
Septic shock has a characteristic haemodynamic profile: massively decreased systemic vascular resistance, which, after volume
repletion, is associated with supranormal cardiac output but in conjunction with signs of tissue hypoperfusion, that is, skin mottling
or elevated serum lactate, or both, although these are not always
observed. Initially, patients with septic shock usually present with
arterial hypotension and it is recommended to target mean arterial pressure (MAP) greater than 65 mm Hg by administration
of adequate volume that may initially require up to 25 ml kg−1.
However, to avoid pulmonary oedema or excessively high cardiac
filling pressures, it is recommended that cardiac preload using
volumetric parameters (transpulmonary indicator dilution, echocardiography) is used rather than filling pressures (central venous
pressure, pulmonary capillary wedge pressure) (Buhre et al. 2001;
Kumar et al. 2004). The choice of fluid is contentious but it seems
reasonable to avoid starches because of the alleged association with
negative effects on renal function (Brunkhorst et al. 2008). It has
also been suggested that gelatine-containing solutions might also
impair renal function and the maximum permissible dose is around
50 ml kg−1 body weight (Dart et al. 2010).
Both stabilization of MAP and an adequate urine output
(>0.5 ml kg−1 body weight h−1) should be targets of haemodynamic
management. If in the initial phase of fluid repletion or after adequate volume administration a MAP less than 65 mm Hg persists,
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then vasopressors should be used to maintain sufficient organ
blood flow. This is contentious but noradrenaline (norepinephrine) is probably the most widely used drug with, apparently, fewer
side-effects than dopamine (De Backer et al. 2010). Although a so-
called relative vasopressin deficiency has been reported in septic
shock patients, the combination of noradrenaline with vasopressin was not superior to noradrenaline alone in a randomized controlled trial (Sharshar et al. 2003; Russell et al. 2008). Myocardial
dysfunction has been described in patients with septic shock and
is contributory to the situations where low cardiac output persists
despite adequate cardiac filling pressures (Zanotti-Cavazzoni et al.
2009). Here, the use of inotropic agents such as dobutamine can be
considered. Titrating cardiac output and oxygen delivery to predefined supranormal concentrations has not been found to improve
outcome in septic shock patients (Hayes et al. 1994; Gattinoni
et al. 1995).
Even with correction of macrocirculatory variables, signs of tissue hypoperfusion and inadequate cellular metabolism may persist
as consequences of microcirculatory and mitochondrial dysfunction (Balestra et al. 2009). It is therefore reasonable to use goals for
resuscitation which more reliably reflect adequate cellular oxygen
delivery; for example, an increase in central venous oxygen saturation (Scv O2 ) to concentrations above 70% (Rivers et al. 2001). Of
note, low Scv O2 is observed in under-resuscitated patients seen in
emergency departments but in contrast, ICU patients may present
with high Scv O2 values that may reflect inadequate tissue oxygen
extraction rather than limited oxygen delivery, and extremely high
Scv O2 values are predictive of dismal outcomes (van Beest et al.
2008; Pope et al. 2010). Recently, the concept of Scv O2 -guided treatment for severe sepsis and septic shock has found no improvement
in survival in a large multicentre study (ProCESS Investigators
2014). In this context, lactate clearance has emerged as an additional end-point of resuscitation and treatment protocols aimed to
decrease high initial lactate concentrations have been associated
with improved outcomes (Jansen et al. 2010). Measurements always
need to be interpreted in the clinical context.
Optimal haemoglobin concentrations in septic shock are uncertain. Values of 10–12 g dl−1 were not found to be superior to values of
7–9 g dl−1 (Hebert et al. 1999) in patients where shock had resolved,
but at least in the initial phase of resuscitation, when Scv O2 was less
than 70%, raising haemoglobin concentrations to 10 g dl−1 improved
survival (Rivers et al. 2001). In general, the use of other blood products such as fresh frozen plasma or platelets with the aim to correct
laboratory variables is not recommended unless bleeding is obvious.
Adjunctive therapy of sepsis comprises the administration of
low-dose corticosteroids, insulin, and, until recently, recombinant activated human protein C. Relative adrenal insufficiency,
in sepsis, may render the patient susceptible to typical side-
effects of this condition such as hypoglycaemia and low blood
pressure. The rationale to administer exogenous hydrocortisone
appears sound and a study in septic patients with shock demonstrated both a reduction in mortality and earlier resolution of
shock (Annane et al. 2002). In this study, fludrocortisone was
also administered. More recently published trials could not
repeat these positive findings (Sprung et al. 2008; COIITSS Study
Investigators 2010). Current recommendations are that hydrocortisone should only be given to patients in septic shock whose
blood pressure responds poorly to vasopressor and fluid therapy
(Dellinger et al. 2008).
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Activated protein C regulates various pivotal functions in blood
clotting, inflammation, and permeability of blood vessels (Mosnier
et al. 2007). The use of activated protein C was primarily based
on two large randomized trials. The PROWESS trial, with 1690
patients with Acute Physiology and Chronic Health Evaluation II
scores greater than 25, documented a 6.1% reduction in absolute
total mortality with a relative risk reduction of 19.4% and number needed to treat of 16 (Bernard et al. 2001). This effect was less
pronounced in patients with recent surgery (Dellinger et al. 2008).
The ADDRESS trial focused on less severely sick patients, and was
stopped early (Abraham et al. 2005). Activated protein C also carried a significant risk of bleeding so that the European Medicines
Agency mandated the PROWESS-SHOCK trial where no survival
benefit was seen. The drug was withdrawn in October 2011 (http://
www.fda.gov/Drugs/DrugSafety/ucm277114.htm).
Blood glucose control at concentrations around 100 mg dl−1
seemed promising (van den Berghe et al. 2001). Two multicentre
trials could not corroborate these findings but reported increased
mortality and higher incidence of hypoglycaemia when the so-
called intensive insulin therapy approach was used (Brunkhorst
et al. 2008; NICE-SUGAR Study Investigators 2009). The use of
intensive insulin therapy, previously advocated in the Surviving
Sepsis Campaign guidelines, has been rejected in newer national
guidelines (Reinhart et al. 2010).
The complexity of sepsis associated with delayed recognition is
responsible for the high mortality rates so early treatment is crucial
to improve outcome. Anaesthetists are frequently the first physicians to intervene either during surgical procedures as part of
source control or as part of a medical outreach team.

Cardiovascular complications
Myocardial infarction
The perioperative period carries a significant risk for acute cardiovascular complications such as myocardial infarction, pulmonary
embolism, and stroke. A study from Spain found that in 4.3% of
patients undergoing elective surgery with an intermediate to high
surgery-specific risk, at least one of the following occurred: cardiac
death, cerebrovascular death, non-fatal cardiac arrest, acute myocardial infarction, congestive heart failure, new cardiac arrhythmia,
angina, or stroke (Sabate et al. 2011). This agrees with previously
published data from other industrialized countries reporting a risk
between 1% and 7% (Boersma et al. 2005; Devereaux et al. 2008).
Devereaux et al. (2011) found an incidence for myocardial infarction alone of 5%. Given that more than 200 million major surgeries
are performed annually (Weiser et al. 2008), this would suggest that
approximately 10 million people suffer from perioperative myocardial infarction each year. The likelihood of developing a major perioperative cardiovascular adverse event is associated with a number
of predictive factors including age, gender, type and length of surgery, and pre-existing medical conditions as listed in Box 89.3.
Therefore, extensive knowledge and a detailed preoperative evaluation are required to identify specific risks and to react in a timely
and appropriate way if one of these life-threatening events occurs.
As incidence of coronary artery disease in the industrialized
world is high and a simple inconspicuous physical examination
does not exclude the risk of a cardiovascular event, especially in
asymptomatic patients older than 50 years of age, there should be
a special focus on the preoperative evaluation (Lee et al. 1999). The

Box 89.3 Predictors of major cardiovascular events in the
perioperative period
◆

Age > 70 years

◆

Male gender

◆

High surgical risk

◆

History of coronary artery disease

◆

History of congestive heart failure

◆

History of previous cerebrovascular event

◆

History of chronic kidney disease

◆

History of arterial hypertension

◆

History of diabetes mellitus

◆

Heart rhythm other than sinus rhythm

◆

Functional capacity less than 4 metabolic equivalents

◆

Duration of surgery greater than 3 h

◆

Intraoperative tachycardia, bradycardia, or arterial hypotension.

assessment of asymptomatic patients and those with a known history of coronary heart disease should be tailored to both the individual patient and the planned procedure. Depending on the urgency
of the surgical illness, the anaesthetist has to determine whether
the patient requires further assessment that might decrease the risk
of cardiovascular complications. A careful evaluation may result
in changes in medication or of the scheduled procedure, including cancellation of the operation, so discussion not only with the
patient but also all the involved parties is important. This includes
planning of the monitoring during and after the procedure.
The first step typically includes a careful history to identify
serious cardiac conditions such as prior angina or myocardial
infarction but also significant dysrhythmias or valvular disease.
The functional capacity of the patient is important. This is often
reported in metabolic equivalents that show good correlation with
other commonly used markers of exercise capacity such as treadmill testing. A metabolic equivalent of less than four is considered
to be associated with a higher risk of cardiovascular complications.
Physical examination and routine laboratory tests are also recommended and include assessment of vital signs such as heart rate,
blood pressure, and pulse oximetry. Special attention should be
paid to preoperative anaemia as a low haematocrit of less than 28%
is associated with an increased rate of postoperative complications

Table 89.2 Procedure-related risk for myocardial ischaemia depending
on the type of surgery
High (>5%)

Intermediate (1–5%)

Low (<1%)

Cardiothoracic surgery
Major vascular surgery

Abdominal surgery
Endovascular
aneurysm repair
Head and neck surgery
Major urological surgery

Breast/gynaecological
surgery
Ophthalmologic surgery
Endocrine surgery
Dental surgery
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including myocardial ischaemia (Hogue et al. 1998). The type of
surgery also influences the risk of myocardial ischaemia with the
highest risk seen for major vascular surgery (Table 89.2).
A disease-specific approach to the evaluation of known or occult
coronary artery disease, arterial hypertension, or valvular heart disease is extensively reviewed in the guidelines on perioperative cardiovascular evaluation and care for non-cardiac surgery (Fleisher
et al. 2007) and in Chapters 41 and 42. Newer guidelines, which
include cardiac assessment of the preoperative patient, have been
published by the European Society of Anaesthesiology (De Hert
et al. 2011). Both guidelines specifically address the administration
or discontinuation of cardiovascular medications including statins
and β-blockers and are outside the scope of this chapter.
While anaesthetic regimens and the drugs used clearly influence
numerous physiological variables, to date, no single study shows
superiority of one drug or technique over another with regard to
overall outcome. In cardiac surgery, volatile anaesthetics have been
shown to decrease the release of cardiac troponin and to improve
left ventricular function when compared with intravenously
administered agents such as propofol or midazolam (De Hert et al.
2004; Forlani et al. 2004). Whether these findings can be generalized to non-cardiac surgery patients remains elusive. The use of
epidural anaesthesia techniques has been considered of benefit in
abdominal surgery for early postoperative mobilization with studies suggesting improved perioperative outcomes in this group of
patients; however, the benefit is offset by (dependent on the extent
of the block) significant haemodynamic effects including arterial
hypotension and blockade of cardioaccelerators. Despite these
physiological considerations, randomized controlled trials in cardiac surgery patients did not show a higher incidence of myocardial
infarction when thoracic epidural block was used (Liu et al. 2004).
Similar findings were confirmed in several large trials in patients
with other types of surgery including gastric, biliary, or colon surgery (Rigg et al. 2002; Park et al. 2011).
The prophylactic use of glyceryl trinitrate in patients at high cardiac
risk cannot be recommended as the combination of a venodilator
and anaesthetic agents may result in dramatic hypotension. Indeed,
no study has documented improved outcomes with the prophylactic use of intravenous glyceryl trinitrate (Coriat et al. 1984; Dodds
et al. 1993). However, maintenance of body temperature within a
normothermic range does play a crucial role in preventing myocardial ischaemia. Temperatures below 35°C are associated with an
increased risk of cardiac morbidity. Active warming with forced air
results in a significantly reduced rate of cardiac events such as cardiac arrest, severe arrhythmias, and myocardial infarction (Frank
et al. 1997). Other methods of maintaining normal body temperature may also include heating blankets, pre-warmed infusions, or
intravascular approaches.
Hyperglycaemia is an independent risk factor for cardiovascular events and in patients with acute myocardial infarction, glucose
concentrations exceeding 200 mg dl−1 are correlated with increased
mortality. In contrast, strategies to tightly control blood glucose
concentrations around 100 mg dl−1 had initially been promising
in medical ICU patients (van den Berghe et al. 2001) but a multicentre trial reported increased mortality and incidence of hypoglycaemia when the so-called intensive insulin therapy approach
was used (NICE-SUGAR Study Investigators 2009). No specific
data with regard to the optimal glucose concentrations exist during
the perioperative period. Most authorities engaged in the treatment
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of intensive care patients recommend concentrations between 140
and 180 mg dl−1 (Maerz and Akhtar 2011).
Definitive diagnosis of myocardial infarction has been problematic in the perioperative setting as there may be no clinical
symptoms; subtle, if any, ECG changes that may be transient; and
a creatine kinase-MB isoenzyme with limited value as a result of
coexisting skeletal muscle injury (Adams et al. 1994). With the
introduction of highly specific cardiac enzymes (i.e. cardiac troponins), the definition of myocardial infarction has dramatically
changed (Thygesen et al. 2007). During general anaesthesia, sedation, or in combination with regional anaesthesia, myocardial
ischaemia may be underdiagnosed as classical angina-like symptoms are hardly reported. More aggressive or invasive monitoring
of cardiac function under general anaesthesia might therefore be
helpful to identify myocardial dysfunction as a consequence of
ischaemia. Most of these monitoring devices are either invasive
(pulmonary artery catheter) or do not allow for continuous assessment (transoesophageal echocardiography). Pulmonary artery
catheters may provide crucial knowledge about the haemodynamic
status of an individual patient but their use is associated with
potential life-threatening risks. Routine use of pulmonary artery
catheters in patients who are unlikely to develop haemodynamic
instability is therefore not recommended although its use may be
reasonable in patients at risk for major haemodynamic disturbances. The decision should be based on three parameters: patient
disease, surgical procedure (i.e. intraoperative and postoperative
fluid shifts), and practice setting (experience in use and interpretation of results), because incorrect interpretation of the data from a
pulmonary artery catheter may also cause harm (Jain et al. 2003).
Intraoperative ST-segment monitoring is recognized as a tool to
detect myocardial ischaemia, but the sensitivity and specificity of
ST-segment changes vary widely in different reports. Nevertheless,
occurrence of such changes is—depending on the magnitude and
duration of the alteration—associated with cardiac morbidity and
mortality (Landesberg 2005). Different patient monitors use differing algorithms and most available data have been extracted with
regular Holter monitors. It appears appropriate in patients with
long-lasting ST-segment changes to perform further investigations
such as laboratory testing of cardiac troponin and a 12-lead electrocardiogram. Apart from ST-segment changes, perioperative myocardial infarction may become apparent as severe haemodynamic
instability (i.e. arterial hypotension) with or without concomitant
dysrhythmias. In this context, transoesophageal echocardiography to examine cardiac function in patients who do not respond
to corrective therapy is strongly recommended (American Society
of Anesthesiologists 2010). Use of transoesophageal echocardiography can identify wall motion abnormalities that are indicative of
myocardial ischaemia and link these alterations to the corresponding coronary artery (Fig. 89.1).
The most severe complication of myocardial infarction is cardiogenic shock, which develops in approximately 5–10% of patients.
This carries a bad prognosis with mortality rates as high as 70%
(Reynolds and Hochman 2008). The pathophysiology of cardiogenic shock is dependent on the extent of myocardial injury, which
causes both systolic and diastolic dysfunction, with a concurrent
decrease in cardiac output. This, in turn, aggravates coronary and
systemic perfusion deficits resulting in cell death in the border
zone of the infarct region and peripheral arterial vasoconstriction.
Interestingly, cardiac output and left ventricular ejection fraction
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Figure 89.1 Distribution areas of the three main coronary vessels.
Reproduced from Winter R et al., ‘Real-time perfusion adenosine stress echocardiography in the coronary care unit: a feasible bedside tool for predicting coronary artery stenosis in patients with
acute coronary syndrome’, European Journal of Echocardiography, 2005, 6, 1, pp. 31–40, by permission of European Society of Cardiology.

are not the only determinants of the development of cardiogenic
shock, as many patients with severely impaired heart function do
not show these typical haemodynamic derangements (Ramanathan
et al. 2004). Some data indicate that the use of certain cardiovascular drugs such as angiotensin-converting enzyme inhibitors and
β-blockers may trigger cardiogenic shock and this is true for intravenous opioids such as morphine, particularly during the perioperative period (Meine et al. 2005). Diagnosis of cardiogenic shock
with a pulmonary artery catheter shows signs of elevated left-sided
filling pressures (left ventricular end-diastolic pressure >18 mm
Hg) and decreased cardiac index (<1.8 litres min−1 m−2 without
support or <2.0–2.2 litres min−1 m−2 with support). The clinical
reality would probably be more accurately reflected by the following scenario: unexplained and sudden hypotension, which does
not respond to fluid challenge, together with clinical signs of tissue
hypoperfusion should prompt either transoesophageal or transthoracic echocardiography, which will identify a severely depressed
left ventricle with surrogate parameters of elevated cardiac filling
pressures.
On diagnosis, treatment needs to be initiated. General measures
include maintenance of arterial oxygenation and pH values at near
normal concentrations. Inspired oxygen fraction should be titrated
to target a peripheral oxygen saturation between 95% and 98%.
The threshold to initiate mechanical ventilation in a spontaneously
breathing patient should be low. Haemodynamic support with inotropes to titrate arterial pressures to values of around 65–70 mm

Hg is usually achieved with noradrenaline, which besides its potent
vasoconstrictor effects, also shows inotropic actions. Dobutamine
can be added to increase the cardiac index. A downside of catecholamines is that they increase myocardial oxygen consumption and
may further harm an already failing ventricle. Newer studies in
heart failure patients and using alternative drugs such as vasopressin or levosimendan have failed to show favourable results although
many centres are using these agents (Mebazaa et al. 2007). Intensive
insulin therapy is recommended as it has been shown to improve
survival in patients with cardiogenic shock (Antmann et al. 2004).
A mainstay for haemodynamic support in cardiogenic shock has
been the use of intra-aortic balloon counter-pulsation (Fig. 89.2).
These mechanical devices use helium-driven balloons to reduce
afterload while concurrently increasing coronary perfusion. Use of
intra-aortic balloon counter-pulsation is independently associated
with higher survival rates regardless whether percutaneous coronary intervention, fibrinolytic therapy, or no reperfusion has been
used (Chen et al. 2003). However, a multicentre trial has not consistently found improved outcomes for the use of intra-aortic balloon counter-pulsation (Thiele et al. 2012). Complications include
a significant risk of bleeding, limb ischaemia, and renal failure, but
the incidence of these has consistently decreased over the last decade. An alternative is the miniaturized rotary blood pump which
can not only augment a failing left ventricle with flows between
2.5 and 5 litres min−1 (Fig. 89.2), but also unload the left ventricle from volume issues. Direct comparison between percutaneous
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Figure 89.2 Illustration of commercially available systems for mechanical circulatory support. (a) Intra-aortic balloon pump; (b) microaxial rotary blood pump
(Impella® 2.5); and (c) centrifugal blood pump with extracorporeal membrane oxygenation.
(a) Reproduced with permission from Maquet GmbH & Co. KG, Rastatt, Germany.
(b) Reproduced with permission from Abiomed.
(c) Reproduced with permission from Maquet GmbH & Co. KG, Rastatt, Germany.

support with Impella® pumps (Abiomed, Danvers, MA, USA) and
intra-aortic balloon pumps has not shown clear benefit (Cheng
et al. 2009).
Persisting shock may require treatment that is even more aggressive, with extracorporeal life support including veno-arterial extracorporeal membrane oxygenation or ventricular assist devices
(Fig. 89.2). Use of such a device offers the advantage to augment
both ventricles and to bridge the patient to a condition in which a
definite treatment option can be evaluated. This approach is highly
invasive and needs a dedicated interdisciplinary team that is properly skilled. Single-centre experiences consistently report survival
rates ranging from 25% to 39%. The decision to initiate extracorporeal life support in patients not responding to conventional therapy including the use of an intra-aortic balloon pump will always
be dependent on local experience and several individual factors.

These individual factors include patient-related data such as prolonged cardiopulmonary resuscitation with inadequate perfusion,
advanced age, advanced malignancy, and existing organ dysfunction (advanced chronic obstructive pulmonary disease, interstitial
lung disease, liver cirrhosis, previous stroke with significant disability, dementia, and end-stage renal failure), but also local circumstances (availability of a 24/7 team, availability of appropriate
equipment, and distance to a centre providing extracorporeal support). Notwithstanding these limitations, management of patients
with refractory cardiogenic shock should include consideration of
early access to extracorporeal life support until the benefits of revascularization are realized. The devices serve as a bridge to decision
or transplantation but if the latter is not possible, then implantable
ventricular assist devices hold the promise of a viable destination
therapy (Cove and MacLaren 2010).
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The cornerstone and only causal treatment of myocardial infarction is to re-establish blood flow to the clogged coronary artery.
This requires the use of agents with a dramatic impact on blood
coagulation and will predispose patients with recent surgery to a
higher risk of bleeding. International guidelines deal with indication, timing, and procedures of coronary interventions. However,
few data are available in the perioperative setting, as historically
patients with recent surgery have been excluded in trials of fibrinolytic agents, which are otherwise impressive in terms of improved
outcomes. The risk of bleeding, however, has to be put in relation to the very high mortality rate observed in surgical patients
who develop symptomatic myocardial infarction (Mangano and
Goldman 1995). The superiority of primary coronary angioplasty
was demonstrated in the late 1990s, and since then, worries about
bleeding have become less frequent (Weaver et al. 1997). No prospective data are available on the risk of bleeding when coronary
interventions have to be performed in the immediate perioperative
period. Only one small study with a retrospective design evaluated
the safety and feasibility of immediate coronary angiography in the
acute perioperative setting. Of 48 patients, 41 underwent angioplasty, 3 were referred for bypass surgery, and 1 was treated with
intracoronary therapy after unsuccessful angioplasty. The overall
survival of 65% in this series (31 of 48 patients) suggests that an
immediate invasive strategy may reduce mortality among postoperative myocardial infarction patients (Berger et al. 2001).

Pulmonary embolism
Pulmonary embolism is defined as partial or complete occlusion of
a branch of the pulmonary circulation, and usually this will be the
result of venous thromboembolism from large veins of the lower
limbs and pelvic region (Tapson 2008). Factors partially related to
the perioperative period, which predispose patients to an increased
risk of pulmonary embolism, are shown in Table 89.3 (Anderson and
Spencer 2003). Several operations also carry a high risk of periprocedural pulmonary embolism not from venous thromboembolism
but as a result of air, foreign bodies, bone marrow, or amniotic fluid
entering the pulmonary circulation. Regardless of the source of the
embolus, the haemodynamic alterations are related to the degree to
which the pulmonary circulation is occluded. Clinical symptoms
and signs may be minimal with a small distal thrombus or result
in sudden death when a main branch of the pulmonary artery is
suddenly clogged. The clinical manifestations such as sudden dyspnoea, tachypnoea, tachycardia, and chest pain are non-specific and

Table 89.3 Predisposing factors for pulmonary embolism
High risk

Moderate risk

Low risk

Fractures of the leg
or hip
Joint surgery
Major trauma
Spinal cord injury

Malignancy
Chemotherapy
Central venous line
Oral contraceptive therapy
Hormone replacement
History of venous thromboembolism
Genetic risk factors (including
antithromin 111 deficiency and
factor V Leiden)

Increasing age
Obesity
Laparoscopic
surgery
Bed rest
>3 days
Pregnancy

can be caused by other acute illnesses, and under general anaesthesia or in sedated patients most of these symptoms and signs are
not seen. As with perioperative myocardial infarction, suspicion of
pulmonary embolism may derive from a sudden and unexpected
decrease in arterial pressure, accompanied by a decrease in end-
tidal carbon dioxide, which does not or only temporarily responds
to volume administration. This may be accompanied by other disturbances in gas exchange.
The European Society of Cardiology guideline uses a haemodynamic profile to discriminate between high-risk and non-high-risk
pulmonary embolism. High-risk pulmonary embolism is classified as systolic blood pressure less than 90 mm Hg or a decrease
of greater than 40 mm Hg for more than 15 min that was not triggered by new-onset arrhythmia, hypovolaemia, or sepsis (Torbicki
et al. 2008). This stratification allows a risk-adapted management
in which patients who are in shock but haemodynamically stable
need to undergo immediate computed tomography. If the patient
is deemed too unstable then echocardiography should be carried
out. Abnormal right ventricular wall motion, right ventricular
dilatation, paradoxical septal motion, tricuspid valve insufficiency,
increased pulmonary artery pressure, inferior vena cava congestion, and a dilated pulmonary artery are typical echocardiographic
signs and highly indicative of pulmonary embolism. Sometimes
thrombi can be directly visualized in the pulmonary artery. In
patients who are haemodynamically stable, the probability of a
pulmonary embolism should be calculated before laboratory and
imaging studies are performed. The most widely accepted score is
the Wells score which is based on clinical variables that are each
graded between 1 and 3. A score of greater than 6 carries a high
risk while a score lesser than 2 signifies a low risk of having pulmonary embolism (Wells et al. 2000). Further diagnostic steps include
measuring D-dimers, a degradation product of fibrin in the presence of plasmin. The negative predictive value is extremely high
so that further testing in patients with low and intermediate risk
can then be omitted. Unfortunately, in the perioperative setting,
D-dimer testing is limited by the fact that recent surgery induces
coagulation system activation and hence elevated concentrations of
D-dimers, so the test is non-specific (Kabrhel et al. 2010). If clinical
signs of pulmonary embolism have been found, the Wells score is
high, and the D-dimer testing is positive, imaging studies should
be performed. There are no specific chest radiography changes in
pulmonary embolism but it may reveal other pathologies to explain
the deterioration of the patient. Multidetector computed tomography with intravenous contrast is mandated (Stein et al. 2006),
and if the scan suggests emboli in the pulmonary arteries it should
be extended to check the pelvic and femoral region for deep vein
thrombosis.
In patients who are haemodynamically stable, treatment of pulmonary embolism is by the administration of heparin or fondaparinux.
Low-molecular-weight heparin, although equally effective in resolution of the clot, has advantages over unfractionated heparin as it
has greater bioavailability and a lower incidence of heparin-induced
thrombocytopenia. In addition, monitoring is usually not necessary.
Patients with severe renal insufficiency and a higher risk of bleeding are preferably treated with unfractionated heparin targeting an
activated partial thromboplastin time (aPTT) of 1.5–2.5 times of the
normal value. If heparin-induced thrombocytopenia has been diagnosed or is suspected, the use of a direct thrombin inhibitor such as
argatroban or lepirudin should be considered. The role of oral direct
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thrombin inhibitors (dabigatran), or oral anti-factor Xa inhibitors
(rivaroxaban; apixaban), has not been established but several phase
three clinical trials are underway. The use of idraparinux would
seem very attractive, as it requires dosing only once a week (Equinox
Investigators 2011).
Patients who are haemodynamically unstable with high-risk pulmonary embolism require immediate thrombolysis to reduce right
ventricular afterload and normalize right ventricular function.
In non-surgical settings, approximately 92% of patients respond
to thrombolysis within the first 36 h (Meneveau et al. 2006). The
currently approved thrombolytic regimens that are endorsed by
the European Society of Cardiology are shown in Table 89.4. The
inherent risk of bleeding when thrombolysis is applied is significant, summing up to a cumulative rate of major bleeding of 13%
and fatal or intracranial haemorrhage in 1.8% of patients (Torbicki
et al. 2008). While the benefits of thrombolysis are well documented with regard to resolving thromboembolic obstruction with
resultant beneficial effects on haemodynamic parameters, its use, in
terms of clinical outcomes, has not yet been confirmed (Goldhaber
et al. 1993).
In the perioperative period, the risk of bleeding has to be carefully weighed against the mortality rate of up to 52% in patients
with shock as a result of pulmonary embolism (Goldhaber et al.
1999). In this context, otherwise absolute contraindications (haemorrhagic stroke, gastrointestinal bleeding, or recent major surgery/
trauma) for the use of thrombolytic agents might become relative.
Findings from a registry suggest that even in these settings, thrombolysis can be safely used although large-scale data, as in perioperative myocardial infarction, is lacking (Kasper et al. 1997). The
decision to initiate thrombolytic therapy in a patient with recent
surgery or even during surgery will remain an individual one after
carefully evaluating the risks and benefits of such an approach.
In centres with cardiothoracic surgery capabilities, pulmonary
embolectomy might be a rescue option if thrombolysis is deemed
too risky or a patient does not respond to lysis (Leacche et al. 2005).
Other techniques occasionally used are percutaneous catheter
embolectomy and fragmentation although data are limited to case
reports or small series (Kucher et al. 2005).
Right ventricular failure with consecutive cardiogenic shock is the
most common cause of death in pulmonary embolism, so especially
if thrombolysis has been deemed too risky, a strategy for supportive treatment is required. Fluid administration has to be carefully
titrated to avoid further mechanical overstretch. Noradrenaline is
recommended to maintain arterial pressures around 65–70 mm Hg
while dobutamine should be added to improve the cardiac index
Table 89.4 Thrombolytic regimens for pulmonary embolism
Streptokinase

250 000 IU as a loading dose over 30 min, followed by
100 000 IU h−1 over 12–24 h
Accelerated regimen: 1.5 million IU over 2 h

Urokinase

4400 IU kg−1 as a loading dose over 10 min, followed
by 4400 IU kg−1 h−1 over 12–24 h
Accelerated regimen: 3 million IU over 2 h

Recombinant
tissue plasminogen
activator

100 mg over 2 h or
0.6 mg kg−1 over 15 min (maximum dose 50 mg)

acute illness in the postoperative period

only in normotensive patients (Jardin et al. 1985). As the majority of patients with cardiogenic shock as a result of right ventricular failure will present with arterial hypotension, adrenaline
might be superior in this setting (Layish and Tapson 1997). The
calcium-sensitizer levosimendan may restore right ventricular to
pulmonary arterial coupling in acute pulmonary embolism as a
result of combined pulmonary vasodilation and increased right
ventricular contractility (Kerbaul et al. 2007). Reducing right ventricular afterload as a consequence of pulmonary embolism can be
achieved by the administration of agents that selectively dilate the
pulmonary circulation (Zamanian et al. 2007). These drugs might
be delivered via inhalation (nitric oxide, epoprostenol) or as enteral
medication (sildenafil, endothelin antagonists). It is not known if
these approaches are associated with improved outcomes, but they
are frequently used in modern intensive care medicine despite the
enormous costs.

Perioperative stroke
Stroke is a major contributor to morbidity and mortality. Moreover,
it is the most frequent cause of long-term disability and is associated with an enormous burden for both society and the individual (American Heart Association 2012). Data from the American
College of Surgeons National Surgical Quality Improvement
Program found that the overall incidence of perioperative stroke
in non-cardiac and non-neurological surgery is only around 0.1%
(Mashour et al. 2011). However, in selected procedures such as
explorative laparotomy, amputation, and colectomy in patients
over the age of 65 years, the rate increases up to 1.1%. Besides age,
other risk factors include recent myocardial infarction, acute kidney injury, dialysis, and hypertension (Mashour et al. 2011). In cardiac surgery, the rate of perioperative stroke is, depending on the
procedure, much higher with rates reported to be as high as 12%
(Naylor and Bown 2011).
Although the overall incidence in the perioperative period is
much lower than that of myocardial infarction or pulmonary
embolism, the consequences of perioperative stroke are usually
catastrophic. This is reflected in the mortality rate for perioperative
stroke, which is reported to be between 26% and 87% (Bateman
et al. 2009). This is in stark contrast to the mortality rate reported
in stroke victims in non-surgical settings, which has been found to
be around 16% (El Saed et al. 2006). Reasons for this might include
a delay in recognition because of anaesthesia. Therefore, anaesthetists should be aware of risk factors, rapid identification, and possible treatment strategies to reduce morbidity and mortality as a
consequence of perioperative stroke.
It is now commonly believed that an inflammatory response
even from outside the brain displays a major contributor for both
stroke susceptibility and severity (Elkind 2010). As the perioperative period is associated with a dramatic increase in various
inflammatory cascades that include the release of cytokines such
as interleukin-1 and interleukin-6, this might also explain the
increased mortality observed in perioperative stroke. A minority
of patients develop immediate intraoperative stroke but rather it is
diagnosed after the first postoperative day and this may be attributable to delayed recognition in patients recovering from anaesthesia. As in non-surgical settings, the vast majority of strokes are as
a result of thrombosis and there are several predisposing factors in
the perioperative period which include the previously mentioned
inflammatory state. Hypercoagulability and dysfunction of the
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endothelium are common during and after surgical procedures and
vessels are prone to plaque rupture, vasospasms, and thrombus formation. An increase in stroke incidence was reported in large trials of perioperative β-blockade, which was associated with arterial
hypotension although the temporal relationship has not been fully
elucidated (Devereuax et al. 2008). Perioperative stroke is therefore
probably more complex in its aetiology and the term watershed
stroke is often used to describe the fact that ischaemia occurs in
regions that are localized in the border zones between the territories of two major arteries in the brain (Bamford et al. 1991).
After a recent stroke, prevention of perioperative stroke can
be achieved by optimal timing if elective surgery is planned.
Postponing the case for a longer period seems reasonable as it
has been shown that cerebral autoregulation and the vasomotor
response to carbon dioxide is impaired for up to 6 months after a
recent stroke (Aries et al. 2010). Patients with high-grade (>70%)
symptomatic carotid artery stenosis should be informed about
their high risk of perioperative stroke and carotid endarterectomy
should be offered, but if the stenosis is less than 50% then endarterectomy is contraindicated. Re-vascularization for patients with
high-grade stenosis but who are asymptomatic remains controversial (Liapis et al. 2009). Intraoperative blood pressure management
is important given the fact that the majority of perioperative strokes
are pathophysiologically watershed infarctions. Maintenance of
adequate cerebral perfusion is also mandatory in case of a cerebral
embolic event. It remains difficult to define optimal blood pressure
targets because of a great inter-individual range observed for the
lower limit of autoregulation (Larsen et al. 1994). Common practice is to maintain mean or systolic blood pressure within 20% of
the baseline blood pressure, which is defined as the first arterial
pressure recorded in a patient entering the operating theatre.
Treatment of perioperative stroke is dependent on timely recognition. This is hampered in the early postoperative period because of
a lack of classification of signs or scoring systems that might allow
earlier identification of stroke symptoms (Whiteley et al. 2011).
Some hospitals have successfully introduced acute stroke teams
which aim to bring suspected stroke patients to appropriate imaging
(computed tomography) within 25 min after the onset of symptoms
(Nazir et al. 2009). The only proved treatment for ischaemic stroke
is the intravenous administration of recombinant tissue plasminogen activator but this is not advocated by international guidelines,
within 14 days after major surgery (Adams et al. 2007). It remains to
be seen if more tailored therapy including endovascular approaches
may be useful in the surgical setting (Hopkins and Ecker 2008).

Massive bleeding
Trauma and consequences thereof are the leading cause of death
in patients under the age of 45 in Europe and the United States
(Soreide et al. 2009). Anaesthetists are involved in every aspect of
the treatment of patients with severe trauma: from the initial resuscitation on the scene, the transport to the hospital, and the evaluation process in the emergency department. Anaesthetists are also
an integral part of the team initially performing damage control
surgery. A detailed guideline concerning the treatment of bleeding
patients after major trauma has been published to guide the resuscitation process (Rossaint et al. 2010).
Uncontrolled, massive bleeding accounts for the majority of
early deaths in traumatized patients (Hoyt 2004). Massive bleeding

is defined as loss of the total circulating blood volume within 24 h
or loss of 50% of the total circulating blood volume within 3 h or
continuing blood loss of more than 150 ml min−1 (Stainsby et al.
2000). Continuing exsanguination results in hypovolaemic shock
with concomitant acidosis and heat loss, both of which culminate in coagulopathy, which further aggravates bleeding, acidosis,
and hypothermia. This vicious circle has been coined the ‘lethal
triad’. The presence of this clinical entity is associated with a four-
fold increase in mortality (MacLeod et al. 2003). To avoid ongoing bleeding in a period where definitive surgery is not possible
to stop haemorrhage, damage control resuscitation is advocated.
This comprises the correction of acidosis, the administration of
calcium, and the preservation of normothermia to combat the
lethal triad. Furthermore, the concept also consists of permissive
hypotension, which allows for systolic blood pressures of around
90 mm Hg in an attempt to improve clot formation and to minimize excessive volume administration, which will further aggravate coagulopathy. Although the scientific evidence for such an
approach is low (Bickell et al. 1994; Turner et al. 2000), some professional societies advocate permissive hypotension if there is no
suspicion of traumatic brain injury which would require higher
perfusion thresholds.
The time interval between initial trauma and ultimate surgical
control should be kept as short as possible, and measures taken on
the scene (or at best while already on the transport) should only
include those necessary to stabilize vital parameters (Cothren et al.
2007). This changing paradigm represents a compromise between
the ‘scoop and run’ and ‘stay and play’ approach and is coined ‘treat
and go’. However, common practice and acknowledgement of the
mentioned pathophysiological changes should also include a stepwise approach for the necessary surgical procedures in the case of
severe haemorrhagic shock and coagulopathy. This avoids further
aggravation of the lethal triad and includes stabilization of fractures
by external fixation and packing for abdominal organ injury. Using
this so-called damage control surgery strategy results in shorter
operation durations and increased survival (Rotondo et al. 1993).
This also applies to the use of external stabilization of pelvic fractures, which can result in dramatic bleeding, and are best managed
by external fixation. Only where haemodynamic stabilization cannot be achieved with this approach, should more aggressive treatment including laparotomy and tamponade of the inner pelvis be
performed. The use of angiographic embolization should always be
considered early and might be an alternative to a surgical strategy
(Tai et al. 2011; Thorson et al. 2012).
Invasive ventilation is used in many severely injured patients to
ensure adequate oxygenation and airway patency in neurologically
compromised trauma victims. Special attention should be paid to
the prevention of excessive hyperventilation, which seems common
in trauma and cardiac arrest victims and is associated with dismal
outcomes (Davis et al. 2003; Aufderheide et al. 2004). Coagulopathy
is present already in up to 30% of patients after severe trauma at the
time of reaching the emergency department (Maegele et al. 2007).
Recognition of coagulopathy is based on laboratory findings, which
should be performed as early as possible including determination
of prothrombin time, aPTT, thrombocyte count, and fibrinogen
concentration. Given the fact that many of these measurements
are time-consuming, newly available point-of-care testing methods
including thromboelastography might be an attractive alternative
(Ganter and Hofer 2008).
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Initial resuscitation of patients with massive bleeding includes
the use of intravenous fluids to maintain adequate organ perfusion. However, there is still ongoing debate about the fluid of choice.
Trials comparing crystalloids and colloids differ substantially with
regard to study design, patient selection, and outcome. Some data
have suggested that, in settings other than trauma, colloids are
associated with increased mortality (Schierhout and Roberts 1998).
Therefore, the use of crystalloid fluids is advocated as first-line
therapy. Hyperoncotic solutions can be considered (Rossaint et al.
2010). Coagulopathy will require blood products including the use
of fresh frozen plasma, packed red blood cells, thrombocytes, and
the administration of haemostatic therapies. Bleeding-associated
anaemia, changes in the rheology of circulating blood, and a deficiency in adenosine diphosphate will affect thrombocyte adhesion.
Packed red blood cells should therefore be administered, targeting
haemoglobin concentrations of 7–9 g dl−1. Higher haemoglobin
concentrations of around 9–10 g dl−1 are associated with better cerebral oxygenation in patients with traumatic brain injury in some
studies (Smith et al. 2005) but there are also robust data showing no
effects (Zygun et al. 2009) and one study that linked increased use
of packed red blood cells to increased mortality (Salim et al. 2008).
Thus, this recommendation also applies for patients with traumatic
brain injury (Rossaint et al. 2010). Fresh frozen plasma contains
several coagulation factors and is widely used in patients requiring
massive transfusion. It is recommended to substitute plasma early
with amounts of 10–15 ml kg−1 body weight in a ratio of 1:1 with
packed red blood cells (Holcomb et al. 2008; Spinella et al. 2008;
Rossaint et al. 2010). Thrombocytes are essential for clot formation,
although normal ranges are above 150 000 µl−1, spontaneous bleeding is rarely seen in patients with counts greater than 50 000 µl−1 (Hunt
et al. 1998). Substitution of thrombocytes/platelets is therefore recommended below this threshold (Rossaint et al. 2010). It is noteworthy that volume overload as a consequence of massive transfusion
may be associated with compromise of the cardiopulmonary system
albeit a causal relationship has not yet been proved (Nathens 2006).

Fibrinogen is a glycoprotein that is synthesized in the liver.
During massive bleeding, critical concentrations below 2 g litre−1
are often found. Early substitution of fibrinogen is associated with
decreased blood loss (Stinger et al. 2008; Solomon et al. 2010) and
it is therefore recommended to administer fibrinogen when
plasma concentrations are below 1.5–2 g litre−1 (Rossaint et al.
2010). Use of prothrombin complex concentrates are mandated
only in patients with a known deficiency in vitamin K-dependent
coagulation factors, mostly because of liver insufficiency or
because of a treatment with coumarin derivatives (Bruce and
Nokes 2008). In recent years, numerous case reports have been
published on the use of recombinant activated coagulation factor
VII (rFVIIa). While its use is undoubtedly indicated in patients
with congenital or inherited deficiency of FVIIa, its use in
patients with massive bleeding is less clear. Only one randomized
controlled trial demonstrated reduced transfusion requirements
and a lesser incidence of acute lung injury in patients with blunt
abdominal trauma (Boffard et al. 2005). Use of rFVIIa is recommended only when conventional treatment including surgical
control does not terminate continuing bleeding (Rossaint et al.
2010). Another detrimental side-effect of massive bleeding and
the activation of the coagulation system is hyperfibrinolysis. As
aprotinin has been taken off the market following concerns about
its safety in cardiac surgery patients, tranexamic acid is currently
widely used. Tranexamic acid has been shown to reduce mortality
in trauma patients with massive bleeding in a recent large randomized controlled trial (CRASH-2 Trial Collaborators 2010). The
use of tranexamic acid in trauma patients with massive bleeding
is therefore recommended, using a bolus of 10–15 mg kg−1 body
weight followed by a continuous infusion of 1–5 mg kg−1 body
weight h−1. Desmopressin is a synthesized analogue of the antidiuretic hormone, which increases the plasma concentrations of
factor VIII and von Willebrand factor. Two meta-analyses have
shown reduced transfusion requirements but no impact on mortality when desmopressin was administered in settings other than

Surgical interventions

Haemodynamic management

Fixation of pelvic fractures
resulting in shock with external
fixation
Consider pelvic tamponade if
bleeding persists
Consider abdominal packing or
clamping of large vessels to avoid
exsanguination

Coagulation management
Substitute calcium
Give red blood cells and
fresh frozen plasma in ratio 1:1
Transfuse thrombocytes if
<50 000 μL–1
Give fibrinogen if <1.5–2 g litre–1
Consider tranexamic acid

Damage control surgery to avoid
excessively long operation times

Consider rFVIIa as ultima ratio

Consider use of haemostats

Figure 89.3 Initial management of massive bleeding in trauma patients.

Target systolic blood pressure
between 80–100 mm Hg
Initial fluid resuscitation using
crystalloids
Target normothermia
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trauma (Creszenzi et al. 2008). Routine use is therefore not recommended but may be considered in patients receiving antiplatelet therapy (Rossaint et al. 2010).
Management of traumatized patients with massive bleeding is
one of the major challenges in modern medicine as it requires not
only detailed knowledge of the pathophysiological changes but is
also dependent on highly motivated and skilled teams with the ability to communicate and to plan the best approach for the treatment
of the patient. The current guideline on massive bleeding in traumatized patients marks a big step forward in this process and an
algorithm combining surgical interventions and coagulation management, together with stabilization of vital parameters is displayed
in Figure 89.3.

Conclusion
The number of patients of increasing age undergoing more complex surgical procedures is steadily increasing. Operations that
would not have been considered 10 years ago are now commonly
performed. With increasing age and comorbidities, the probability of developing severe complications increases concurrently.
Anaesthetists are crucial in the early management of patients developing or presenting with acute illness in the peri-and postoperative
period. Accurate and timely recognition of life-threatening conditions such as sepsis, myocardial infarction, pulmonary embolism,
and massive bleeding require in-depth knowledge of physiological
and pathophysiological processes. Only early and prompt interventions hold promise for improved patient outcome and reduced
morbidity.
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Introduction
Transporting critically ill patients started in the Napoleonic Wars
with Baron Dominique Larrey’s ambulances volantes providing
rapid evacuation of injured soldiers from the battlefield to a place
of safety where they could receive prompt surgery. Greater technical sophistication emerged during World War II, and subsequently
with the American involvement in Vietnam. It is now possible to
repatriate critically injured soldiers thousands of miles by air while
continuing to deliver full organ system support during transfer. The
same principles, techniques, and skills apply to civilian transfers,
whether primary or secondary, inter-hospital or intra-hospital.
Transport medicine is now seen as a specific set of competencies
shared between emergency medicine, intensive care medicine,
and anaesthesia, in which the attending physician must be able to
manage a team capable of preparing for a transfer of a few minutes
to many hours with a patient requiring complex organ support.
Familiarity with the process of transfer and its inherent dangers
is now recognized as an essential component of a comprehensive
anaesthesia training programme. In the United Kingdom, the Royal
College of Anaesthetists (RCoA) requires trainees to demonstrate
evidence of training in this rapidly expanding field at both basic and
advanced levels. The German Association for Intensive Care and
Emergency Medicine [Deutsche Interdisziplinare Vereiningung fur
Intensive und Notfalimedezin (DIVI)] developed an interdisciplinary curriculum for the training of special skills in intensive care
transport (DIVI 2008).
There are substantial international variations between healthcare
systems in the coordination and support provided for primary and
secondary transport, from the unified system in France, the Service
Aero-Medicale d’Urgence (SAMU), through to approaches based
on national standards but using ad hoc local provision, such as
the United Kingdom. The latter approach is most likely to depend
on trainee anaesthetists as the attending physician, with transfers
performed outside normal working hours (Jameson and Lawler
2000; Gray et al. 2003; Spencer et al. 2004). In Germany, where
healthcare organization is the responsibility of the federal states,
16 legal principles describe the organization of the emergency services, including the structures and responsibilities for intensive care
and inter-hospital transport. Some federal states have developed
specific coordinating centres and operating procedures for inter-
hospital and intensive care transfers (Hennes 2005).

In 1997, an estimated 11 000 transfers took place between critical care units in the United Kingdom (Mackenzie et al. 1997).
This number is likely to have increased as a consequence of centralization, continuing critical care bed shortages, and the much
larger number of intra-hospital transfers for diagnostic testing
or interventions which are unable to be performed at the bedside (Fromm and Dellinger 1992). Despite the creation of critical
care networks, designed to facilitate the safe and efficient transfer
of patients between hospitals with varying critical care capacity,
secondary transport is still often poorly organized and executed
(Lovell et al. 2001; Damm et al. 2005; Gillman et al. 2006; Papson
et al. 2007).
In this chapter, we focus on secondary transfers, and review the
indications, complications, and processes of care required to maximize patient safety through meticulous planning and training.

The literature
A literature search was conducted using the databases PubMed,
Medline, CINAHL, Web of Science, Cochrane database, Ovid, and
Google scholar using the search terms transport, transfer, transportation, inter-hospital, intra-hospital, ambulance, helicopter,
aircraft, and critical care. There were 225 publications of which 12
were systematic reviews, 2 randomized controlled trial, and 54 were
cohort or observational studies. The remainder were expert statements or opinion-based reviews.

Indications for and types of transport
The terminology is now well established.
A primary transfer relates to the carriage by ambulance from
scene to the emergency department.
Secondary transfer describes the continuation of the patient to
either another department within the hospital or to another hospital entirely.
Tertiary transfer occurs between hospitals for non-clinical reasons, such as repatriation, to be closer to family or for insurance
purposes.
The transfer of critically ill patients within the hospital for diagnostic testing or procedures will often be the responsibility of the
anaesthesia team. Using the intensive care unit (ICU) team, which
is more familiar with the specific therapy and history of the patient
and does not necessitate handover, must be pragmatically balanced
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against staff availability. The most common destinations for unwell
patients are either the computed tomography scanner (Waydhas
et al. 1995; Bercault et al. 2005; Voigt et al. 2009) or the operating theatre (Szem et al. 1995; Waydhas et al. 1995). Although intra-
hospital transfers may be comparatively shorter than for those
travelling to another hospital, the risks are just as prevalent and well
documented (Beckmann et al. 2004; Warren et al. 2004).

Modes of transport and special
considerations
There are a number of different modes of transport available and
choice of an appropriate vehicle will depend on a number of factors
including (Gray et al. 2004):
1. Distance to be travelled
2. Stability and organ support of the patient
3. The urgency of the transfer
4. Weather
5. Time of day
6. Availability of vehicle.
All modes of transport will expose the patient to physiological
changes. The principal forces are acceleration and deceleration but
this may be exacerbated by vibration, temperature changes, motion
sickness, and noise that may contribute to patient instability and
anxiety (Gillman et al. 2006; Flutter et al. 2009), and to discomfort
for the attendants.

Land
For the transfer of patients between hospitals, road vehicles are often
suitable. They are more cost-effective than air transportation, provide a better environment for monitoring, and are less influenced
by meteorological disturbance (Wallace and Ridley 1999). It is also
possible to stop the vehicle, facilitating emergency management.

Rotary
Air transfer is primarily reserved for distances greater than 50 miles
(80 km), with helicopters the most useful for distances of 50–150
miles (80–240 km). While the fastest method of covering this distance, transfer times from aircraft to land vehicle before arrival
at the receiving unit may negate the benefit of increased speed of
transit (Wallace and Ridley 1999). Furthermore, the complexity
of arranging a helicopter transfer may also result in an increased
transfer time from decision to transfer (Karanicolas et al. 2008).
Weather, issues with night flying, excessive noise, and vibration are
all negative aspects of helicopter transfer (de Melio and Thompson
1990). There is an increased risk of physiological disturbance on
longer flights and for patients who require inotropic support
(Seymour et al. 2008).

Fixed wing
Fixed-wing aircraft are better for distances greater than 150 miles
(240 km) and it is possible to move patients between continents if
required with a service that is usually provided by either private
medical companies or the military (Valenzuela et al. 1990; Turner
et al. 2009; Sand et al. 2010). Standards of operation for air ambulances have been developed by regulatory bodies such as the Federal

Aviation Authority (United States), Civil Aviation Authority
(United Kingdom) and Joint Aviation Authority (Europe).
Air travel at altitude is primarily complicated by changes to relative humidity, partial pressure of oxygen, and atmospheric pressure
(Rice et al. 2008). All aircraft deemed suitable for this type of transfer have pressurized cabins. However, the typical pressure created
is equivalent to 5000–8000 feet atmospheric (1500–2400 m), with
a resultant decrease in the partial pressure of oxygen to 8.7 kPa
(65 mm Hg) (Seymour et al. 2008). This has been shown to cause
a reduction in oxygen saturation of 5% in patients with ischaemic
heart disease (Essebag et al. 2003). While this can of course be
successfully corrected with oxygen supplementation, it may be an
important factor for long transfers when supplies may be limited.
For non-intubated patients with borderline oxygenation, it is wise
to consider intubation before starting the transport.
An additional concern with air travel at altitude is gas expansion.
As dictated by Boyle’s law (P × V = constant or V1 × P1 = P2 × V2),
any trapped gas will expand as the ambient pressure decreases.
Consequently, at 8000 feet, any air-filled space, such as the middle ear,
sinuses and bowel, will expand by 35%, potentially causing pain or
barotrauma. In the case of air in the pleural cavity, this may result
in a tension pneumothorax. If a pneumothorax is diagnosed or suspected before transfer, it is vital that chest drains are inserted and left
unclamped. The same is true for gas trapped in the stomach, necessitating the insertion of a nasogastric tube, and for air in equipment
such as tracheal tube cuffs and intravenous infusion lines (Essebag
et al. 2003). It is possible to pressurize the cabin to sea level in some aircraft although this will reduce speed and increase fuel consumption.
Whichever method of transport is chosen, it must be fully
equipped for the transport of critical care patients and medical personnel. Importantly this incorporates the provision of
adequate lighting, heating, and air conditioning (Intensive Care
Society 2011).

Complications and risks associated
with transport
The transfer of critically ill patients is an inherently risky procedure, with workload implications for the transferring ICU. A North
American cancer centre study (Voigt et al. 2009) demonstrated that
patients undergoing transfer within the first 24 h of ICU admission
were more severely ill, had a longer length of stay in critical care,
and a higher hospital mortality rate. Of 948 admissions, 413 (44%)
underwent 800 transfers, most commonly for diagnostic and interventional imaging. This level of workload and patient complexity
requires a systematic approach to minimize risk not just to the
transported patient, but also to other patients in the ICU in terms
of opportunity cost if staffing is limited.
The main determinants of risk common to all patient movements
are dependence on organ system support, physiological instability
and limited reserve, and separation from complex diagnostic and
therapeutic interventions. Attention was drawn to the risks in 1970
when it was found that during the transfer of cardiac patients, 84%
experienced arrhythmias, with 44% requiring emergency treatment
(Taylor et al. 1970). Further evidence was published in 1975 of the
risks of transfer from the operating theatre to critical care, with 21%
of patients experiencing a significant event on this relatively short
transfer (Waddell 1975). The authors called for increased recognition of the potential pitfalls of transfer with improved planning and
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vigilance. In 2007, complications were still common (Handy and
Zwanenberg 2007).
Over the last three decades, the risks of adverse events during
transfer have been emphasized both by epidemiological data (Lovell
et al. 2001; Shirley and Stott 2001; Beckmann 2004; Damm et al. 2005;
Gillman et al. 2006; Lahner et al. 2007; Papson et al. 2007) and professional critical care society reports and standards [Ferdinande 1999;
Australasian College for Emergency Medicine et al. 2003; Warren et al.
2004; SIAARTI Study Group for Safety in Anesthesia and Intensive
Care 2006; Intensive Care Society 2002 (updated 2011)]. These were
summarized by Fanara et al. (2010) where six core categories of adverse
events were identified: respiratory, cardiovascular, neurological, hypothermia, equipment malfunction, and human error. The incidence of
adverse events is unclear because of the lack of standard definitions.
The most consistent estimate for major adverse events requiring therapeutic intervention or with serious threat to life is approximately 8%
(Smith et al. 1990; Szem et al. 1995; Wallen et al. 1995; Stearley 1998).
This is an unacceptable additional level of risk in what is an
already high-risk group of patients. In 2006, an Australian study
showed that 91% of documented adverse events (n = 272) were
preventable (Flabouris et al. 2006). In the United Kingdom, there
has been a move towards providing a dedicated transfer service.
University College Hospital London reported a reduction in the
number of adverse events and in 12 h mortality associated with
transfer by a dedicated retrieval team as compared with a standard
ambulance with medical escort combination (Bellingan et al. 2000).
Similarly, a Dutch study used measured changes in vital signs to
demonstrate the safety of a specialist retrieval team using a mobile
ICU according to national guidelines (Wiegersma et al. 2011).
Various factors contribute to the potential for serious adverse
events during transfer. The duration, which ranges from minutes
to many hours, is a period in which the underlying clinical condition may worsen independent of the movement of the patient. The
physical disturbance caused by the transfer as a result of vibration
and acceleration or deceleration forces, and the change from ICU to
transport equipment, may have adverse effects on physiology and
potentially exacerbate the patient’s condition (Ferdinande 1999;
Stevenson et al. 2002; Gillman et al. 2006). During transfer, access
to the patient is often limited, and changes in the patient’s condition
may not be observed or may be difficult to manage.
Equipment failure is common. In 2005, a French study found
that there were adverse events involving portable ventilators, predominantly untimely alarms and gas or electrical failures, in 22% of
intra-hospital transfers (Damm et al. 2005). Papson (2007) found
equipment failures in almost half of the adverse events analysed
involving ventilators and airway devices in addition to monitoring failure. The number of infusions and pumps has been linked
to equipment-related adverse events (Doring et al. 1999). As the
number and variety of devices and drugs which can be transported
with the patient during transfer is limited, this may also result in
suboptimal management of the patient’s condition.
For practical purposes, it is useful to consider the risks of transfer
by organ system in order to categorize and pre-empt their potential
for harm.
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transfer to a neurosurgical unit was airway obstruction (Gentleman
and Jennett 1981). Other causes of deterioration include:
1. Deterioration of underlying condition:
• Reduced conscious level
• Swelling of the airway as a result of burns or anaphylaxis
• Spinal injury incompletely immobilized resulting in extension of clinical syndrome
2. Compromise to an established airway:
• Tracheal tubes can easily become dislodged, disconnected, or
kinked if not secured adequately and monitored vigilantly.

Breathing
Intra-hospital transfer of ventilated patients can lead to a significant deterioration in long-term respiratory function (Waydhas
et al. 1995). This may be because of a number of factors:
1. Worsening lung pathology:
• The inadvertent physiotherapy provided by the vibrational
forces and physical movement of the patient can be both
beneficial and detrimental. Mucous plugs can become lodged
within major airways
• Lung contusions and oedema may worsen
• Expansion of haemothorax
2. Ventilation/perfusion mismatch:
• It is unlikely that the optimal position of the patient will be
maintained for the duration of transfer
• Failure to maintain alveolar recruitment when changing to a
transport ventilator or if using open tracheal suction systems
3. Pneumothoraces:
• Chest drains may become blocked, kinked, or dislodged
• The optimal position of the drain below the patient may be
compromised
4. Ventilator failure: this may be as a result of disconnection, gas
supply, or power failure
5. Monitoring: pulse oximetry and capnography inaccuracies.

Circulation
Circulatory compromise may occur because of a variety of reasons
and can easily go unnoticed in the patient prepared for transfer:
1. Haemorrhage: caused by or worsened by the movement of the
patient and may be concealed by the positioning of the patient
and equipment for transfer
2. Volume replacement:
• Central and peripheral lines may become dislodged or kinked
• Volume replacement may be infused at a reduced flow rate
because of patient positioning

Airway

3. Drugs: vasopressor and inotrope infusion rates may be interrupted
by displacement of central venous catheters of equipment failure

Emergency management of airway complications is difficult in transit. The airway must be secured before transfer. In 1981, the most
common secondary injury to comatose head injury patients on

4. Monitoring: arterial and venous monitoring may become disconnected or provide inaccurate readings as a result of artifact
or poor positioning.
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Renal
Renal function may deteriorate, particularly during longer transfers, as a consequence of the following:
◆
◆

◆

Unobserved hypovolaemia causing oliguria

Transfer equipment

Displacement, blockage, or kinking of urinary catheter causing
acute urinary retention

National guidelines for the provision of transfer equipment
(Ferdinande 1999; Intensive Care Society 2011) emphasize the
need to maintain a level of care during transfer comparable
to that provided in the ICU. Clearly, a balance must be struck
between comprehensive provision and parsimony demanded by
lack of space. The equipment must be capable of maintaining
continuity and standards of care from stabilization to transfer. The
equipment used should be dedicated to the purpose of transfer
and checked routinely. Daily review and pre-and post-transport
checklists should be used to ensure that no items are missing,
those used are replaced, and that equipment is functioning.
Electrical equipment must be fully charged during storage while
drugs are maintained at the correct storage temperatures and
within use-by date.
All departments should follow local guidelines when finalizing transfer equipment protocols. However, in general, the
minimum equipment requirements are as follows [Association of
Anaesthetists of Great Britain and Ireland (AAGBI) 2006]:

In renal failure, inability to continue haemofiltration in transit
may result in acidosis, hyperkalaemia, and hyperhydration.

Metabolic
The stress response, and less meticulous monitoring, may adversely
influence glycaemic control.

Neurology
The movement of patients with head injuries is particularly hazardous, but also extremely common. The risks to the nervous system
associated with transfer are:
1. Changes to intracranial pressure (ICP):
• Movement alone with the additional forces of transfer may
cause a detrimental increase in ICP
• ICP may increase if cardiovascular compromise or ventilatory
issues are not managed appropriately
• Patient position is also unlikely to be optimal for ICP protection
2. Pain: it is important to remember that movement is a potentially
painful experience for patients. Untreated, this can be damaging
to all organ systems
3. Sedation: inadequate sedation, both over-and under-sedation,
is a common complication resulting in worsening of neurological parameters and cardiovascular compromise with potential
respiratory, renal and metabolic involvement
4. Monitoring:
• ICP monitoring devices may become dislodged or disconnected or provide false readings due to movement artifact
• Alarms for all monitors (vital signs and respiratory) must be
set to appropriate limits. Otherwise, repeated false alarms will
diminish the alertness to the important alarm indicating relevant deterioration of the patient’s condition.

Host defence
◆
◆

◆

◆

◆

or respiratory monitoring (Beckmann, 2004; Damm et al. 2005;
Papson et al. 2007).

Timely administration of antimicrobials may be compromised
Temperature control: abnormalities may not be detected and
treated; patients are particularly at risk of developing hypothermia
Wound sites: movement may displace dressings and devices leading to contamination of wound and device insertion sites
Poor aseptic technique in managing central venous catheters and
connections
Neutropenic patients and patients under immunosuppressive
therapy after organ transplantation need special adherence to
hygienic rules.

Equipment
Equipment malfunctions are commonly a result of battery failure
and this includes infusion pumps, ventilators, and cardiovascular

1. Airway equipment, including suction device
2. Adequate oxygen supply
3. Portable ventilator
4. Self-inflating bag/valve and mask
5. Chest decompression equipment
6. Portable multifunction monitor, to include:
• ECG
• Invasive/non-invasive blood pressure
• Central venous pressure
• Pulse oximetry
• Capnography for the ventilated patient
• Temperature
7. Defibrillator
8. Battery-powered syringe and volumetric pumps
9. Spare batteries
10. Warming blanket.
In addition, a minimum number of emergency drugs must also be
included:
1. Hypnotics
2. Neuromuscular blocking agent
3. Analgesics
4. Anticonvulsants
5. Vasoactive drugs
6. Resuscitation drugs
7. Intravenous fluids
8. Mannitol 20%.
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The Intensive Care Society (2011) also stipulates a number of
other equipment requirements for transfer staff; these include the
following:
1. Mobile telephone
2. High visibility, protective, and warm clothing
3. Money for return transfer
4. Antiemetic if known to suffer from motion sickness.
It is important to include equipment specific to paediatric patients
and to ensure staff are adequately trained in its use.
Equipment under-provision is common. In 2008, a survey in the
United Kingdom revealed that 29.3%, 13.5%, 19.2%, 1.6%, 25%,
and 29% of hospitals provide a dedicated transfer trolley, protective
clothing, fluorescent jacket, boots, mobile telephone, and insurance
cover, respectively (Ahmed and Majeed 2008).

Carriage and storage
Compartmentalized transfer packs provide organized equipment
carriage. These are best suited to the carriage of non-electrical
equipment and often have smaller pouches within the sack to
organize kit into logical divisions such as venous access or airway
adjuncts.
There are dangers inherent in carrying larger electrical apparatus
on top of the patient so that equipment must be stowed carefully
either on the floor or secured to the patient trolley. In the event of
an accident, unsecured equipment can become hazardous projectiles with potential to cause significant injury.
A suitable trolley to which large pieces of equipment can be
secured facilitates safe transfer. In Europe, the transfer trolley must
comply with the European Committee for Standardization (1999)
and must be able to withstand 10 G deceleration in five directions
when secured. The trolley must also:
1. Be robust and lightweight
2. Have facilities to attach ventilator, infusion pumps, suction, and
monitoring
3. Have a low centre of gravity when loaded
4. Be suitable for actual or potential spinal injury patients
5. Be able to withstand CPR
6. Have cot sides
7. Have a head-down function for vomiting patients
8. Be compatible with the fixation system of the vehicle or the
helicopter.

Electrical equipment
It is essential that the equipment used for transfer is lightweight,
robust, and able to be powered by battery (Wallace and Ridley 1999).
As discussed previously, many adverse events are due to equipment failure. It is imperative that equipment is re-charged during
storage; during transit, an external power supply must be used
wherever possible. In addition, it is recommended that long-lasting
lithium batteries and low-battery alarm systems are available
(Warren 2004; Intensive Care Society 2011).
There has been considerable interest in the development of
Bluetooth technology to minimize the cables required for patient
monitoring. Although this has been shown to be compatible with
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other medical devices (Wallin and Wajntraub 2004), an accurate
system is not yet available.

Ventilation
The choice of ventilatory support should be determined by the
patient’s clinical condition and requirements (Stevenson et al.
2002). Mechanical ventilation has been shown to provide better
quality respiratory support during transfer than manual ventilation, in terms of consistent tidal volumes, respiratory cycles, and
oxygenation. Manual ventilation results in significantly greater
variation in tidal volume and positive end expiratory pressure than
in the mechanical group, as was shown in 2003 when a mechanical
ventilator with no air mix and patient triggering function (LTV™
1000 transport ventilator; Pulmonetic Systems; Colton, CA, USA)
was compared with manual ventilation with a Jackson-Rees circuit
with oxygen flow of 10 litres min−1 although patient numbers were
small (22 transports, 16 patients) (Nakamura et al. 2003). Both
of these variables are important in the unwell, ventilated patient
(Richard et al. 2001).
An important consideration is that portable ventilators are inferior in capability to standard critical care ventilators. Portable
ventilators provided less accurate tidal volumes and less effective
triggering (Zanetta et al. 2002). Chipman et al. (2007) tested 15
transport ventilators using bench and animal models and stated
that only two ventilators met all the trial targets.
It may be possible to use an ICU ventilator during the transfer
if there are sufficient battery packs and an adequate gas supply on
a special stretcher. This is increasingly available for intra-hospital
transport and may be particularly suitable in situations such as the
transfer of critical care patients with acute respiratory distress syndrome (Barton et al. 1997).

Oxygen
The amount of oxygen required will depend of the needs of the
patient and journey time and must be calculated. The total oxygen
transported should be twice the estimated requirement. For shorter
intra-hospital transfers it is adequate to provide sufficient oxygen
for 1 h.
The calculation for oxygen requirements is as follows: minute
volume × FIO2 + ventilator requirement.
Nomograms are available which determine duration of supply
for a given cylinder capacity related to flowmeter rate (Lutman and
Petros 2006).
The capacity of oxygen cylinders is shown in Table 90.1.
All cylinders and connectors must be checked before transfer
and should be full. In the event of ventilator failure it may be necessary to use a resuscitation circuit; it is therefore imperative that
a spare cylinder is available to which this circuit can be attached.
A central gas supply should be used wherever available to spare the
oxygen of the transport unit.

Extracorporeal membrane oxygenation
Extracorporeal membrane oxygenation (ECMO) is now recognized as a treatment for adult patients with severe but reversible
respiratory failure. This is a service currently restricted to specialized referral centres, thus often necessitating transfer for treatment.
The CESAR study showed improved 6-month survival without disability after transfer of patients with severe respiratory failure to an
ECMO-capable centre. Of note, two patients in the referral group
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Table 90.1 The capacity of oxygen cylinders
Oxygen cylinder size
Order code

C

D

E

F

G

J

Volume (litres)

1.2

2.3

4.7

9.4

23.6

47.2

Capacity (litres)

170

340

680

1360

3400

6800

Time to empty from
full when using
10 litres min−1

15 min 30 min 1 h

2¼ h

5½ h

11¼ h

died during transfer (Peek et al. 2009). Further evidence from a
joint Australian and New Zealand team demonstrated improved
survival for patients with acute respiratory distress syndrome secondary to H1N1 influenza, with ECMO (Noah et al. 2011). An
ECMO retrieval service for patients with severe cardiac or respiratory failure who are unsuitable for transfer using conventional
ventilation was developed in Australia, and of 40 patient retrievals
using ECMO, 85% survived to hospital discharge with no deaths
or major morbidity associated with transfer (Forrest et al. 2011).
A military team based in Germany has also successfully used
pump-less extracorporeal lung assistance to transport military casualties with severe lung injury (Fang et al. 2011). These advanced
technologies require special expertise in the transfer team to minimize risk to the patient.

Inhaled nitric oxide
Inhaled nitric oxide (iNO) potentially improves oxygenation,
reduces pulmonary artery pressures, and may help avoid the need
for ECMO. Hence the use of iNO is another rescue medication
which may facilitate transfer (Gerlach et al. 2003; Rossaint et al.
1993; Westrope et al. 2004). Delivery systems can be adapted to all
respiratory circuits.

Transfer staff: competencies and training
The composition of the transfer team is determined by the needs of
the patient but has a minimum of two trained escorts (Guidelines
Committee of the American College of Critical Care Medicine
1993; Warren et al. 2004). A designated team leader is vital and
in 1169 transfers in North America there was no difference in
clinical outcome between nurse-or doctor-led teams (Burney et al.
1995). However, this is dependent on the quality assurance of the
countries and the legal prerequisites and requires evaluation by the
responsible parties of each country.
Not all patients will require anaesthetic support for transfer. In
the United Kingdom, the AAGBI (2006) has published guidelines
on the levels of support that may be required. The patients who do
not need anaesthetic input include:
◆
◆

◆

Patients who are not likely to need airway or ventilatory support
Patients for whom attempting cardiopulmonary resuscitation
would be inappropriate
Patients being transferred for acute definitive management for
whom anaesthesia support will not affect their outcome.

For patients requiring cardiovascular or respiratory support, it is
imperative to include an appropriately trained doctor for transfer

(Kaplan et al. 1987), with experience in advanced airway management and training in anaesthesia or critical care (Girotti et al. 1988).
The level of experience of the doctor has been shown to be negatively correlated with the number of adverse events during transfer
(Papson et al. 2007), although this may be mitigated by appropriate
training of more junior staff (SIAARTI Study Group for Safety in
Anesthesia and Intensive Care 2006).
In recognition of the risks of transfer, the need for structured
and standardized training in transport medicine is now recognized. In the United Kingdom, in 1997, the Intensive Care Society
published their first guidelines, Guidelines for the Transport of the
Critically Ill Adult, subsequently revised and updated in 2002,
and then in 2011. Further guidance was produced and published
by a North American team in 2004 (Warren et al. 2004) with the
aim of improving patient safety with a standardized approach. In
Germany, the DIVI published curricula for training nurses and
doctors in inter-hospital transport and standard operating procedures. A national training course has been developed in the United
Kingdom, the Safe Transfer and Retrieval (StaR) course, which is
designed to incorporate the key elements of transfer. In addition,
a number of regional centres now provide their own variation, in
order to satisfy the increased requirement for trainees to demonstrate objectively their capabilities in transfer medicine. Certainly,
in the United Kingdom the need to complete a course in order to
fulfil training requirements for successful progression to consultant
level has stimulated interest in the area, although evidence to suggest that this results in improved transfer services is still lacking.
A Dutch study found that implementing simulator-based training
could help to identify the failure to anticipate problems in advance,
suggesting that this will be a useful teaching tool for mobile ICU
teams (Droogh et al. 2012).

Organizing a transfer
Key considerations include indications, contraindications, establishing the team, patient and family preparation, and communication with, and expectations of, receiving site/hospital.
At a senior management level, there are a number of factors that
must be considered in order to organize an effective transport team
within a hospital. These include a multidisciplinary team consisting
of nurses, physicians, hospital administration, and emergency services transport coordinators for out-of-hospital transfer (Warren
et al. 2004). This team is then able to assess the requirements for a
transfer service on-demand, and establish local guidelines for inter-
hospital co-operation. In the United Kingdom and across much of
Europe and North America, transfer networks have been created to
facilitate the transfer of patients for both therapeutic intervention
and to accommodate bed shortages within regions (Iwashyna et al.
2009; Intensive Care Society 2011).
In order to complete a successful transfer of a critically ill patient
there must be meticulous planning. The risks of transfer must be
measured against the potential benefits (Durairaj et al. 2003). The
availability of patient testing or simple procedures at the bedside
should be considered (Porter et al. 1999; McCunn et al. 2000). The
choice of patient for transfer must be taken by a senior clinician, and
involves the evaluation of a number of important factors, including
the characteristics of the patient, the indications for transfer, and
the level of transfer personnel and equipment available (Lee et al.
1996). Although clinicians may feel that the condition of the patient
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must be the principal determinant for transfer suitability, this was
not found to be the case in a study conducted in the Netherlands.
A survey of 95 lead critical care clinicians found that even the most
critically ill patients were considered suitable for transfer providing adequately trained personnel and equipment could be available
(Lieshout et al. 2008). Interestingly, neither the age of the patient
nor severity of respiratory support, as indicated by positive end-
expiratory pressure, were considered barriers to transfer.
There must be thorough discussion between transferring units
(Venkataraman and Orr 1992), while the availability of adequately
trained personnel (Wiegersma et al. 2011) and suitable equipment
should be ascertained with adequate notice. An analysis of transfers
by Voigt et al. (2009) in a North American critical care unit found
that the majority of transfers within the hospital were performed
during weekday afternoons and evenings, after decisions made on
the morning round—a useful insight for staff allocations.
An Australian study found that teams that had prior experience of transfer, and those who re-checked their equipment before
movement were less likely to suffer an adverse event in transit
(Beckmann et al. 2004).
Communication is a vital element to a successful transfer. It is the
responsibility of the team leader to ensure all aspects of communication have been considered before departure:
1. Patient and relatives: where possible, consent for transfer
should be obtained from the patient with the indications and
risks clearly explained (Intensive Care Society 2011). The same
information must be relayed to the relatives. This informed consent can be supported via standard information displayed on a
website especially if highly sophisticated treatment is intended
(ARDS Zentrum Berlin 2007).
2. Transferring specialist: the consultant with clinical responsibility must make the final decision for transfer and discuss this
with the receiving hospital unit. Other teams involved in the
patient’s care must also be informed. The transferring specialist
must also discuss the needs of the transfer with the appropriate
transfer team. This will involve briefing the team leader.
3. Team leader: the team leader must clearly discuss the needs of
the patient with the team before departure; in addition, they
must inform the receiving unit on departure from the referring
unit and provide an estimation of arrival time.
4. During transfer: it is important to maintain communication
with the receiving unit during transfer.
5. Handover: the team leader must complete a clear and thorough handover to the receiving team (see ‘Handover and
documentation’).
6. Debrief: a team discussion after completion of the transfer is a
useful exercise to highlight any areas for improvement.
The receiving unit must be given the following information:
1. Name and role of transferring specialist
2. Patient’s name, age, and sex
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6. Details of current therapy
7. Change in therapy to be undertaken for transfer
8. Infection risk
9. State of family communication
10. Mode of transfer
11. Time frame of transfer
12. Contact details for referring team.
The details of this communication must be clearly documented in
the medical records.

Patient preparation
As a general principle, it is vital for the patient to be fully stabilized
and resuscitated before transfer (Andrews et al. 1990). In exceptional circumstances, this may be impractical, such as a ruptured
aortic aneurysm. Patients with unstable cardiovascular or respiratory physiology have an understandably higher risk of mortality (Schiff et al. 1986). The same level of care must be taken for
both intra-and inter-hospital transfers, as the risks are comparable
(Gray et al. 2004).
Preparation before transfer is vital to ensure patient safety. It is
helpful to refer to national or local guidelines, which often provide
a checklist (Intensive Care Society 2011).
The key elements to consider are:
1. Patient physiology, medication, and equipment
2. Transfer team
3. Transport.
A thorough review by body system is essential to optimize physiological stability before movement. It may be helpful to use the
ABCDE acronym to minimize the potential for neglecting any element of the patients care.
◆

A: a definitive airway is imperative before transfer. This may
necessitate elective intubation in a spontaneously ventilating patient if the potential for compromise during transfer is
considered (e.g. head injury patient with fluctuating conscious
level). As a rule, a Glasgow Coma Scale (GCS) score of less
than 8 is considered a suitable level for intubation. The airway, whether tracheal tube or tracheostomy, must be firmly
secured without compromising cerebral blood flow and drainage. Indications for elective intubation before transfer (Greaves
et al. 2009):
1. Glasgow coma score of 8 or lower
2. Significantly deteriorating conscious level—motor score
decrease greater than 2 points
3. No protective laryngeal reflex
4. Hypoxaemia Pa O2 less than 13 kPa on oxygen
5. Hypercarbia Pa CO2 greater than 6 kPa
6. Spontaneous hyperventilation causing Pa CO2 less than 4 kPa

3. Reason for transfer

7. Bilateral fractured mandible

4. Medical history: relevant details only, full written history available in notes

9. Seizures

5. Details of current clinical condition

8. Copious bleeding into mouth (e.g. base of skull fracture)
10. Burns with risk of airway obstruction.
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11. C-spine: a hard collar and blocks is the most effective
method of c-spine immobilization for patients with known
or suspected cervical spine injury.
◆

◆

◆

◆

B: for those patients spontaneously ventilating, a non-rebreathing
mask with high-flow oxygen is recommended while the patient
should ideally be sitting upright. Chest drains should be checked
and one-way valve drainage fitted if possible. Invasively ventilated patients should be stabilized on the chosen transport ventilator with adequate gas exchange demonstrated on arterial blood
gas analysis. Pre-emptive suction should be used where deemed
necessary.
C: heart rate and blood pressure should be stabilized with intravascular volume replacement and a minimum of two reliable
sites of intravenous access. Central venous access may need to be
considered if peripheral access is difficult or there is cardiovascular instability. For longer journeys, at least one access should be
connected to fluid replacement and must be accessible. Syringe
drivers and volumetric infusion pumps are recommended to
provide reliable administration. Adequate organ perfusion and
haemoglobin must be established before transfer. Arterial access
may also be needed, although the limitations due to movement artifact and inaccurate transducer placement must not be
overlooked.
D: sedation must be assessed before beginning the transfer and
modifications made as necessary. The additional stimulation of
physical movement may necessitate increased administration
of sedative medication to facilitate safe transfer, for example, in
head injury patients with the potential for increasing intracerebral pressure. A bolus of neuromuscular blocking agent is often
necessary. Blood glucose must be checked routinely. ICP monitoring should be considered and antiseizure medication optimized where appropriate.
E: the patient must be thoroughly examined before transfer,
because access will be limited during transit. It is important to
document findings for the receiving unit. Hypothermia is common during transfer. Provision for additional warming facilities
should be considered. All long bone and pelvic fractures should
be immobilized where possible.

Monitoring and equipment
The minimum standards as recommended by the Intensive Care
Society (2011) in the United Kingdom are:
1. ECG
2. Blood pressure
3. Oxygen saturation
4. End-tidal carbon dioxide in ventilated patients
5. Temperature.
Once the patient is stabilized, they can be prepared for transfer. With the volume of equipment needed for many critically ill
patients it is worth remembering the limitations of the mode of
transport chosen. As mentioned previously, access will be limited regardless of vehicle, indeed intra-hospital transfers are also
complicated by poor access to the patient. For transfers within
the hospital it is useful to attach equipment to the inside of the
bed space to minimize the potential for damage in enclosed space

such as lifts. For transfers involving a vehicle, at least one side of
the trolley is likely to be against the sidewall. For British ambulance transfers this is typically the left side. Positioning equipment
on the right of the trolley will avoid unnecessary adjustments. In
addition, the clinician will be seated on the right of the patient;
therefore, it is useful to position arterial and venous access on
this side.

Intra-transport management
and monitoring
If patient stabilization has been achieved and all suitable planning
is undertaken, the transfer should be safe and uneventful (Gray
et al. 2004).

Monitoring
This should be the same monitoring used during the stabilization
of the patient. During this period, it is important to note the capnography reading. Continuous end-tidal carbon dioxide monitoring has been recommended for all patients with tracheal tubes
and tracheostomies who are intubated and ventilator dependent
(Cook et al. 2011). However, the end-tidal carbon dioxide concentrations should be expected to be different to arterial carbon
dioxide. For those patients in whom careful arterial carbon dioxide monitoring is required, such as traumatic brain injury, it may
be helpful to ascertain a direct comparison with arterial samples
before departure. For patients with a high end-tidal carbon dioxide reading, the arterial value is likely to be considerably higher.
In addition, there are important reasons for an unexpectedly low
end-tidal carbon dioxide reading such as low cardiac output or
hyperventilation.
The monitor must be clearly visible with suitable alarms in place
to detect any physiological derangement. Ensuring that monitoring
of vital functions throughout transfer will reduce the risk of complications (Warren et al. 2004).

Management
It is useful to have pre-planned patient assessment at critical points
during the transfer. Clearly, the patient will be fully assessed before
departure. Subsequent checks could be performed once positioned
in the vehicle, before leaving the vehicle, on arrival at the receiving
unit with the receiving team, and at any time should physiological
disturbance be noted.
A thorough method for assessing the patient is with the ABCDE
system. This will ensure that all aspects of patient physiology are
reviewed, providing the most robust method for determining the
cause of any problems encountered.
The responsibility of the patient remains with the referring clinician until a full handover has been given to the receiving unit.
Consequently, advice should be considered and sought from the
referring unit if necessary.

Handover and documentation
Documentation
A clear and concise record must be maintained at all stages of the
transfer. This will commence before departure with documentation
of the patient’s condition, the reason for the transfer, and the details
of the referring and receiving consultants. Immediately before
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starting the transfer, an assessment of the patient’s physiology must
be completed and recorded. During the transfer, vital signs should
be recorded regularly in addition to any clinical events and therapies administered (Intensive Care Society 2011).
The Intensive Care Society in the United Kingdom recommends
the development of standardized documentation for inter-and
intra-hospital transfers across critical care networks. This should
facilitate the generation of data through duplication documentation for audit purposes.

Handover
In the United Kingdom the Intensive Care Society guidelines (2011)
recommend both verbal and written handovers of all elements
of patient care at the receiving unit, including vital signs, clinical
events, and therapies during transfer. The transferring team leader
must provide a clear and concise handover to the receiving clinician. This is no less important for the intra-hospital transfer, with
this important stage of patient care often being informal, unstructured, and inconsistent (Nagpal et al. 2010). Indeed a study published in 2007 suggested that the healthcare profession could learn
useful lessons from Formula One and aviation models (Catchpole
et al. 2007) for handover. Catchpole et al. consulted specialists in
aviation and Formula One to produce a structured handover for
patients transferred between theatre and intensive care, focusing on
leadership, task allocation, standardized processes, checklists, and
communication. Although the study group was too small to demonstrate evidence of a reduction in mortality, they were able to show a
significant reduction in technical errors and information omissions.

Receiving team
It is vital that the new team performs a thorough assessment of the
patient on arrival preferably by a consensus-based checklist. At this
point, it is also possible to change the transfer equipment to the
monitors, ventilators, and infusion devices of the new unit. The
transfer equipment can then be taken back to the referring unit.
It is considered courteous to provide the transfer team with
refreshments before their departure.

Quality management
The success of the transport of critical ill patients depends on the
way the transporting team can manage the complex processes and
especially at the interfaces. The quality requirements are high and
therefore it is not only for legal requirements that it is recommended
to implement a quality management system, which helps to establish a continuous improving process. All the above-cited requirements, staff training, vehicles, equipment, guidelines, and checklists
must be adopted to the local situation and can be described according to Donabedian’s framework of quality: structure, process, and
results. A critical incident reporting system serves to identify the
most important points to be discussed in quality circles and to start
improvement. Additional research is needed to identify relevant
measurable quality indicators.

Professional indemnity
Many personnel are unclear of the level of personal insurance
required for inter-hospital transfers. The AAGBI recommended
in their transfer guidance issued in 2006 that all staff must have
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suitable medical indemnity and personal accident insurance.
The issue was highlighted in a recent postal survey published in
Anaesthesia. A total of 269 RCoA college tutors answered a questionnaire regarding transfer arrangements within their hospitals.
More than 30% indicated that they were unsure on the amount of
cover provided by the hospital and just 9% documented that additional personal insurance was required for anaesthesia staff of any
grade involved in transfer (Knowles et al. 1999).
Data from North America for both primary and secondary
transfers reveal a collision rate of 5:10 000 responses with a death
rate of 12.7:100 000 emergency medical personnel (Maguier et al.
2002). The highest rate of collisions occurs with road transport
using ‘lights and sirens’ (Biggers et al. 1996). A study published
by Lutman et al. (2008) documented the number of accidents of
both air and land transfer in the United Kingdom between 1999
and 2004. For road vehicles, the number of accidents ranged from
306 to 369 per year with an average of 579 casualties per year and
a total of 40 fatalities for the whole period. The data they provide is
unable to estimate the rate of accidents as the total number of driving hours is unknown. For helicopter transport, no fatalities were
documented, while a total of five medical personnel were killed in a
single fixed-wing accident in the same time period.
These studies demonstrate that undertaking a transfer (particularly a fast road transfer) can be dangerous for both medical personnel and the general public. All members of the transfer team
must have adequate insurance before departure.

Anaesthesia in the intensive care
unit patient
Patients receiving care on the ICU occasionally require surgery;
this might be for ongoing treatment of their primary pathology, or
may represent investigative or resuscitative treatment. The subject
is included in this chapter because it may be considered as requiring the generic skills of the anaesthetist plus the skills required in
transfer of the critically ill patient. Specific issues may arise when
dealing with the patient from the ICU, and in this section, we will
deal briefly with the following:
◆

The transition between sedation and anaesthesia

◆

Organ protection (lung, kidney, and brain)

◆

Infection control

◆

Gastric contents

◆

Drugs (ongoing infusions, impact of in-theatre drugs)

◆

Invasive monitoring

◆

Physical protection.

Risk assessment
Any anaesthesia or surgery in the critically ill patient carries
significant risk. There should be careful assessment and discussion between the teams involved as to the necessity of any
such procedure in the context of their medical condition. The
critical care team will usually be fully aware of all aspects of
management, but often the anaesthetist will meet the patient
immediately before anaesthesia. It is essential there is adequate
discussion and handover of all aspects of the case including a
risk assessment.
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The transition between sedation and anaesthesia
An unresponsive patient on the ICU is not necessarily unaware of
their surroundings, and sedation should almost always be deepened when surgery is anticipated. Short-acting drugs (e.g. propofol
and modern inhalation anaesthetics) are preferable to long-acting
sedatives (e.g. midazolam and morphine) in that they may be rapidly reversed in the event of cardiovascular instability and in that
they are likely to interfere less with ventilatory management and
weaning after return to the ICU.
Induction of anaesthesia should be titrated carefully, and
with regard to arterial pressure. Critically ill patients who have
been receiving infusion(s) of sedative drugs can be very sensitive to anaesthetic agents with respect to cardiac depression and
vasodilation.
After surgery, it is very common to transfer patients back to the
ICU while still under the effects of the general anaesthetic. Care
should be taken not to allow anaesthesia to wear off while deep
neuromuscular block persists.
Neuromuscular block is often used even when not strictly necessary in order to minimize the risk of patient–ventilator asynchrony
during transfer, and there is some merit in this approach. However,
it must be borne in mind that neuromuscular blocking agents will
often have prolonged effects in critically ill patients (due to muscle and electrolyte changes) and that this might interfere with the
reinstitution of spontaneous breathing and weaning after surgery.
Neuromuscular blocking agents may also accumulate in patients
with impaired liver and kidney function, and the dose should be
minimized, when possible. Of particular importance is the risk of
using suxamethonium (succinylcholine) in the long-term, bed-
bound patient, where dangerous hyperkalaemia (risking dysrhythmia) may be triggered (Blanié et al. 2012).

impaired liver or kidney function, drugs that are critically dependent upon those organs for drug elimination should be avoided,
where possible; in this context, spontaneously degrading neuromuscular blocking agents (e.g. atracurium) are preferable to those
requiring hepatic excretion (e.g. vecuronium).

Infection control
Critically ill patients are often immunocompromised and are often
undergoing complex antimicrobial regimens. It is important that
the anaesthetist avoids placing the patient at risk of new infection,
and that ongoing antimicrobial regimens are adhered to (i.e. that
scheduled doses are not missed during prolonged surgery).

Gastric contents
The critically ill patient will often have delayed gastric emptying,
and may be receiving gastric feeding. The anaesthetist should treat
all such patients as being at risk of aspiration of gastric contents.

Coagulopathy
This is extremely common in the critically ill and may be pertinent
in terms of the surgery undertaken or interventions planned, such
as replacing lines. Checking and correcting coagulation status (or
making provision to do so) is essential.

Biochemistry
These patients often have renal and liver impairment but in particular
may be undergoing dialysis or other interventions. Discussion with
the intensive care team as to the current biochemical position may
influence the timing of surgery in semi-elective situations where optimization is possible. This may not always be possible in an emergency.

Drugs
Organ protection
Systemic inflammation, hypoxaemia, hypoalbuminaemia, acidaemia, and pathological disturbance in organ perfusion (due to vasodilation and impaired cardiac function) often combine to place
end-organs at risk. Meticulous care should be taken in assuring
adequate organ perfusion pressure and arterial oxygenation.
Patients’ lungs will be at risk of ventilator-associated lung injury,
and a continued lung-protective ventilation strategy is vital if lung
injury is to be avoided (Severgnini et al. 2013). Large tidal volumes
should be avoided and positive end-expiratory pressure should be
maintained at the level used before surgery; indeed, in general, it
is wise to mirror the ventilator strategy used in the ICU as far as
possible. Lung protection is reliant upon avoiding excessive distension and collapse–reopening of alveoli, and it is usually better to
tolerate moderate hypercapnia or mild hypoxaemia during surgery
than to expose the patient’s lungs to excessive ventilatory forces.
Consideration should also be given to sputum clearance: patients
on the ICU often have increased sputum production, and hypoxaemia due to sputum plugging may occur.
Brain perfusion should be maintained (in susceptible patients)
through appropriate positioning, avoidance of neck compression,
and assurance of appropriate cerebral perfusion pressure. The liver
and kidneys should be protected through assuring adequate organ
oxygen delivery (cardiac output, mean arterial pressure, haemoglobin and Pa O2 ) and avoidance of organotoxic drugs (e.g. halothane and non-steroidal anti-inflammatory drugs). In patients with

Patients on the ICU often present to the anaesthetist a bewildering array of infusions, and while there is some sense in simplifying
the immediate patient environment for safe transfer, there is also
the argument that finely balanced intensive therapy should be disturbed as little as possible during surgery.
All vasoactive and inotropic infusion should be maintained, and
the anaesthetist should assure themselves of familiarity with the identities, concentrations, and associated venous access for each infusion.
Insulin infusions should be maintained, and blood glucose monitored regularly during surgery. Other short-duration infusions (e.g.
antibiotics) should be completed before transfer, ideally.
As mentioned previously, careful consideration should be given
to whether neuromuscular blocking agents are necessary during
transfer and surgery, and to the anticipated duration of residual
sedative drugs after surgery. The aim should be to complete surgery safely, while minimizing the effect on the patient’s subsequent
recovery on the ICU.

Invasive monitoring
Patients typically have the benefit of central venous and arterial
pressure monitoring on the ICU. These should be utilized in the
operating theatre, and values should be titrated to those previously
achieved on the ICU. Of particular importance is the need to maintain the sterility of indwelling vascular access during visits to the
operating theatre; co-infection is common and dangerous in critically ill patient and is often related to line sepsis.
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Attention must be paid to ongoing infusions into such lines, and
drug infusions should not be accidentally flushed into the patient
by inappropriate use of injection ports. The anaesthetist must
ensure familiarity with which drug is being infused (and where)
before using the patient’s existing vascular access.
Visits to the operating theatre present the opportunity for the re-
siting of time-expired vascular catheters, and it is worth checking
before surgery (with the ICU nurses, doctors, or both) whether any
such catheters need replacing. If such replacement is performed in
theatre, meticulous attention should be paid to asepsis and to documentation of the re-siting.

Physical protection
Critically ill patients are at increased risk of physical injury. Their
skin is often thinned and delicate, their muscles are wasted, and
they have impaired immunity. Transfer between bed and operating table, and positioning on the operating table present to the
patient significant risks of cutaneous, muscular, and bony injury;
the effect of such apparently minor injuries can be catastrophic in
the already-unwell patient. Meticulous attention to detail, adequate
staffing, appropriate use of lifting/transfer adjuncts, and excellent
communication are key.

The patient and their family
For both patient and their family, critical illness is extremely stressful. An anaesthetic, almost invariably, is perceived as an additional
risk. Discussion with the patient is essential where possible and
with the family where relevant. The critical care team usually lead
on this but it is wise for the anaesthetist also to discuss their role
with the patient and relatives where possible.
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Advanced life support
Jerry P. Nolan
Introduction
Anaesthetists have always played a central role in advanced life
support (ALS) and were responsible for establishing the earliest
hospital-based cardiopulmonary resuscitation (CPR) teams (Sykes
1964; Sykes and Orr 1966). The ultimate medical emergency is
cardiac arrest which requires immediate, effective treatment if the
patient is to have any chance of a good-quality survival. The cardiovascular and respiratory interventions that form the basis of ALS
are fundamental skills for every anaesthetist and intensivist—the
medical profession and the public would expect us to deliver these
interventions to the highest standard.

Epidemiology and outcome of cardiac arrest
In 2006, coronary heart disease accounted for one of every six
deaths (a total of 425 425) in the United States and one-third of
these deaths occurred within 1 h of symptom onset (Lloyd-Jones
et al. 2010). Approximately 80% of all sudden cardiac deaths are
caused by coronary heart disease (Myerburg and Junttila 2012). In
Europe, the annual incidence of emergency medical system (EMS)-
treated out-of-hospital cardiopulmonary arrest (OHCA) for all
rhythms is 40 per 100 000 population (Berdowski et al. 2010) with
ventricular fibrillation (VF) arrest accounting for about one-third
of these. However, the incidence of VF is declining: most recently
reported as 23.7% among EMS-treated arrests of cardiac aetiology
(McNally et al. 2011). Survival to hospital discharge is 8–10% for
all-rhythm and around 21–27% for VF cardiac arrest (Nichol et al.
2008; McNally et al. 2011).
The incidence of in-hospital cardiac arrest (IHCA) is difficult to
assess because it is heavily influenced by factors such as the criteria
for hospital admission and implementation of a do not attempt cardiopulmonary resuscitation (DNACPR) policy. The reported incidence of IHCA is in the range of 1–5 per 1000 admissions. There is
some evidence that survival rates after IHCA are slowly increasing
(Girotra et al. 2012). Data from the UK National Cardiac Arrest
Audit (NCAA) indicate that survival to hospital discharge after
IHCA is 18.4% (all rhythms) (Nolan et al. 2014). The initial rhythm
is VF or pulseless ventricular tachycardia (pVT) in 16.9% of cases
and, of these, 49% survive to leave hospital; after pulseless electrical activity (PEA) or asystole, 10.5% survive to hospital discharge.
These NCAA data are based on 22 628 adults (aged ≥16 years) in
144 hospitals participating in NCAA (increasing numbers of hospitals during April 2011 to March 2013) with known presenting/
first documented rhythm and complete data for return of spontaneous circulation (ROSC) and survival to hospital discharge. All these
individuals received chest compressions, defibrillation, or both,

and attendance by a resuscitation team in response to a 2222 call.
Many patients sustaining an IHCA have significant comorbidity,
which influences the initial rhythm and, in these cases, strategies to
prevent cardiac arrest are particularly important.
The published incidence of perioperative cardiac arrest ranges
from 2.4 to 34.6 per 10 000. This wide range reflects differences
in case-mix (some studies include neonates, cardiac surgery, or
both) and in the definition of ‘perioperative’ (see ‘Perioperative
cardiac arrest’).

Prevention of unexpected cardiac arrest
Most adults who survive an IHCA have a witnessed and monitored VF arrest and are defibrillated immediately (Meaney et al.
2010). The underlying cause of arrest in this group is usually primary myocardial ischaemia. In contrast, cardiac arrest in patients
in unmonitored ward areas (accounting for the majority of IHCAs
in the United Kingdom) is usually a predictable event not caused
by primary cardiac disease (National Confidential Enquiry into
Patient Outcome and Death 2005). In this group, cardiac arrest
often follows a period of physiological deterioration involving
unrecognized or inadequately treated hypoxaemia and hypotension (Kause et al. 2004). The underlying cardiac arrest rhythm is
usually asystole or PEA, and the chance of survival to hospital discharge is extremely poor (6–7%).

Identifying the deteriorating patient
Many of these IHCAs could be prevented by implementing a rapid
response system (RRS) (Jones et al. 2011).
The RRS comprises (a) an afferent limb (Devita et al. 2010): staff
education, monitoring of patients, recognition of patient deterioration, and a system to call for help; and (b) an efferent limb: an
effective response (Smith 2010). Early warning scores (EWS), or
calling criteria have been adopted by many hospitals to assist in
the early detection of critical illness. EWS systems allocate points
to routine vital sign measurements on the basis of their deviation
from the normal range. The weighted score of one or more vital
sign observations, or more often the total EWS, is used to alert ward
staff or critical care outreach teams to the deteriorating condition of
the patient. A National Health Service (NHS) Early Warning Score
(NEWS) has been developed and is being implemented in all NHS
hospitals.

The response to the deteriorating patient
Having established a system to identify the patient at risk of cardiac
arrest, the response must be rapid and effective if cardiac arrest is to
be prevented. This could take the form of a resuscitation team that
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responds not just to cardiac arrest calls but also to medical emergencies, frequently termed the medical emergency team or rapid response
team. A systematic review failed to show that RRS reduce the incidence
of unexpected cardiac arrest (Chan et al. 2010) but implementation of
a RRS in Sydney, Australia, was associated with a reduced incidence of
IHCA and mortality (Chen et al. 2014). Some studies with historical
control groups show a reduction in cardiac arrests, deaths, and unanticipated intensive care unit (ICU) admissions, improved detection of
medical errors, treatment-limitation decisions, and reduced postoperative ward deaths; however, a cluster-randomized controlled trial
of the medical emergency team system failed to show improvements
in these end-points (Hillman et al. 2005). In the United Kingdom, a
system of pre-emptive ward care, based predominantly on individual
or teams of nurses, known as critical care outreach, has developed
(McDonnell et al. 2007). There are also no high-quality data to show
benefit for outreach systems (Gao et al. 2007).

Resuscitation decisions
Cardiopulmonary resuscitation is not going to be successful if cardiac arrest occurs as the final stage of a progressive and irreversible decline in the patient’s health. Unfortunately, an intervention
that was intended to restore a spontaneous circulation and enable a
reversible condition to be treated is now being used in large numbers
of patients with multiple and irreversible comorbidities. Under these
circumstances, it is hardly surprisingly that long-term survival rates
are so poor. Patients for whom CPR will not prolong life, but will,
at best, merely prolong the dying process, should be identified early.
In these cases, a DNACPR decision should be made in advance of
cardiac arrest. In this way, terminally ill patients will be allowed to
die with dignity and the resources of the resuscitation team can be
available for those with acute, reversible illness. If a DNACPR decision is made because the patient has no chance of surviving a CPR
attempt, it is generally inappropriate to discuss it with the patient
or relatives—this is no different to any other highly invasive medical intervention; however, the patient, the relatives, or both, should
be informed of the decision. It is quite different if a DNACPR decision is being considered because of concerns about the patient’s
quality of life should they survive. In these cases, every effort should
be made to discuss the decision with the patients, the relatives, or
both. The decision-making process is based on current guidance
from the British Medical Association, Resuscitation Council (UK),
and Royal College of Nursing. A standardized form is used to record
and communicate DNAR decisions (http://www.resus.org.uk/pages/
DNARrstd.htm). A DNACPR decision refers specifically to CPR and
not to other treatment. Increasingly, DNACPR decisions are being
incorporated into wider treatment plans such as the Recommended
Summary Plan for Emergency Care and Treatment (ReSPECT)—also
known in the United States as Physician Orders for Life-Sustaining
Treatment—that focus more on what will be done for the patient
rather than what will be withheld (Fromme et al. 2012).
In theory, full implementation of a DNACPR policy and a RRS
should eliminate unexpected cardiac arrest. This ideal is highly
unlikely to be achieved but this is the rationale for making unexpected cardiac arrest a primary quality indicator.

non-clinical area, monitored/unmonitored area), the skills of the
first responders, the available equipment, and the hospital response
system to cardiac arrest. Guidelines for CPR are published by
the Resuscitation Council (UK) (Nolan and Soar 2015) and the
European Resuscitation Council (Monsieurs et al. 2015); they are
based on a comprehensive review of resuscitation science that is
published every 5 years by the International Liaison Committee on
Resuscitation (Nolan et al. 2015a).

The advanced life support algorithm
The ALS algorithm (Fig. 91.1) is a standardized approach to cardiac
arrest management. It enables treatment to be delivered expediently, without protracted discussion; each member of the resuscitation team can predict and prepare for the next stage in the patient’s
treatment, further enhancing efficiency of the team.
The interventions that unquestionably improve survival after cardiac arrest are prompt and effective bystander basic life support,
uninterrupted, high-quality chest compressions, and early defibrillation for VF/pVT. The use of adrenaline (epinephrine) increases
rates of ROSC (Jacobs et al. 2011) but no resuscitation drugs or
advanced airway interventions have been shown to increase survival to hospital discharge after cardiac arrest. A large observational study from Japan documented increased ROSC but reduced
1-month survival rates (adjusted for covariates) in patients receiving adrenaline after OHCA (Hagihara et al. 2012). In comparison
with placebo, amiodarone increases the rate of ROSC after VF out-
of-hospital cardiac arrest (Kudenchuk et al. 2016). The results of
adequately powered, ongoing randomized controlled trials will
help define the role of adrenaline in ALS.
Although drugs and advanced airways are still included
among ALS interventions, they are of secondary importance
to high-quality, uninterrupted chest compressions and early
defibrillation.

Shockable rhythms
The first monitored rhythm after either in-or out-of-hospital cardiac arrest is VF/pVT in 25% of cases. In a further 25% of cardiac
arrests, VF/pVT will also occur at some stage during resuscitation
after an initial documented rhythm of asystole or PEA (Meaney
et al. 2010).
Treatment of shockable rhythms
1. Confirm cardiac arrest—check for signs of life, breathing, and
pulse simultaneously.
2. Call the resuscitation team.
3. Perform uninterrupted chest compressions while applying self-
adhesive defibrillation pads.
4. Plan actions before pausing CPR for rhythm analysis and communicate these to the team.
5. Stop chest compressions; confirm VF/pVT from the ECG. This
pause in chest compressions should be brief and no longer than 5 s.

Advanced life support

6. Resume chest compressions immediately; warn all rescuers
other than the individual performing the chest compressions
to ‘stand clear’ and remove any oxygen delivery device as
appropriate.

The precise sequence of actions after cardiac arrest in hospital depends on several factors, including the location (clinical/

7. The designated person selects the appropriate energy setting
on the defibrillator and presses the charge button. Choose an
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GUIDELINES

advanced life support

Adult Advanced Life Support

2015

Unresponsive and not
breathing normally?
Call resuscitation
team
CPR 30:2
Attach defibrillator/monitor
Minimise interruptions

Assess rhythm

Shockable
(VF/Pulseless VT)

1 Shock
Minimise
interruptions

Immediately resume
CPR for 2 min
Minimise interruptions

DURING CPR
Ensure high quality chest compressions
Minimise interruptions to compressions
Give oxygen
Use waveform capnography
Continuous compressions when advanced
airway in place
Vascular access (intravenous or intraosseous)
Give adrenaline every 3–5 min
Give amiodarone after 3 shocks

Return of spontaneous
circulation

IIMMEDIATE POST
CARDIAC ARREST
TREATMENT
Use ABCDE approach
Aim for Sa2 of 94–98%
Aim for normal Pa2
12 Lead ECG
Treat precipitating cause
Targeted temperature
management

TREAT REVERSIBLE CAUSES
Hypoxia
Hypovolaemia
Hypo-/hyperkalaemia/metabolic
Hypothermia
Thrombosis-coronary or pulmonary
Tension pneumothorax
Tamponade-cardiac
Toxins

Non-shockable
(PEA/Asystole)

Immediately resume
CPR for 2 min
Minimise interruptions

CONSIDER
Ultrasound imaging
Mechanical chest
compressions to facilitate
transfer/treatment
Coronary angiography and
precutaneous coronary
intervention
Extracorporeal CPR

Figure 91.1 The Advanced Life Support algorithm.
Reproduced with the kind permission of the Resuscitation Council (UK).

energy setting of at least 150 J for the first shock, the same or
a higher energy for subsequent shocks, or follow the manufacturer’s guidance for the particular defibrillator.

9. Once the defibrillator is charged and the safety check is complete, tell the rescuer doing the chest compressions to ‘stand
clear’; when clear, give the shock.

8. Ensure that the rescuer giving the compressions is the only person touching the patient.

10. After shock delivery immediately restart CPR using a ratio of
30:2, starting with chest compressions. Do not pause to reassess
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the rhythm or feel for a pulse. This pause in chest compressions
should be brief and no longer than 5 s.
11. Continue CPR for 2 min; the team leader prepares the team for
the next pause in CPR.
12. Pause briefly to check the monitor.
13. If VF/pVT, repeat steps 6–12 above and deliver a second shock.
14. If VF/pVT persists, repeat steps 6–8 above and deliver a third
shock. Resume chest compressions immediately. Give adrenaline 1 mg i.v. and amiodarone 300 mg i.v. while performing a
further 2 min CPR. Withhold adrenaline if there are signs of
ROSC during CPR.
15. Repeat this 2 min CPR—rhythm/pulse check—defibrillation
sequence if VF/pVT persists.
16. Give further adrenaline 1 mg i.v. after alternate shocks (i.e.
approximately every 3–5 min).
17. If organized electrical activity compatible with a cardiac output
is seen during a rhythm check, seek evidence of ROSC (check
for signs of life, a central pulse, and end-tidal CO2 if available)
a. If there is ROSC, start post-resuscitation care.
b. If there are no signs of ROSC, continue CPR and switch to
the non-shockable algorithm.
18. If asystole is seen, continue CPR and switch to the non-
shockable algorithm.1
The interval between stopping compressions and delivering a shock
must be minimized. Longer interruptions to chest compressions
reduce the chance of a shock restoring a spontaneous circulation.
Chest compressions are resumed immediately after delivering a
shock (without checking the rhythm or a pulse) because:
◆

◆

◆

◆

Even if the defibrillation attempt is successful in restoring a perfusing rhythm, it is very rare for a pulse to be palpable immediately after defibrillation. The duration of asystole before ROSC
can be longer than 2 min in as many as 25% of successful shocks.
The delay in trying to palpate a pulse will further compromise the
myocardium if a perfusing rhythm has not been restored.
If a perfusing rhythm has been restored, giving chest compressions does not increase the chance of VF recurring.
In the presence of post-shock asystole, chest compressions may
usefully induce VF.

The first dose of adrenaline is given during the 2 min period of
CPR after delivery of the third shock. Give amiodarone 300 mg
after three defibrillation attempts. Do not stop CPR to check the
rhythm before giving drugs unless there are clear signs of ROSC.
Subsequent doses of adrenaline are given after alternate 2 min
loops of CPR (which equates to every 3–5 min) for as long as cardiac arrest persists. If VF/pVT persists, or recurs, a further dose of
150 mg amiodarone may be given after five defibrillation attempts.
When the rhythm is checked 2 min after giving a shock, if a non-
shockable rhythm is present, and the rhythm is one that could be
compatible with a pulse, try to palpate a central pulse and look for
other evidence of ROSC (e.g. sudden increase in end-tidal CO2 or
evidence of cardiac output on any invasive monitoring equipment).
1

Adapted with kind permission of the Resuscitation Council (UK): Advanced
Life Support 7th Edition.

Rhythm checks must be brief, and pulse checks undertaken only
if a rhythm that could be compatible with a pulse is observed. If a
rhythm compatible with a pulse is seen during a 2 min period of
CPR, do not interrupt chest compressions to palpate a pulse unless
the patient shows signs of life suggesting ROSC. If there is any doubt
about the presence of a palpable pulse, resume CPR. If the patient has
ROSC, begin post-resuscitation care. If the patient’s rhythm changes
to asystole or PEA, see ‘Non-shockable rhythms (PEA and asystole)’.
If there is doubt about whether the rhythm is asystole or
extremely fine VF, do not attempt defibrillation; instead, continue
chest compressions and ventilation as continuing high-quality CPR
may improve the amplitude and frequency of the VF and improve
the chance of subsequent successful defibrillation to a perfusing
rhythm. If the rhythm is clearly VF, attempt defibrillation.
Precordial thump—A precordial thump has a very low success rate
for cardioversion of a shockable rhythm. Its routine use is therefore
not recommended. Consider a precordial thump only when it can
be used immediately, while awaiting the arrival of a defibrillator
in a monitored VF/pVT arrest. Using the ulnar edge of a tightly
clenched fist, deliver a sharp impact to the lower half of the sternum
from a height of about 20 cm, then retract the fist immediately to
create an impulse-like stimulus.

Witnessed and monitored VF/pVT in the cardiac arrest
If a patient has a witnessed and monitored cardiac arrest in the
catheter laboratory, coronary care unit (CCU), a critical care area,
or whilst monitored after cardiac surgery, and a manual defibrillator is rapidly available:
◆
◆

◆

◆

Confirm cardiac arrest and shout for help
If the initial rhythm is VF/pVT, give up to three quick successive
(stacked) shocks
Rapidly check for a rhythm change and, if appropriate check for
a pulse and other signs of ROSC after each defibrillation attempt
Start chest compressions and continue CPR for 2 min if the third
shock is unsuccessful.

This three-shock strategy may also be considered for an initial, witnessed VF/pVT cardiac arrest if the patient is already connected to
a manual defibrillator—an intraoperative cardiac arrest where defibrillation pads had been applied before the operation is an example.

Non-shockable rhythms (PEA and asystole)
Pulseless electrical activity (PEA) is organized cardiac electrical activity in the absence of any palpable pulses. These patients
often have some mechanical myocardial contractions but they are
too weak to produce a detectable pulse or blood pressure (a condition sometimes described as pseudo-PEA). PEA may be caused by
reversible conditions that can be treated—this is particularly true in
the case of perioperative cardiac arrest.
Asystole is the absence of electrical activity on the ECG trace.
During CPR, ensure the ECG pads are attached to the chest and the
correct monitoring mode is selected.
Treatment for PEA and asystole
◆ Start CPR 30:2
◆
◆

Give adrenaline 1 mg i.v./i.o. as soon as intravascular access is achieved
Continue CPR 30:2 until the airway is secured—then continue
chest compressions without pausing during ventilation
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Recheck the rhythm after 2 min:
• If electrical activity compatible with a pulse is seen, check for a
pulse and/or signs of life:
∘ If a pulse and/or signs of life are present, start post-resuscitation
care
∘ If no pulse and/or no signs of life are present (PEA or asystole):
– Continue CPR
– Recheck the rhythm after 2 min and proceed accordingly
– Give further adrenaline 1 mg i.v. every 3–5 min (during
alternate 2 min loops of CPR)
∘ If VF/pVT at rhythm check, change to shockable side of
algorithm.2

During CPR
During the treatment of cardiac arrest, emphasis is placed on good
quality chest compressions between defibrillation attempts, recognizing and treating reversible causes (4 Hs and 4 Ts), obtaining a
secure airway, and vascular access.
During CPR with a 30:2 ratio, the underlying rhythm may be
seen clearly on the monitor as compressions are paused to enable
ventilation. If VF is seen during this brief pause (whether on the
shockable or non-shockable side of the algorithm), do not attempt
defibrillation at this stage; instead, continue with CPR until the 2
min period is completed. Knowing that the rhythm is VF, the team
should be fully prepared to deliver a shock with minimal delay at
the end of the 2-min period of CPR.

Maintain high-quality, uninterrupted chest compressions
The quality of chest compressions and ventilations are important
determinants of outcome (Meaney et al. 2013), yet are frequently
performed poorly by healthcare professionals. A recent study of more
than 1000 out-of-hospital cardiac arrests documented chest compressions with a median depth of less than 4 cm in more than half of cases
and there was a strong association between survival and compression
depth (Stiell et al. 2012). Compressions should be of adequate depth
(5–6 cm) and rate (100–120 min–1), and pressure released completely
from the chest between compressions—leaning on the chest between
compressions will impair cardiac output (Zuercher et al. 2010). As
soon as the airway is secured, continue chest compressions without
pausing during ventilation. To reduce fatigue, change the individual
undertaking compressions every 2 min or earlier if necessary.
Optimizing the quality of cardiopulmonary resuscitation
There are now several defibrillator models that incorporate CPR
feedback systems. These comprise either a puck that is placed
on the sternum, or modified defibrillator patches, both of which
incorporate an accelerometer that enables measurement of chest
compression rate and depth. Measurement of the changes in chest
impedance enable ventilation rate to be recorded. These modified
defibrillators can provide audio feedback in real-time (e.g. ‘push
faster’, ‘push harder’) and downloaded data can be used for team
debriefing after the event. Use of a CPR feedback device results in
CPR performance that is closer to that specified in the guidelines
but, as yet, their use has not been shown to improve survival (Yeung
2

Adapted with kind permission of the Resuscitation Council (UK): Advanced
Life Support 7th Edition.
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et al. 2009; Hostler et al. 2011). These devices may fail to compensate for compression of the underlying mattress during CPR on a
bed when providing feedback.
Mechanical cardiopulmonary resuscitation devices
It is difficult to maintain high-quality chest compressions if CPR
is prolonged or during transport to hospital. Under these circumstances, mechanical chest-compression devices can provide
high-quality CPR for long periods. There are two mechanical
chest compressions devices in clinical use: the AutoPulse® (ZOLL
Medical Corporation, Chelmsford, MA, USA), which comprises
a backboard and battery-powered band that tightens around the
patient’s chest at 80 min−1, and the LUCAS™ (Physio-Control Inc./
Jolife AB, Lund, Sweden) comprising a battery-powered suction
cup that pushes down and pulls up (active compression-decompression) on the patient’s sternum. Although both of these devices
improve haemodynamics during cardiac arrest in animals, a comparison of the AutoPulse® with high-quality conventional CPR
in OHCA, the Circulation Improving Resuscitation Care (CIRC)
trial, showed no improvement in outcome (Wik et al. 2014) and
two large, multicentre, randomized trials of the LUCAS™ have similarly shown no improvement in outcome (Rubertsson et al. 2014;
Perkins et al. 2015).
Occasionally, an acute coronary occlusion will result in intractable
VF, which is unresponsive despite repeated attempts at defibrillation.
Under these circumstances, these mechanical devices have been used
to provide CPR to enable patients in cardiac arrest to undergo percutaneous coronary intervention (PCI), revascularization, followed
by successful defibrillation (Wagner et al. 2010). The mechanical
CPR devices are also likely to be of value whenever prolonged CPR is
required and when patients require CPR during transport.
The impedance threshold device (ITD) is a valve that can be
placed between a self-inflating bag and a facemask, tracheal tube,
or supraglottic airway device. When the chest wall recoils during
CPR, the valve prevents passive inflow of air into the lungs but still
allows positive pressure ventilation. This increases the extent of the
negative intrathoracic pressure during the decompression phase of
CPR, thereby enhancing venous return and increasing cerebral and
cardiac perfusion. In a randomized trial comparing conventional
CPR with active compression–decompression CPR combined with
an ITD (ACD-ITD) after OHCA, there was improved survival to
hospital discharge with good neurological function in the ACD-
ITD group (Aufderheide et al. 2011a). However, in this study it was
impossible to blind the intervention and the relative contributions
of ACD and the ITD are unknown. In contrast, a study of the active
ITD compared with a sham valve when used during conventional
CPR showed no benefit with the ITD (Aufderheide et al. 2011b).
The ITD is rarely used in the United Kingdom.

Airway and ventilation
In the hands of skilled intubators, such as anaesthetists, tracheal
intubation is the optimal method for securing the airway during
CPR. The advantages of tracheal intubation over bag–mask ventilation include maintenance of a patent airway that is protected from
aspiration of gastric contents, ability to provide an adequate tidal
volume reliably even when chest compressions are uninterrupted,
the potential to free the rescuer’s hands for other tasks, and the ability to suck-out airway secretions. Use of a bag–mask is more likely
to cause gastric distension, regurgitation, and the risk of aspiration.
Those skilled in tracheal intubation should be able to undertake
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laryngoscopy without stopping chest compressions; a brief pause
(<5 s) in chest compressions may be required only as the tube is
passed through the vocal cords. After intubation, correct tube position is confirmed using waveform capnography (this must be available whenever intubation is attempted regardless of location) and
clinical examination, and then secured carefully. Once the patient’s
trachea has been intubated, chest compressions are continued at a
rate of 100–120 min−1 without pausing during ventilation.
In the hands of other healthcare professionals, the role of tracheal
intubation during CPR is much less certain. No studies have shown
that tracheal intubation increases survival after cardiac arrest.
Incorrect placement of the tracheal tube can be catastrophic and
is common in cardiac arrest if unskilled personnel attempt intubation. Rates of unrecognized oesophageal intubation in some paramedic systems are as high as 17%; the Scottish Ambulance Service
reported 2.5% of tracheal tubes to be in the oesophagus when
emergency physicians assessed the patient on admission to hospital
(Lyon et al. 2010). Attempted intubation by the relatively unskilled
can cause prolonged interruptions in chest compressions: in a study
of 100 OHCAs, the median duration of the interruption in chest
compressions associated with the first intubation attempt was 47 s
and in one-third of cases this interruption exceeded 1 min (Wang
et al. 2009). Tracheal intubation would have to show substantial
advantages over other airway techniques if these are to compensate
for such prolonged interruptions in chest compressions.
A bag–mask, or preferably, a supraglottic airway device should
be used in the absence of personnel skilled in tracheal intubation.
Both the i-gel® (Intersurgical Ltd., Workingham, UK) and the LMA
Supreme® (Teleflex, Inc., Wayne, PA, USA) have characteristics
(ease of insertion and relatively high laryngeal seal pressures) that
might make them suitable for use during CPR. After a cluster-
randomized feasibility study of these two devices in out-of-hospital
cardiac arrest (Benger et al. 2016), the i-gel® is now being compared
with tracheal intubation in a large cluster-randomized trial as part
of a step-wise approach to airway management. Once a supraglottic airway device has been inserted, attempt to deliver continuous
chest compressions, uninterrupted during ventilation. Ventilate the
lungs at 10 breaths min−1; do not hyperventilate the lungs. If excessive gas leakage causes inadequate ventilation of the patient’s lungs,
chest compressions will have to be interrupted to enable ventilation
(using a compression–ventilation ratio of 30:2).
Capnography
The risk of unrecognized oesophageal intubation can be minimized
by using a reliable technique for detecting oesophageal placement
of the tracheal tube (Cook et al. 2011). When tracheal intubation
is undertaken less than 30 min after onset of cardiac arrest, waveform capnography has 100% sensitivity and 100% specificity for
verifying placement of the tube in a major airway (Grmec 2002;
Soar et al. 2015). If tracheal intubation is delayed by more than 30
min, pulmonary blood flow may be so low during CPR that carbon
dioxide (CO2) is undetectable despite a correctly placed tracheal
tube (Soar et al. 2015). During CPR, capnography also provides
feedback on quality of chest compressions (better chest compressions will generate higher end-tidal CO2 values) (Sheak et al. 2015),
enables prediction of those more likely to achieve ROSC (an end-
tidal CO2 value >10 mm Hg predicts ROSC) (Grmec and Kupnik
2003), and provides an early indication of ROSC (the end-tidal
CO2 increases suddenly) (Pokorna et al. 2010).

Vascular access
Although peak drug concentrations are higher and circulation
times are shorter when drugs are injected into a central venous
catheter compared with a peripheral cannula, insertion of a central venous catheter interrupts CPR and is associated with several
potential complications. Peripheral venous cannulation is quicker,
easier, and safer. Drugs injected peripherally must be followed by a
flush of at least 20 ml of fluid and elevation of the extremity for 10–
20 s to facilitate drug delivery to the central circulation. If i.v. access
cannot be established within the first 2 min of resuscitation, insert
an intraosseous (i.o.) device into either the tibia or the humerus
(Fig. 91.2). Drugs injected via the i.o. route will achieve adequate
plasma concentrations (Buck et al. 2007). Effective fluid resuscitation can also be achieved via an i.o. device.

Reversible causes
The potentially reversible causes of cardiac arrest are divided into
two groups of four based upon their initial letter—either H or T
[Resuscitation Council (UK) 2015]:
◆

Hypoxia

◆

Hypovolaemia

◆

Hyperkalaemia, hypokalaemia, hypoglycaemia, hypocalcaemia,
acidaemia and other metabolic disorders

◆

Hypothermia

◆

Tension pneumothorax

◆

Tamponade

Figure 91.2 An intraosseous device inserted into the tibia.
Reproduced with the kind permission of the Resuscitation Council (UK).
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◆

Toxins

◆

Thrombosis (pulmonary embolism or coronary thrombosis).

The four Hs
◆ During CPR the risk of hypoxaemia is minimized by ventilating
the patient’s lungs with 100% oxygen.
◆

◆

◆

PEA caused by hypovolaemia is usually secondary to severe
haemorrhage—stop the bleeding (with surgery if appropriate) and
restore intravascular volume rapidly with fluid and blood products.
Hyperkalaemia, hypokalaemia, hypoglycaemia, hypocalcaemia, acidaemia and other metabolic disorders are detected by
biochemical tests or suggested by the patient’s medical history
(e.g. renal failure). A 12-lead ECG may show suggestive features.
Calcium chloride 10 ml 10% (6.8 mmol) is given as an i.v. bolus
if there is hyperkalaemia, hypocalcaemia, or calcium channel-
blocker overdose.
Suspect hypothermia after OHCA in a cold environment (e.g.
drowning).

The four Ts
◆ A tension pneumothorax may be the primary cause of PEA. It
may follow attempts at central venous catheter insertion. The
diagnosis is made clinically. Decompress rapidly by thoracostomy or needle thoracocentesis and then insert a chest drain.
◆

Cardiac tamponade is difficult to diagnose because the typical signs
of distended neck veins and hypotension cannot be assessed during cardiac arrest. Cardiac arrest after penetrating chest trauma or
after cardiac surgery should raise strong suspicion of tamponade—
consider a resuscitative thoracotomy in this situation.

◆

◆

In the absence of a specific history of accidental or deliberate
ingestion, poisoning by therapeutic or toxic substances may be difficult to detect. Where available, the appropriate antidotes should
be used but most often the required treatment is supportive.
Thromboembolism—if massive pulmonary embolism is thought
to be the cause of cardiac arrest, consider giving a thrombolytic
drug immediately. After fibrinolysis during CPR for acute pulmonary embolism, survival and good neurological outcome have
been reported in cases requiring in excess of 60 min of CPR. If
a fibrinolytic drug is given in these circumstances, consider performing CPR for at least 60–90 min before termination of resuscitation attempts.

Use of ultrasound during advanced life support
In the presence of PEA, in skilled hands, ultrasound can be useful
for the detection of potentially reversible causes of cardiac arrest [e.g.
cardiac tamponade, pulmonary embolism, ischaemia (regional wall
motion abnormality), aortic dissection, hypovolaemia, and pneumothorax] (Price et al. 2010). The Focused Echocardiography Extended
Life Support Course (FEEL-UK) teaches the main principles in
using echocardiography in cardiac arrest. Ultrasound examination
must not cause prolonged interruptions to chest compressions and a
sub-xiphoid probe position is recommended (Fig. 91.3). By placing
the probe just before chest compressions are paused for a planned
rhythm assessment, a well-trained operator can obtain views within
10 s. Pseudo-PEA describes the echocardiographic detection of
cardiac motion in the presence of a clinical diagnosis of PEA. The
diagnosis of pseudo-PEA is important because it carries a better
prognosis than true PEA and will influence treatment (Prosen et al.
2010). In a prospective study of 100 out-of-hospital cardiac arrests,

Figure 91.3 Sub-xiphoid position for ultrasound probe during cardiopulmonary resuscitation.
Reproduced with the kind permission of the Resuscitation Council (UK).
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use of FEEL enabled detection of cardiac motion in 36 (70%) of 51
patients with suspected PEA (Breitkreutz et al. 2010).

Extracorporeal life support
Several observational studies document the successful use of extracorporeal life support (ECLS) in selected cases of cardiac arrest
refractory to standard ALS techniques (Chen et al. 2008; Shin et al.
2011). Several centres in the world have reported using ECLS,
including those in Japan, Taiwan, Korea, France, and the United
States. It has been generally used for IHCA or for patients admitted in refractory cardiac arrest after OHCA. There have been case
reports describing implementation of ECLS in the out-of-hospital
setting. Patients are selected for ECLS on the basis of having a potentially reversible cause of cardiac arrest, for example, an occluded
coronary artery. The technique involves arteriovenous cannulation
during CPR and rapid establishment of the patient on extracorporeal membrane oxygenation. The patient can also be rapidly cooled
using the extracorporeal circuit, which will provide some neuroprotection (see ‘Targeted temperature management’) (Nagao et al.
2010). After ECLS, investigators have reported survival rates with
good neurological outcome as high as 23% for IHCA (Shin et al.
2011) and 12% for out-of-hospital cardiac arrest (Nagao et al. 2010).

Perioperative cardiac arrest
Epidemiology and outcome from perioperative
cardiac arrest
The published incidence of perioperative cardiac arrest ranges from
2.4 to 34.6 per 10 000; a very recent large study from the United
States reported an incidence of 5.6 per 10 000 cases (Nunnally
et al. 2015). This wide range reflects differences in case-mix (some
include neonates, cardiac surgery, or both) and in the definition of
perioperative. The reported frequency of cardiac arrest attributable
primarily to anaesthesia in non-cardiac surgery is generally in the
range 0.2 to 1.1 per 10 000 adults and from 1.4 to 2.9 per 10 000
children (Zuercher and Ummenhofer 2008).
In one large series from the Mayo Clinic, Rochester, MN, USA,
34.5% of 223 patients sustaining perioperative cardiac arrest survived to hospital discharge. The primary arrest rhythms recorded
in the Mayo Clinic series were asystole in 41.7%, VF in 35.4%, PEA
in 14.4%, and unknown in 8.5%. Causes of cardiac arrest were
divided into bleeding, cardiac, and other (mainly drug-induced
cardiac arrest and hypoxia). Cardiac arrest caused by bleeding had
the highest mortality, with only 10.3% of these patients surviving
to hospital discharge. This very high mortality associated with preoperative cardiac arrest caused by bleeding is consistent with several other studies. Of the 24 (10.8%) perioperative cardiac arrests
attributable to anaesthesia, 13 were medication related and 11 were
caused by hypoxia. Nine of the cardiac arrests were related to the
use of neuromuscular blocking agents. Among a large series of
2524 perioperative cardiac arrests, the overall survival to hospital
discharge rate was 31.7% (Krishna Ramachandran et al. 2013).

Treatment of intraoperative cardiac arrest
As patients in the operating room are normally fully monitored,
there should be little delay in diagnosing cardiac arrest. High-risk
patients will often have invasive blood pressure monitoring, which
is invaluable in the event of cardiac arrest. If the patient is considered high risk for cardiac arrest, self-adhesive defibrillation patches

can be applied before induction of anaesthesia. Asystole VF will
be detected immediately but PEA might not be immediately obvious: immediately feel for a pulse if there is loss of the pulse oximeter signal and end-tidal CO2 waveform. Some modification to the
standard ALS algorithm is appropriate for the treatment of intraoperative cardiac arrest. Regardless of the rhythm, look for reversible
causes immediately—hypoxaemia and hypovolaemia will be the
most common in this setting.

Treatment of intraoperative ventricular fibrillation
Given that this will be a monitored and witnessed episode of VF,
it is appropriate to apply an immediate precordial thump while
waiting for a defibrillator to arrive. Assuming that the precordial
thump is ineffective, give chest compressions and provide ventilation until the defibrillator arrives. Attempt defibrillation and follow
the standard ALS algorithm. If the patient is already attached to a
defibrillator (via self-adhesive patches) at the time of VF cardiac
arrest, give up to three stacked shocks before starting chest compressions (as discussed previously).

Treatment of intraoperative asystole
Stop any surgical activity likely to be causing excessive vagal
activity—if this is the likely cause give 0.5 mg atropine (not the 3
mg described in the 2005 guidelines). Start CPR and immediately
look for other reversible causes.

Treatment of intraoperative pulseless electrical activity
Start CPR while looking quickly for reversible causes. Give fluid unless
you are certain the intravascular volume is adequate. Stop giving the
anaesthetic. While a vasopressor will be required, in these circumstances 1 mg of adrenaline (described in the standard ALS algorithm) may be excessive. Give a much smaller dose of adrenaline or
another vasopressor initially (e.g. 1 ml of 1 in 10 000 adrenaline = 0.1
mg); if this fails to restore the cardiac output, increase the dose.

Peri-arrest arrhythmias
Arrhythmias are common in the peri-arrest period: they may lead
to cardiac arrest or they may occur soon after ROSC, a time when
the myocardium is frequently ‘electrically unstable’. The presence or
absence of adverse symptoms or signs will dictate the urgency and
choice of treatment for most arrhythmias. Adverse features comprise:
◆

Shock: hypotension (systolic blood pressure < 90 mm Hg), pallor,
sweating, cold, extremities, confusion or impaired consciousness

◆

Syncope

◆

Heart failure

◆

◆

Myocardial ischaemia: chest pain, evidence of myocardial ischaemia on 12-lead ECG, or both
Extremes of heart rate: tachycardia greater than 150 min−1; bradycardia less than 40 min−1.

In general, the presence of adverse features implies the need for
more rapid treatment (electrical cardioversion for tachyarrhythmia
or pacing for bradyarrhythmia). In the absence of adverse features,
the use of drugs (pharmacological/chemical cardioversion) is usually appropriate.

Tachyarrhythmia
The adult tachycardia algorithm is shown in Figure 91.4.
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Adult tachycardia
(with pulse)

GUIDELINES

2015
Assess using the ABCDE approach
Give oxygen if appropriate and obtain IV access
Monitor ECG, BP, Sp , record 12-lead ECG
2
Identify and treat reversible causes (e.g. electrolyte abnormalities)

Synchronised DC Shock*
Up to 3 attempts

Unstable

Assess for evidence of adverse signs?
1. Shock
3. Myocardial ischaemia
2. Syncope
4. Heart failure
Stable

Amiodarone 300 mg IV over 10-20 min and
repeat shock; followed by:
Amiodarone 900 mg over 24 h

Is QRS narrow (< 0.12 s)?
Broad

Narrow

Broad QRS
Is QRS regular?

Narrow QRS
Is rhythm regular?
Regular

Irregular

Regular

Seek expert help

Possibilities include:
AF with bundle branch block
treat as for narrow complex
Polymorphic VT
(e.g. torsade de pointes-give
magnesium 2 g over 10 min)

If ventricular tachycardia
(or uncertain rhythm):
Amiodarone 300 mg IV over 20–
60 min; then 900 mg over 24 h
If previously confirmed
SVT with bundle branch block:
Give adenosine as for regular
narrow complex tachycardia

Use vagal manoeuvres
Adenosine 6 mg rapid IV bolus;
If unsuccessful give 12 mg;
If unsuccessful give further 12 mg.
Monitor ECG continuously
Normal sinus rhythm restored?
Yes

Figure 91.4 The tachycardia algorithm.
Reproduced with the kind permission of the Resuscitation Council (UK).

Irregular narrow complex tachycardia
Probable atrial fibrillation
Control rate with:
β-Blocker or diltiazem
Consider digoxin or amiodarone
if evidence of heart failure
Anticoagulate if duration > 48 h

No

Probable re-entry paroxysmal SVT:
Record 12-lead ECG in sinus rhythm
If recurs, give adenosine again and
consider choice of anti-arrhythmic
prophylaxis

* Attempted electrical cardioversion on conscious patients is always undertaken under sedation or general anaesthesia

Irregular

Seek expert help
Possible atrial flutter
Control rate (e.g. β-Blocker)
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Synchronized cardioversion
Before cardioversion is attempted, the patient will require anaesthesia or sedation. This can be challenging because, by definition,
these patients are cardiovascularly unstable. Patients who are not
fasted will require a rapid sequence induction (RSI) and tracheal
intubation but in these haemodynamically unstable patients, the
RSI can be modified: the induction drug is injected slowly and,
once cricoid pressure is applied, the lungs are inflated gently until
the onset of full muscle paralysis enables intubation to be achieved.
The risks of aspiration associated with this ‘modified RSI’ must
be weighed against the risks of profound cardiovascular collapse
caused by rapid injection of an excessive dose of induction drug.
Have a vasopressor, such as metaraminol, ready to inject. Ketamine
is less likely to cause hypotension than other induction drugs. Its
emergence phenomena have probably been overstated but its sympathomimetic properties may exacerbate tachyarrhythmias.
Set the defibrillator to deliver a synchronized shock; this delivers the shock to coincide with the R wave. An unsynchronized
shock could coincide with a T wave and cause VF. For a broad-
complex tachycardia or atrial fibrillation (AF), start with 120–150
J and increase in increments if this fails. Atrial flutter and regular
narrow-complex tachycardia will often be terminated by lower-
energy shocks; therefore, start with 70–120 J. If cardioversion fails
to terminate the arrhythmia, and adverse features persist, give
amiodarone 300 mg i.v. over 10–20 min and attempt further synchronized cardioversion. The loading dose of amiodarone can be
followed by an infusion of 900 mg over 24 h given preferably via
a central vein.

Treatment of atrial fibrillation
This is the commonest perioperative arrhythmia. Patients who have
been in AF for more than 48 h may have developed atrial thrombus
and, in general, should not be treated by cardioversion (electrical
or chemical) until they have been fully anticoagulated for at least 3
weeks, or unless transoesophageal echocardiography has detected
no evidence of atrial thrombus. However, if the AF is associated
with adverse features and the patient is deteriorating, immediate
electrical cardioversion may be required. In this case, if not contraindicated by recent or ongoing surgery, give an i.v. bolus injection of unfractionated heparin followed by a continuous infusion to
maintain the activated partial thromboplastin time at 1.5–2 times
the reference control value.
If the aim is to control heart rate, the drug of choice is a β-blocker
(e.g. metoprolol, atenolol, or esmolol). Digoxin may be used in
patients with heart failure. Amiodarone is most useful in maintaining rhythm control but also provides rate control and is often used
in the perioperative or critical care setting, or both. Amiodarone,
300 mg i.v. over 20–60 min followed by 900 mg over 24 h, can be
used to attempt chemical cardioversion. Flecainide is usually more
successful but few anaesthetists are familiar with its use and it is
contraindicated in the presence of heart failure, known left ventricular impairment or ischaemic heart disease, or a prolonged QT
interval. Magnesium is also used (e.g. 2 g injected over 10 min followed by a further 3 g over 3 h) but the data supporting this are
limited.

(atropine 500 mcg i.v., repeat every 3–5 min, as required, to a
total of 3 mg); pacing is used for patients in whom initial pharmacological treatment is ineffective or inadequate and those with
risk factors for asystole. In the perioperative setting, transcutaneous pacing is likely to be the most rapidly achievable, and will
buy time until a temporary transvenous wire can be inserted.
Transcutaneous pacing can be painful and may fail to achieve
effective electrical ‘capture’ (i.e. a QRS complex after the pacing
stimulus) or fail to achieve a mechanical response (i.e. palpable
pulse). Verify electrical capture on the monitor or ECG and check
that it is producing a pulse. Reassess the patient’s condition. If
the patient is not anaesthetized, give analgesia and sedation as
necessary to control pain and attempt to identify the cause of the
bradyarrhythmia.

Post-resuscitation care
Return of a spontaneous circulation is a critical step in the continuum of resuscitation, but the quality of the patient’s ultimate
survival depends on interventions applied in the post-resuscitation
phase, which is the final link in the chain of survival (Nolan et al.
2015b). Post-resuscitation treatment starts at the location where
ROSC is achieved (this may include the operating room) but, once
stabilized, the patient is transferred to the most appropriate high-
care area (e.g. ICU or, if conscious, CCU) for continued monitoring
and treatment.

The post-cardiac arrest syndrome
The post-cardiac arrest syndrome comprises (Nolan et al. 2008) the
following:
◆

Post-cardiac arrest brain injury

◆

Post-cardiac arrest myocardial dysfunction

◆

Systemic ischaemia/reperfusion response

◆

Persisting precipitating pathology.

The severity of the post-cardiac arrest syndrome varies with the
duration and cause of cardiac arrest; it may be absent if the cardiac arrest is brief. Post-cardiac arrest brain injury manifests as
coma, seizures, myoclonus, varying degrees of neurological dysfunction, and brain death. Post-cardiac arrest brain injury may
be exacerbated by microcirculatory failure, impaired autoregulation, hypercarbia, hypoxaemia and hyperoxaemia, pyrexia,
hyperglycaemia, and seizures. Significant myocardial dysfunction is common after cardiac arrest but typically recovers by
2–3 days (Laurent et al. 2002). The whole-b ody ischaemia/
reperfusion that occurs with resuscitation from cardiac arrest
activates immunological and coagulation pathways contributing to multiple organ failure and increasing the risk of infection. Thus, the post-cardiac arrest syndrome has many features
in common with sepsis, including intravascular volume depletion and vasodilation (Adrie et al. 2002). About 60% of patients
initially comatose after OHCA will develop pneumonia (Perbet
et al. 2011).

Optimizing organ function

Bradyarrhythmia

Airway and breathing

The bradycardia algorithm is shown in Figure 91.5. If adverse
features are present, initial treatment is usually pharmacological

Patients who have had a brief period of cardiac arrest may recover
consciousness, maintain their airway safely, and breathe adequately
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Monitor ECG, BP, Sp , record 12-lead ECG
2

Figure 91.5 The bradycardia algorithm.
Reproduced with the kind permission of the Resuscitation Council (UK).

without the need for tracheal intubation. These patients may then
be treated on a CCU. Patients remaining comatose and those with
inadequate ventilation will need support with mechanical ventilation via a tracheal tube.
Several animal studies have demonstrated that hyperoxaemia
causes oxidative stress and harms post-ischaemic neurones (Pilcher

et al. 2012). The clinical studies investigating this phenomenon
comprise analyses of large ICU databases (Kilgannon et al. 2010;
Bellomo et al. 2011). Unfortunately, these clinical data are inconsistent probably because they lack the sensitivity to detect the impact of
hyperoxaemia during the first 1 h after ROSC, which is the period
that has been investigated in the animal studies. Although the lack
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of robust data is acknowledged, current recommendations are to
titrate the inspired oxygen concentration to maintain the arterial
blood oxygen saturation in the range of 94–98% as soon as arterial blood oxygen saturation can be monitored reliably [by blood
gas analysis, pulse oximetry (SpO2 ), or both] (Nolan et al. 2015b).
Ventilation is adjusted to achieve normocarbia and this is monitored using the end-tidal CO2 with waveform capnography and
arterial blood gas values (see ‘Cerebral perfusion’).

Circulation
Coronary artery disease is the most common cause of OHCA: it
accounts for about 80% of sudden cardiac deaths (Myerburg and
Junttila 2012). Many of these will be associated with ST-segment
elevation myocardial infarction (STEMI) for which early reperfusion therapy is required. Reperfusion can be achieved with primary
PCI, fibrinolysis, or both. Primary PCI is the preferred treatment if
a first medical contact-to-balloon time of less than 90 min can be
achieved because it is much more likely than fibrinolytic therapy
to establish full reperfusion. The early post-resuscitation 12-lead
ECG is less reliable for predicting acute coronary occlusion than
it is in those who have not had a cardiac arrest (Sideris et al. 2011;
Staer-Jensen et al. 2015). Recent evidence suggests that about 25%
of patients with no obvious extra cardiac cause for their cardiac
arrest but who do not have evidence of STEMI on their initial 12-
lead ECG will have a coronary lesion on angiography that is amenable to stenting (Dumas et al. 2010; Radsel et al. 2011; Dumas
et al. 2016). The trend is to consider immediate coronary artery
angiography in all OHCA patients with no obvious, non-cardiac
cause of arrest.
Post-cardiac arrest myocardial dysfunction causes haemodynamic instability, which manifests as hypotension, a low cardiac
output, and arrhythmias (Zia and Kern 2011). Early echocardiography will enable the extent of myocardial dysfunction to be quantified. In the ICU, an arterial line for continuous blood pressure
monitoring is essential. Treatment with fluid, inotropes, and vasopressors may be guided by blood pressure, heart rate, urine output,
and rate of plasma lactate clearance and central venous oxygen saturations. Non-invasive cardiac output monitors may help to guide
treatment (Tagami et al. 2012). If treatment with fluid resuscitation and vasoactive drugs is insufficient to support the circulation,
an intra-aortic balloon pump may be required. In the absence of
definitive data supporting a specific goal for blood pressure, aim for
a mean arterial blood pressure to achieve an adequate urine output (1 ml kg–1 h–1) and normal or decreasing plasma lactate values,
taking into consideration the patient’s normal blood pressure, the
cause of the arrest, and the severity of any myocardial dysfunction
(Nolan et al. 2015b).

Brain
In patients surviving to ICU admission but subsequently dying in
hospital, brain injury is the cause of death in approximately two-
thirds after OHCA and in about a quarter after IHCA (Laver et al.
2004, Lemiale et al. 2013).
Cerebral perfusion
Immediately after ROSC there is a period of cerebral hyperaemia.
After asphyxial cardiac arrest, brain oedema may occur transiently
after ROSC but it is associated only rarely with clinically relevant

increases in intracranial pressure (Nolan et al. 2008). Autoregulation
of cerebral blood flow is impaired after cardiac arrest; thus, cerebral
perfusion varies with cerebral perfusion pressure instead of being
linked to neuronal activity. Maintain mean arterial pressure near
the patient’s normal level. Cerebral vascular reactivity to CO2 is
preserved in the post-cardiac arrest period, even in the presence
of mild hypothermia (Bisschops et al. 2010). For this reason, normocapnia should be the aim; in post-cardiac arrest patients, over-
ventilation causing hypocapnia causes cerebral ischaemia (Bouzat
et al. 2013) and is independently associated with poor neurological
outcome (Roberts et al. 2013).
Sedation
There are no data to support a defined period of ventilation,
sedation, and neuromuscular block after cardiac arrest; however,
patients need to be well sedated during treatment with therapeutic hypothermia, and the duration of sedation and ventilation is
influenced by this treatment. Sedation is achieved typically with
a combination of opioids and hypnotics. Short-acting drugs (e.g.
propofol, alfentanil, or remifentanil) will enable earlier neurological assessment. Adequate sedation will reduce oxygen consumption. During hypothermia, optimal sedation can reduce or prevent
shivering, which enables the target temperature to be achieved
more rapidly. Mild hypothermia reduces clearance of many drugs
by at least a third and may make later prognostication unreliable
(Tortorici et al. 2007).
Control of seizures
Seizures occur in 25% of those who remain comatose after cardiac
arrest (Nielsen et al. 2011). Although patients with seizures have
four times the mortality rate of comatose patients without seizures,
good neurological recovery has been documented in 17% of those
with seizures. Seizures increase cerebral metabolism by up to three-
fold and may cause cerebral injury: treat with benzodiazepines,
phenytoin, sodium valproate, propofol, or a barbiturate. Myoclonus
can be particularly difficult to treat; clonazepam is the most effective antimyoclonic drug, but sodium valproate, levetiracetam, and
propofol may also be effective.
Glucose control
There is a strong association between high blood glucose after
resuscitation from cardiac arrest and poor neurological outcome
(Daviaud et al. 2014). However, severe hypoglycaemia is also
associated with increased mortality in critically ill patients and
comatose patients are at particular risk from unrecognized hypoglycaemia. Increased glucose variability may be more harmful than
the absolute values of glucose (Cueni-Villoz et al. 2011). Based on
the available data and expert consensus, after ROSC, blood glucose
should be maintained at 10 mmol litre−1 or lower. Avoid hypoglycaemia (<4.0 mmol litre–1).
Targeted temperature management
Pyrexia is common in the first 48 h after cardiac arrest and is associated with poor outcome; therefore, treat any hyperthermia occurring after cardiac arrest with antipyretics or active cooling.
Mild hypothermia is neuroprotective and improves outcome after
a period of global cerebral hypoxia-ischaemia. Cooling suppresses
many of the pathways leading to delayed cell death, including apoptosis (programmed cell death) (Polderman 2009). Hypothermia
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decreases the cerebral metabolic rate for oxygen by about 6% for
each 1°C reduction in temperature and this may reduce the release
of excitatory amino acids and free radicals.
All studies of post-cardiac arrest therapeutic hypothermia have
included only patients in coma. There is good evidence supporting the use of induced hypothermia in comatose survivors of
out-of-hospital cardiac arrest caused by VF (Holzer 2010, Nolan
et al. 2003). Two randomized trials demonstrated improved neurological outcome at hospital discharge or at 6 months in comatose
patients after out-of-hospital VF cardiac arrest (Bernard et al. 2002;
Hypothermia after Cardiac Arrest Study Group 2002). Cooling was
initiated within minutes to hours after ROSC and a temperature
range of 32–34ºC was maintained for 12–24 h. The use of hypothermia for non-shockable rhythms and after IHCA is supported
mainly by observational data, which have a substantial risk of bias.
Despite this, many centres use hypothermia irrespective of the initial cardiac arrest rhythm or location. In the Targeted Temperature
Management trial, 950 all-rhythm OHCA patients were randomized to 24 h of temperature control at either 33ºC or 36ºC
(Nielsen et al. 2012). Strict protocols were followed for assessing
prognosis and for withdrawal of life-sustaining treatment. There
was no difference in the primary outcome—all-cause mortality,
and neurological outcome at 180 days was also similar. Importantly,
patients in both arms of this trial had their temperature well controlled so that fever was prevented even in the 36ºC group. After a
review of all the available science, an international consensus group
recommended that temperature control is continued for at least 24
h in comatose post-cardiac arrest patients (Donnino et al. 2016); a
constant temperature somewhere in the range 32–36ºC but there
was no consensus for any specific temperature within this range.
Clinicians will need to decide locally which target temperature to
adopt in their post resuscitation protocol but in the absence of clear
benefit for 33ºC compared with 36ºC, many ICUs in the United
Kingdom have adopted a target of 36°C.
Cooling techniques The practical application of targeted temperature management (TTM) comprises induction of cooling
(unless the patient is already at target temperature), maintenance,
and rewarming. Earlier cooling after ROSC probably produces
better outcome. External or internal cooling techniques, or both,
can be used to initiate cooling. Infusion of 30 ml kg−1 of 4°C 0.9%
sodium chloride or Hartmann’s solution decreases core temperature by approximately 1.5°C and, until recently, was thought to be
well tolerated even in patients with post-cardiac arrest myocardial
dysfunction (Holzer 2010). A recent randomized controlled trial in
which post-cardiac arrest patients were assigned to either 2 litres
of 4°C normal saline prehospital or standard care, showed no difference in survival to hospital discharge (Kim et al. 2014). Patients
who received prehospital cold i.v. fluid were more likely than the
control group to re-arrest during transport and to have pulmonary
oedema on their initial chest X-ray. Thus, the use of prehospital i.v.
cold fluid is not recommended (Donnino et al. 2016) but careful
use (with close monitoring) in hospital is reasonable. Other methods of temperature control are listed in Box 91.1.
In most cases, it is easy to cool patients initially after ROSC
because the temperature usually decreases spontaneously within
this first hour. A confounder in many observational studies of TTM
is that patients with the worse outcome tend to be faster to cool
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Box 91.1 Methods for targeted temperature management
◆

◆

Simple ice packs, wet towels, or both (inexpensive but may
be more time-consuming for nursing staff, may result in
greater temperature fluctuations, and do not enable controlled
rewarming)
Ice-cold fluids alone cannot be used to maintain hypothermia,
but even the addition of simple ice packs may control the temperature adequately

◆

Cooling blankets or pads (Fig. 91.6)

◆

Water or air circulating blankets

◆

Water circulating gel-coated pads

◆

◆

Intravascular heat exchanger, placed usually in the femoral or
subclavian veins (Fig. 91.7)
Cardiopulmonary bypass.

spontaneously (Benz-Woerner et al. 2012). Shivering is prevented
with sedation and bolus doses of neuromuscular blocking drug.
Magnesium sulfate (e.g. 5 g infused over 5 h) will reduce the shivering
threshold.
Maintenance of target temperature is best achieved with external
(Fig. 91.6) or internal (Fig. 91.7) cooling devices that include continuous temperature feedback to achieve a set target temperature. The
temperature is typically monitored from a thermistor placed in the
bladder, oesophagus, or both. There are no data indicating that any
specific cooling technique increases survival when compared with
any other cooling technique; however, internal devices enable more
precise temperature control compared with external techniques
(Deye et al. 2015). The temperature is maintained in the target range
(32–36°C) for 24 h followed by controlled rewarming at 0.25–0.5°C h−1
and strict avoidance of hyperthermia. Plasma electrolyte concentrations can change rapidly during cooling and rewarming—frequent
measurement and careful electrolyte replacement is essential.
Physiological effects and complications of targeted temperature
management The well-recognized physiological effects of TTM
(Box 91.2) need to be managed carefully (Polderman 2004).
Contraindications to targeted temperature management Generally
recognized contraindications to therapeutic hypothermia, but
which are not applied universally, include severe systemic infection,
established multiple organ failure, and pre-existing medical coagulopathy (fibrinolytic therapy is not a contraindication to therapeutic
hypothermia).

Prognostication
Predicting the eventual outcome of those remaining comatose after
initial resuscitation from cardiac arrest is difficult and there are
many pitfalls. Clinicians would not wish to withdraw treatment if
there is a realistic chance that the patient could eventually make
a good neurological recovery; however, continued treatment of a
patient who is not going to make a good recovery is potentially distressing for relatives and is expensive. Guidelines from the American
Academy of Neurology published in 2006 indicated that 3 days after
cardiac arrest and in the absence of sedation, a motor response to
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Figure 91.6 External temperature management system for inducing mild hypothermia in the post-cardiac arrest phase.
© 2016 C. R. Bard, Inc. Used with permission.

Figure 91.7 Intravascular temperature management system.
Reproduced with permission of Jerry Nolan. © 2013.

Box 91.2 Physiological effects and complications of mild hypothermia
◆

Shivering: increases metabolic and heat production, and reduces cooling rates

◆

Increased systemic vascular resistance, arrhythmias (usually bradycardia)

◆

Diuresis and electrolyte abnormalities such as hypophosphataemia, hypokalaemia, hypomagnesaemia, and hypocalcaemia

◆

Decreased insulin sensitivity and insulin secretion causing hyperglycaemia

◆

Impaired coagulation and increased bleeding

◆

Impaired immune response and increased infection, especially pneumonia

◆

Increased serum amylase

◆

Clearance of sedative drugs and neuromuscular blocking agents reduced by up to 30% at a core temperature of 34°C.
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Days
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Status Myoclonus

Controlled temperature
Rewarming
SSEP

Magne c Resonance Imaging (MRI)

Days
1–2

EEG-NSE

CT

Cardiac arrest

Exclude confounders, parcularly residual sedaon
Unconscious pa ent, M=1–2 at ≥72h aer ROSC
One or both of the following:
- No pupillary and corneal reflexes
- Bilaterally absent N20 SSEP wave (1)

Yes

No

Poor outcome
very likely
(FPR <5%, narrow 95%CIs)

Wait at least 24h
Two or more of the following:
- Status myoclonus ≤48h aer ROSC
- High NSE levels (2)
- Unreac ve burst-suppression or status epilep cus
on EEG
- Diffuse anoxic injury on brain CT/MRI (2)
No
Indeterminate outcome
Observe and re-evaluate

Yes

Poor outcome
likely

(1) At ≥24h aer ROSC in pa ents not
treated with targeted temperature
(2) See text for details.

Use mul modal prognos ca on whenever possible

Figure 91.8 Prognostication algorithm. The algorithm is entered 72 h after ROSC if, after the exclusion of confounders (particularly residual sedation), the patient
remains unconscious with a Glasgow Motor Score of 1 or 2. The absence of pupillary and corneal reflexes and/or bilaterally absent N20 SSEP wave indicate a poor
outcome is very likely. If neither of the features is present, wait at least 24 h before reassessing. At this stage, two or more of the following indicate that a poor outcome
is likely: status myoclonus ≤48 h; high neuron-specific enolase values; unreactive burst suppression or status epilepticus on EEG; diffuse anoxic injury on brain CT and/or
MRI. If none of these criteria is met, consider continuing to observe and re-evaluate.
Reprinted from Resuscitation, 85, 12, Sandroni C et al., Prognostication in comatose survivors of cardiac arrest: An advisory statement from the European Resuscitation Council and the European
Society of Intensive Care Medicine, pp. 1779–1789, Copyright 2014, with permission from Elsevier.

pain comprising extension or nothing, or fixed dilated pupils, or
absent corneal reflexes, were reliable indications of a poor outcome
(Wijdicks et al. 2006). However, these guidelines were based on
data collected before the widespread implementation of therapeutic
hypothermia. The use of hypothermia, and the increased sedation
often given with this therapy, can delay recovery of motor response
for 5–6 days after cardiac arrest (Oddo and Rossetti 2011; Bouwes
et al. 2012; Sandroni et al. 2013; Kamps et al. 2013). Based on recent
data, after use of therapeutic hypothermia, reliable prognostication
cannot be achieved until at least 3 days after return to normothermia (Sandroni et al. 2013). European guidelines on prognostication
after cardiac arrest recommend a multimodal approach (Sandroni
et al. 2014; Oddo and Rossetti 2014; Nolan et al. 2015b) (Fig. 91.8).
Full details are given in the European Guidelines document but in
principle, a combination of the following modes is used to predict a
poor outcome at least 3 days after cardiac arrest:
◆

◆

◆

◆

Clinical examination: Glasgow Coma Scale score, pupillary
response to light, corneal reflex, presence of seizures
Neurophysiological studies: somatosensory evoked potentials
and electroencephalography
Biochemical markers: neuron-
specific enolase is the most
commonly used
Imaging studies: brain CT and magnetic resonance imaging.

Organ donation
Up to 16% of patients who achieve sustained ROSC after cardiac arrest develop clinical brain death and can be considered for
organ donation (Adrie et al. 2008). Transplant outcomes from
the use of these organs are similar to those achieved with organs
from other brain-dead donors (Sandroni et al. 2010). In Spain,
in particular, highly proactive, controversial strategies are used
to maximize the number of organs that can be donated after cardiac arrest. After OHCA, if ROSC is not achieved after 30 min
of CPR by the EMS patients are transported to hospital with
continuous CPR delivered by a mechanical device (Rodriguez-
Arias and Deballon 2012). After death is declared in hospital,
extracorporeal membrane oxygenation is started so that organs
are preserved until consent for donation is given by the family.
An aortic blocker is used to prevent blood flow to the potential
donor’s brain.

Long-term outcomes
In a systematic review of studies of quality of life among cardiac
arrest survivors, 46 of 70 studies concluded that quality of life was
good, 17 of the studies were neutral, and 7 studies concluded that
quality of life was poor (Elliott et al. 2011). The difficulty is that
the studies used a wide variety of assessment tools. Although some
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Box 91.3 The Cerebral Performance Category Scale

Box 91.4 Modified Rankin Scale

1. Good cerebral performance (normal life)

Score Description

Conscious, alert, able to work, and lead a normal life. May
have minor psychological or neurological deficits (mild dysphasia, non-incapacitating hemiparesis, or minor cranial nerve
abnormalities).

0 No symptoms at all

2. Moderate cerebral disability (disabled but independent)
Conscious. Sufficient cerebral function for part-time work in
sheltered environment or independent activities of daily life
(dress, travel by public transportation, food preparation). May
have hemiplegia, seizures, ataxia, dysarthria, dysphasia, or permanent memory or mental changes.

3. Severe cerebral disability (conscious but disabled
and dependent)

1 No significant disability despite symptoms; able to carry out
all usual duties and activities
2 Slight disability; unable to carry out all previous activities, but
able to look after own affairs without assistance
3 Moderate disability; requiring some help, but able to walk
without assistance
4 Moderately severe disability; unable to walk without assistance
and unable to attend to own bodily needs without assistance
5 Severe disability; bedridden, incontinent and requiring constant nursing care and attention
6 Dead.

Conscious; dependent on others for daily support (in an institution or at home with exceptional family effort). Has at least limited cognition. This category includes a wide range of cerebral
abnormalities, from patients who are ambulatory but have severe
memory disturbances or dementia precluding independent
existence to those who are paralysed and can communicate only
with their eyes, as in the locked-in syndrome.

Declaration of interest

4. Coma/vegetative state (unconscious)

None declared.

Unconscious, unaware of surroundings, no cognition. No verbal
or psychological interaction with environment.
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cerebral aneurysms 1016–20, 1017f, 1018f
cerebral hyperperfusion syndrome 999b
cerebral infarction 1016
cerebral palsy, infant and older
child 1248, 1389
Cerebral Performance Category Scale 1566b
cerebral veins, venous pulse 6
cervical paravertebral block 899
cervical plexus blocks 1135
cervical spine pathology by X-ray of the
neck 1375
Charles’ law 395f
checklist, WHO Surgical Safety 736, 762, 803
chemoreceptors
control of breathing 30
extracellular fluid pH and 30
chemotherapy 1044
chest trauma with rib repair of flail segment 1426
chest wall disease 1426–7
child protection
ethics 1285, 1297–8
research issues 1299
training 1296
Child–Turcotte–Pugh score 1045t, 1163t
chloride
renal handling 71–2
voltage-gated ion channels 110
proposed membrane topology 111f
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index

chloride channelopathies 1385
chloroprocaine
characteristics 874t
clinical pharmacology 303
maximum safe doses 874t
physicochemical, pharmacokinetic, dosing
maxima 299t
structure 298f
cholecystectomy, laparoscopic 1050
cholecystokinin (CCK) 61t, 142t
cholinesterase abnormalities 282–4
dibucaine and fluoride numbers 284t
drugs metabolized by 284
cholinesterase inhibitors see anticholinesterases
Chondrodendron tomentosum extract (curare,
‘Intocostrin’) 275
chordae tendineae 5f, 6
Christmas factor 1459t
chronic kidney injury 1478–81
chronic obstructive pulmonary disease 966–8,
1412–14
chest hyperexpansion 24
diaphragm physiology 27
oxygen-induced hypercapnia 1414
cilia, airway 22–3f
ciliary dyskinesia, primary 1410
cinchocaine, clinical pharmacology 303
circadian disruption 735
circle of Willis 7
circulatory overload (TACO), risk in blood
components transfusion 181
circulatory pressure, pulmonary and systemic
circulations 5t, 12
circumcision 896
circumflex artery 6
cisapride, induction of QT interval
prolongation 196
citric acid cycle 1363f
Clavien–Dindo classification, surgical
complications 791t, 794
cleft lip/palate surgery 1097–100
clevidipine 328
clinical decision support 575
Clinical Terms Version 3 (CTV3) 571
clinical trials 513–26
aims 622
balance between groups 514
bias and confounding 513
blinding 515
composite end-points 519
conducting 521–4
context 623
erroneous attribution of cause and effect 624
funding 623
inclusion and exclusion criteria 513–14
independent data monitoring committee 522
interim analyses 524
interventional vs observational studies 513
logistics 623
null hypothesis 495–8, 500, 520, 624
number needed to treat (NNT) 517
outcome measures 517, 623
P fallacy 624
phases 516t
protocol 622
randomization 624
regulation 524–6
sample size estimation 519
types of trials 515–16
worldwide collaborative studies 625–6t
see also research

clonidine 320–1, 330t, 781, 877, 1037
decrease of IL-6 126
effects and dose 876t
obstetrics 1145
paediatrics 1272
peristalsis inhibition 62
regional effects on brain function 87f
see also α2-agonists
closed-loop control of anaesthesia 267
Clover, Joseph T. 532f
cluster of differentiation (CD)
molecules 157, 171
coagulation
activation TF–FVIIa complex 1459f
and the endothelium 1458f
management 862
during/after CPB 945–7
point-of-care testing 862, 1461
status, monitoring 862, 939, 1460–1
coagulation disorders 1457–8
factor deficiencies 183
risk in blood components transfusion 181
coagulation inhibitors 1460f
coagulation protein system 1458–9t
Cobb angle 1079f
cocaine 298f, 1134–5
clinical pharmacology 302
head and neck surgery 1134
physicochemical, pharmacokinetic, dosing
maxima 299t
Cochrane Collaboration, Cochrane Anaesthesia
Review Group 509–10
codeine 314
paediatrics 1270–1t
coeliac axis, mesenteric arteries 63
cognitive dysfunction, postoperative 758t
cognitive neuroscience 84–5
colds (upper respiratory tract infections
(URTIs) ) 1406
collecting duct, transport mechanisms 71f
collectins 153–4f
colloid fluids 344–5
colon
anatomy 61
motility 62
colorectal surgery 1048–51
Enhanced Recovery After
Surgery 1054, 1055f
coma, paediatrics Glasgow Coma Score 1283t
compartment syndrome 1086
compensation 766
competence/capacity 556, 559, 579,
611–12, 1301–2
complement system 153–4, 155
complications see postoperative/post-
anaesthesia complications
components (of anaesthesia)
assessment 445–64
computational modelling 576–7
Computer Misuse Act 568
computer programming languages 572–3
conduction disturbances 1440
confidentiality 1298–9
congenital diaphragmatic hernia 1231
congenital heart disease 1443–8
Eisenmenger syndrome 1447
heart failure 1446
infant and older child 1247
shunts, L-to-R, R-to-L 1445
situs inversus 835
congenital lobar emphysema 1236

congenital myopathies 1383
malignant hyperthermia 383
connective tissue diseases 1379, 1423–4
Conn’s syndrome 132, 1360
conscious access hypothesis 82
conscious sedation 845–52
see also sedation
consciousness
anaesthesia and 85–7
approaches to study 84–5
neural correlates 83f
theoretical frameworks 81–3
consent 556–61, 658
advanced directives/living wills 557, 1300
children 557, 1300–4
emergencies 558, 1303
Gillick-competent child 1302
issues, sedation practitioners 849
mental illness 557
obstetric care 558
power of attorney 557
refusal 1298, 1303
teaching situations 558
under-age mother 1299
see also competence/capacity
constant function 469
continuing professional development 601
continuous wave (CW) Doppler 940
control group 514
control technology 267
cooling measures 380–1
coronary arteries 5–6
distribution areas 1526f
perfusion pressure, monitoring 940b
revascularization, prophylactic 681–3
coronary artery bypass grafting
anaesthesia for 951–2b
bleeding 952
off-pump 952f, 953b
coronary artery disease
risk assessment 965
stress tests 678
coronary sinus 6
cortical processing 141–2
corticocortical networks 84
corticosteroid therapy 1073
corticotrophin-releasing hormone (CRH) 124
cortisol 52
response to surgery 128, 133
secretion in Cushing’s disease 132
cosmetic surgery 1112–18
cough reflex 23, 28, 30
‘countercurrent multiplier’ 72, 73f
cranial nerve palsies 999
craniopharyngioma 1356
creatinine clearance
defined 74
estimation, in children 1208–9
non-linear relationship 75b, 75f
as renal marker 74
CREST syndrome 1424
cricoid pressure 696
rapid sequence induction 62
cricothyroid membrane 811, 820
development 1204–5f
cricothyroidotomy/tracheostomy 820
emergency, readiness 823
failure rates 826
rescue ventilation 826
Seldinger devices 820
wide-bore 820
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critical care 1509–60
acute illness in the postoperative
period 1521–36
advanced life support 1551–69
military anaesthesia 1342–4
pre-surgical optimization, high-risk
patient 1511–20
transport of the critically ill
patient 1537–50
Critical Care Air Support Team
(CCAST) 1343–4
cross-infection, equipment risks 410
croup, epiglottitis, and tracheitis 1281
cryosurgery 858
cryptogenic organizing pneumonia 1421–2
crystalloid fluids 341–2
compared with plasma and interstitial
fluid 342t
CSF, buffering potential of 30
Cushing’s disease 132–3, 1355, 1360
Cushing’s syndrome 1021, 1360
cutaneous innervation, foot and ankle 929f
cyclic adenosine monophosphate
(cAMP) 26
cyclodextrins 291
cyclooxygenase (COX-1 and -2) 316
cys-loop ligand-gated ion channels 110–11, 112t
postjunctional nicotinic acetylcholine
receptor 117
cystic fibrosis 1411–12
infant and older child 1248
cytochrome P450 (CYP)
enzymes 194–6, 357–8t
CYP2D6 196
CYP3A4 195
enzyme induction effect 196, 376t
enzyme inhibition 196
genomic variations and pain 775
paediatrics 1211–13, 1271
cytokines 126, 128, 154f, 160–1
blood components transfusion 177
IL-6 126
release, drug effects 162
cytomegalovirus (CMV) 176
D
d-tubocurarine (dtc) 275–6
dabigatran 856, 939
dacrocystorhinostomy 1039
damage-associated molecular patterns
(DAMPs) 156
dantrolene 381
Data Protection Act 568
data/databases 567–8
controlled terminologies 560
Structured Query Language (SQL) 567
day-stay surgery 1177–88, 1181f
infant and older child 1241
analgesia at home 1245
intravenous paracetamol 1184
pain management 1183
postoperative nausea and vomiting 1185–6
selection criteria 1178f
upper/lower extremity surgery 1182
dead space
alveolar 40–1
anatomical 41f, 719
Bohr equation 41
types 41
decamethonium 282
decisions

deliberative vs knowledge-based
reasoning 734
Reason–Rasmussen model 734
decompression sickness 398
DECREASE/IV trials 632, 666, 681
deep circumflex iliac arteries 7
default mode network (DMN) 84, 93f
connectivity 88f
spatial configuration in
sleep/sedation 93f
defensins 153, 154
deflation reflex 30
deglutition (swallowing) 61
degranulation 155
dehydration and thirst 73, 349
delirium/postoperative cognitive dysfunction,
elderly patients 1491
dementia 1390
demography 1483
dendrites 112–13f
dendritic cells 157
dental surgery 1130, 1260
depolarizing/non-depolarizing neuromuscular
blocking agents 280
depth of anaesthesia monitoring 697–8,
714–16
dermatomal body map 138f, 885t, 900f
descending inhibitory pathways 313f
descending noxious inhibitory control 140–1
desflurane
characteristics 417t
day-stay surgery 1181
hepatic artery buffer response 64, 65t
MAC values 218
desmopressin 859, 1464
developmental issues,
neonates 1200–15, 1225–6
dexamethasone, effects and dose 876t, 877
dexmedetomidine 320, 330t, 781
clearance, paediatrics 1194f
effects and dose 876t
moderate-to-deep sedation 851
paediatrics 1272
peristalsis inhibition 62
regional effects on brain function 87f
see also α2-agonists
dextrans 346
dextrocardia 835
diabetes mellitus 129–31, 1361–8
criteria 129t
drugs (type 2) 131b
diabetic ketoacidosis, fluid therapy 350
diaphragm
anatomy/physiology 27–8f
paralysis 1427
diastole
arterial pressure 10, 11f
dysfunction 9, 15
end-diastolic ventricular filling
pressure 10–11, 14–15
pressure–time index (DPTI) 731
diathermy 858
diazepam, inhibition of adrenal
steroidogenesis 128
dibucaine number 284t
diclofenac 317
difficult airway 749–55, 820–3
‘can’t intubate, can’t oxygenate’ (CICO)
crisis 749
infant and older child 1243
difficult intubation 428–30, 749–55, 820–3

index

diffusing capacity 34
diffusion
Fick’s law 33, 398–9
Graham’s law 33, 399
digital signal processing 438f–9f
digoxin 14–15, 16
dihydropyridine calcium channel antagonists,
rifampicin treatment 196
dihydropyridine receptor (DHPR)
channels 107
dilated cardiomyopathy 14–15
diltiazem, increased midazolam
concentrations 53
diphenhydramine, analogue nefopam 319, 781
disease-modifying antirheumatoid drugs
(DMARDs) 1073
disseminated intravascular coagulation
(DIC) 175, 183
‘dissociative sedation/anaesthesia’ 253
diuretics
effects on sodium concentration, plasma 70
inhibition of response 51
DNAR orders 561
dobutamine 949
cardiogenic shock 63, 334
infusion 678
stress echocardiography 679
donor, living 1172–3
DOP, opioid receptors 208–10
dopamine 328, 331, 332
D1 receptor agonist 328
receptors 331
dopexamine 328, 335
resuscitation from shock states 63
Doppler monitoring 402f, 706
continuous wave (CW) Doppler 940–1
duplex Doppler 402
flow Doppler echocardiography 940
history 544
oesophageal 1042–3
optimization 544
pulsed waved (PW) Doppler 940–1
stroke volume, oesophageal
Doppler 18, 348
dorsal horn
during neonatal period 1198
laminae 310f
dorsal root ganglia 137f, 139
dose/response (D/R) curve
clinical end-points of GA 215f
defined 215–16
double input, single output
(DISO) 468, 470–3
double lumen endobronchial tubes 969t
2,3-DPG 43
drift 391
drug action
absorption 356–7
administration routes 191
bioavailability, biotransformation 194–5
first-pass effect 193
hepatic clearance 195
mechanisms and determinants 203–10
pharmacokinetics, perioperative
period 308–12
reactions 739–40
transport across membranes 191–2
see also ligand–receptor interaction
drug distribution 191–202, 358–9
drug elimination 194, 359–60
drug errors 603, 692, 743–4
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index

drug hazards 738–40
hypersensitivity 161, 739–40
see also adverse drug events; anaphylaxis
drug interactions 193, 209–10, 355–72
advisory displays 366–8f
Greco–Bol and Minto models 362, 369
hypnosis and immobility 218f
mechanisms 356b
pharmaceutical 355–6
pharmacodynamic 361–3
pharmacokinetic 356–61
response surface model 364f, 367
drug intolerance 373
drug labelling 743–4
drug preparation, safety 692t, 743
drug substitution therapy, opioid addiction 193
drug transport, active vs carrier-facilitated 192
Duchenne muscular dystrophy 1381f–2
duplex Doppler 402
dynamic core hypothesis 82
dynorphin 147t
dyspnoea, after lung resection, risk
assessment 964f
dystrophia atrophica see myotonic dystrophy
E
ear nerve blocks 1135
ecarin clotting time (ECT) 856
echocardiography 677–8, 709–10
dobutamine stress echocardiography 679–81
flow Doppler 940
history 544
perioperative 15–16
preoperative 677–8
transoesophageal (TOE) 682–3, 940,
942f, 968
eclampsia 1152
edrophonium 289–90
pharmacodynamic variables 290t
structure, interactions 290f
education
continuing professional development 601
governance 612
principles and trends 585
see also simulation; teaching
‘effect site concentration’ estimation 247
eicosanoids 154f
ejection fraction 10, 141–2, 938–9
elbow surgery 1078
elderly patients 1483–94
delirium/postoperative cognitive
dysfunction 1491
ethical issues 1492
induction agents 1486
intravenous drug doses 1488t
major organ systems 1483–6t
neuromuscular blocking drugs 287, 1214–15
pre-assessment 1490–1
RA 32, 1488
RA vs GA 1489
thoracic epidural anaesthesia 32
electric current/charge 403
alternating and direct voltage/current 405
circuit rules 404
electrical analogue circuit, blood pressure
measurement 442f
electrical injury 738
electrocardiography 708–9
amplifiers 437–8f
artifacts and interference 709

changes from infancy to adolescence 1203
continuous (Holter) monitoring 684
exercise ECG 683
history 543
indices obtained 708
normal ECG 7, 8f
waveform 708f
electrocautery 858
electroconvulsive therapy 1025–6
electrodes 439
electroencephalogram (EEG) 445–6f, 713–14
arousal responses 451
auditory-evoked response 714f
β oscillations and amnesia 96
comparison to sleep physiology 450–1
during GA 447–8f
entropy value 715, 716f
evoked responses 713–14f
numerical EEG indicators of
unconsciousness 447–8
problem of artifacts 449–50
square wave frequency components 391
electrolytes
daily maintenance requirements 1210t
physiology 55–8
separation of reabsorption of water and 72
see also bicarbonate ions; calcium;
potassium; sodium
electromyography (EMG) 279
electronic patient record (EPR)
system 567, 573–4t
security and confidentiality 575
embolectomy, lower limb 1003
embolus 755
emergence from GA 700
delirium, infant and older child 1247
emergencies
consent 558, 1303
endometrial resection 1371–3
vascular emergencies 1002–4
emergencies, paediatrics
cardiovascular 1281–2
gastrointestinal 1282
neurological, traumatic brain injury 1282–3
respiratory 1279–82
emergency anaesthesia, inhalation induction
and rapid segment induction 1127
emergency laparotomy 1052
EMLA®, infant and older child 1241
emphysema 32, 34, 974
empyema 974
end-diastolic/end-systolic volume see diastole
end-of-life issues 561
endobronchial blockers (EBBs) 970
endobronchial tubes
double-lumen 969t
single-lumen 970f
endocardium 5
endocrine disease 1355–74
adrenal gland disorders 1359–60
carcinoid tumours 1368–71
diabetes mellitus 1361–8
parathyroid gland disorders 1358–9
pituitary gland disorders 1355–6
thyroid gland disorders 1356–8
endometrial resection
emergencies 1371–3
fluid absorption 56
endothelin 74
endotoxin 155

endotracheal bioimpedance, cardiac output
monitoring 13t
endotracheal intubation, submental 1123
endovascular stent, transfemoral 992f
enflurane
characteristics 417t
hepatic artery buffer response 64, 65t
inducing effect on CYP2E1 197
enhanced recovery after surgery
(ERAS) 65, 1054
colorectal surgery 1055f
orthopaedic surgery 1082–3
ENIGMA trial 626t, 741
enoximone 335
ENT surgery 1119–38
choice of airway management 1120–1
Entonox® 398, 411–12
entropy values 715–16f
Entropy® 448–9
enzyme induction effect 196
enzyme inhibition 196
enzyme kinetics 206
eosinophilic pneumonia 1422
eosinophils 155, 171
ephedrine 333
epidural abscess 878
epidural anaesthesia 128, 886–7
combined spinal–epidural 887
continuous blocks 778
paediatrics 1273
enhanced recovery after surgery,
ERAS 65, 1054–5
failure in GI surgery 1043
GI motility 62
history 537, 886
obstetrics 1139–45
test dose 886
vs systemic morphine 63
epidural analgesia
obstetrics 1139–45
MLAC in labour 297f
motor blockade 1143–4
postoperative 128
stress response and 128
epidural haematomas 877
epidural opioids 886
epidural space
in infants 1200
nerve blockade and 877–8
epigastric arteries 7
epiglottis 811
development 1204–5f
epiglottitis 1281
epilepsy 1390–3
epilepsy surgery 1020–1
antiepileptic drugs 1391t
equal pressure point (EPP), airway 25
equilibrium dissociation constant
(Kd) 203, 204f
equipment 409–36
cross-infection risks 410
induction of anaesthesia 691–2
international standards 410t
neonatal anaesthesia 1228
pre-hospital care 1310, 1315–16b
regulations 409
safety checks 434, 737
transport, critically ill patient 1288, 1540–1
see also WHO Surgical Safety Checklist
Erb’s point 1136
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errors and violations 733b, 734
attribution of cause and effect, clinical
trials 624
decisions: Reason–Rasmussen model 734
positioning 737
erythrocytes, transfusion criteria 53
erythromycin, increased midazolam
concentrations 196
erythropoiesis 166, 1213
PBM 855f
erythropoietin 854–5
decreased use 855
kidney 68b
Eschmann tracheal tube intubator 819–20
ester local anaesthetic agents 873–4
ethics 555–6, 1285
elderly patients 1492
non-therapeutic interventions 1299
paediatrics 1285, 1297–8
in research and publication 562–3
etidocaine
clinical pharmacology 304
physicochemical, pharmacokinetic, dosing
maxima 299t
structure 296f
etomidate 242–3, 256–7
congeners 261
dosing requirements and drug
administration 256
induction side-effects 243t
inhibition of adrenal steroidogenesis 128
physicochemical properties 248ff 256
European legislation 569
evidence-based medicine 503–12
defining the clinical question 503–5
searching for information 505–6
critical appraisal of scientific literature 506–8
AGREE instrument 511b, 596
Cochrane Collaboration, Anaesthesia Review
Group 509–10
evidence-based guidelines 511
historical 503
meta-analysis 508
narrative vs systematic 508
quality assurance and patient safety 596t
systematic reviews 508
unpublished data 508
excitation–contraction coupling 7–8
excitatory postsynaptic current
(EPSC) 115–16
exercise
metabolic equivalent (MET) values 847
preoperative 800
exercise testing 964
exertional heat illness 384
EXIT procedure 1230–1
exomphalos 1233
expiration reflex 23
exponential functions 476–8
exposure diseases 1423–4
external jugular vein
access during anaesthesia 832
cannulation 832
extracellular fluid (ECF) 49–50f
autotransfusion and 54
ions contributing to osmolality 56t
see also fluid compartments/fluid balance
extracorporeal circulation 941–2, 943f
extracorporeal life support systems
(ECLSs) 942, 950f

extracorporeal membrane oxygenation
(ECMO) 1527f, 1541–2
extracorporeal pneumatic BVAD 958f
extremity transplantation 1171–2
extrinsic allergic alveolitis see hypersensitivity
pneumonitis
extubation 824, 1132–3f
eye see ophthalmic surgery
F
FA 2
face transplantation 1171–2
facelift surgery 1113
facemasks 812
anaesthetic 434
fixed/variable performance 434
facial nerve/corrugator supercilii muscle 277
facial trauma 1132–4
factor VII (rFVIIa) 1465
fascia iliaca block 919–20
fasciotomy sites, osseofascial
compartments 1087
fat embolism syndrome 756, 1087
fatigue 581, 584b, 604
circadian disruption 735
postoperative 127
shift work 735
Fc receptors 155
febrile convulsions, paediatrics 1283
feedback processes 734
femoral arteries 7
access, risks of infection and thrombosis 840
cross-sectional image 833f
femoral nerve block 918–21
femoral vein, access 832–3f
fenoldopam 328, 330t
fentanyl 311f, 314
increased volume of distribution 1193
neonates 1193
paediatrics 1269–70t
response to surgery 128
fetal anaesthesia 1230
fetal circulation 1202bf
persistent 1200
fibreoptic intubation
awake 818, 823
laryngeal mask airway as conduit 818
fibreoptic scope 426, 428
fibrin sealants 859
fibrin-stabilizing factor 1459t
fibrinogen 173, 1459t
fibrinolytic system 174, 1460
fibrosis 33–4, 1419–21
Fick principle 12, 33, 709
filters 438–9
anaesthetic machine 424
flap reconstruction, malignancies 1129–30
flavonoids, red wine 197
flow Doppler echocardiography 940
flowmeters (rotameters) 414, 720
fluconazole, increased midazolam
concentrations 53
fluid clearance, laparoscopic vs open abdominal
surgery 51–2
fluid compartments/fluid balance 49–55, 50f
capillary refill 54
cardiovascular responses 53
electrolyte physiology 49–58
equations for fluid distribution 50–1
exchange across capillary membrane 50

index

exchange across cell membrane 51
Frank–Starling curve 53f
haemodynamic response to volume
loading 53
haemorrhage and 53
hormonal control 52–3
minimum requirements 49
nervous control 52
relevance to anaesthesia 52, 53
urinary excretion 52f
volume change in response to fluid
loading 55f
volume loading 52
volumes, tracers 50t, 55
fluid therapy 341–54
blood conservation 861
during haemorrhage 53–4, 347
during/after surgery 347
gastrointestinal surgery 1042–3
goal-directed 348
algorithm for 1042f
onset of anaesthesia 346
outcome measures suitable for
evaluation 347–8
preoperative 348–50
restrictive fluid therapy 348
surgery 349
types 341–5
see also intravenous fluids
fluids
daily maintenance requirements for 1210t
fluid flow 391–2f
hourly weight-based maintenance, for
children 1210t
paediatrics, cardiovascular
emergencies: 1281–2
responsiveness
cardiopulmonary interactions 17, 53
oxygen delivery index 53
flux triplet 470
fluxoids 469–70f
representation 471–2f, 479f
folic acid
deficiency 856
postoperative 867
foot
cutaneous innervation 929f
forefoot block 931–2
surgery 1078
forced vital capacity (FVC)
lung disease 37f
manoeuvre 25
force–velocity relationship 14
forearm, and arm transplants 1171–2
forearm blocks 910–13
forefoot block 931–2
foreign bodies
inhaled 1128
removal, paediatrics 1328–9
fospropofol 259
fractures
hip 1087
pelvis 1088
spine 1088
Frank–Starling relationships 9f, 14
curve 53f
misinterpretation 16
free flap surgery 1091–3
Freedom of Information Act 569
frequency response 391
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index

fresh frozen plasma (FFP) 182–3, 1462
fresh gas flow (FGF) 211
circle system 229f
Friedrich’s ataxia 1399t
frontal electromyogram (F-EMG) 445–6f
fuel cells 724–5
functional capacity, metabolic equivalents
(METs) 658, 669, 676–7
functional endoscopic sinus surgery
(FESS) 1125
functional neurosurgery 1022–3
functional residual capacity (FRC) 24,
471–4, 718–19
dilution and washout method 719
on induction of anaesthesia 37
young infants 1207
future of anaesthesiology 553
G
G protein-coupled receptors 138, 141, 207, 208f
protease-activated (PARs) 145
signalling leading to clinical
responses 208f, 333
G-protein cycle 208
GABA (γ-aminobutyric acid) 141
structural analogues see gabapentin;
pregabalin
GABAA receptor 112f, 207
blockade, reversal of amnesia 96
cys-loop ligand-gated ion channels 110–11
gabapentin 318–19, 781
gag reflex 23
galanin 142t, 147t
gas analysers 720–4f
blood gases 725–6
gas cylinders 412t
colour-coding 411t
connectors 413
pressure regulators 413
gas embolus 355
gas laws 33, 394, 395f, 465
gases (for anaesthesia)
critical temperatures 412t
flow, ultrasonic flow transducer 718
input–output principle 466f
medical supply 410–11
molecular theory 394f–6
oil–gas partition coefficient 398
partial pressure 393–4
pressure measurement devices 715–16
viscosity and density 417t
volume and flow measurement 716–20
gastric banding 1498
gastric carcinoids 1370
gastric emptying 61–2
gastrin 61t
gastrinoma 1046t
gastrointestinal anatomy 59–61
embryology 59
myenteric plexuses 62
gastrointestinal emergencies, paediatrics 1282
gastrointestinal physiology 59–65
blood flow
and anaesthesia 63
critical illness and 63
fluids 1042–3
hormone functions 61t
motility 61–2
neonates 1215
see also gut

gastrointestinal surgery 1041–56
fluid therapy 1042–3
postoperative morbidity 798
re-establishing enteral nutrition 804
stroke volume variation-guided GDT 18
gastroschisis 1233
Gay–Lussac’s law 395f
GDP, GTP 207–8
gelatin, and plasma 345
Gelofusine® 346
general anaesthesia (GA) 128
airway effects 26
anti-inflammatory effects 162
bronchial hyperresponsiveness 26
Caesarean section 162
defined 214
fluid loading at onset 346
inhibition of diuretic response 51
Lowe’s general anaesthetic equation (GAEq),
IADs 225–8f
minimum alveolar concentrations
(MACs) 31f, 367t
pain perception during 214
respiratory control 31
respiratory muscles 28
volatile agents, depression of response 31f
general intensive care unit (GICU), provision
and need 1277–8f, 1279t
germ cell tumours 975
gestational age
assessment 1191t
systolic and mean blood pressures
(MBP) 1203f
Gibbs–Donnan effect, glomerular filtration 68
Glasgow Coma Score, paediatrics 1283
glaucoma surgery 1039
glial cells 112
peripheral pain processing 147
global neuronal workspace framework 82
glomerular filtration/rate (GFR) 67–70
arterial blood pressure 51
and Bowman’s space, filtration barrier 68–9
capillaries, hydraulic pressure inside 67
Gibbs–Donnan effect 68
paediatrics 1208
postnatal age 1209f
renal blood flow 69f
tubular processing 69
tubuloglomerular feedback (TGF) 67
water and key electrolytes reabsorption 70t
glomerulonephritis 76
glossopharyngeal nerve block 1136
glottis 811
glucagon 125, 1364
glucagon-like peptide-1 1365
glucagonoma 1046t
glucocorticoids
potency and plasma half-life 1376t
prolonged treatment 133
glucose (dextrose) solutions 343–4
glucuronide, conjugation 247
glutamate receptor types 141, 142t
central sensitization 143
glutamate-gated channels 111–12
glutathione S-transferase (GST) 74
glycaemic control, outcomes 640–1
glyceryl trinitrate 325, 330t, 950
glycine 141, 350–1
glycocalyx layer 49, 173
glycogen storage diseases 1386

glycoprotein Ia-IIa (GPIa-IIa) 172
goal-directed fluid therapy (GDFT) 17–18,
1042–3, 1053
goal-directed therapy 1515
algorithm 1518
Goldenhar syndrome 1097
Goldman field equation 106
gonadotrophins, FSH and LH 125–6
graft-vs-host disease,
transfusion-associated 179–80
Graham’s law, diffusion rate of a gas 33
granulocyte transfusions (GTs) 172
grapefruit juice, effects on drug
disposition 359
greater auricular nerve block 1136
greater and lesser occipital nerve blocks 1136
Greco–Bol model, drug interactions 362, 369
Griffith, Harold R 539f
growth hormone-releasing hormone
(GHRH) 124
Guillain–Barré syndrome 1399t
gut see gastrointestinal
Guyton, Arthur 4f
H
haem, synthesis, metabolic pathways 375f
Haemaccel® 346
‘haematocrit factor’ 54
haematological and coagulation
disorders 1451–67
haematoma 760, 878–9, 887
haematopoeisis 1213
neonates 1211
haemochromatosis 15–16
haemodilution
acute normovolaemic 861
hypervolaemic 54
normovolaemic 53
haemodynamics
applied 16–18
goal-directed therapy (GDFT) 17–18
optimization during surgery 17–18
status 9
variables, monitoring 17
haemoglobin 43–4, 166–8, 1451
critical Hb concentration 53
perioperative 54
estimation of total Hb mass 54
fetal 1213
guiding fluid therapy 55
light absorption, red/infrared
bandwidths 711f
oxyhaemoglobin dissociation 167–8f
saturation, Haldane effect 41
system 77
tolerance for anaemia, young/old patients 53
haemoglobinopathy 1456
haemolytic disease of fetus and newborn 170
haemolytic transfusion reactions 178–9, 1453–4
haemolytic uraemic syndrome,
paediatrics 1282
haemophilia, factor VII (rFVIIa) 1465
haemoptysis 976
haemorrhage 53
algorithm, trauma surgery 1085f
fluid therapy during 53–4, 347
hypervolaemia vs hypovolaemia 54
massive 1530–2
monitoring and management 1086
pre-hospital care 1312–13
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haemostasis 173
meticulous 857
pharmacological approaches 859–62
surgical instruments 858–9
swabs 859
topical agents 859–60
see also coagulation
haemothorax/ peritoneum 837
Hageman factor 1459t
Hagen–Poiseuille law 10, 24, 392, 638b
Haldane effect 41
halothane
characteristics 417t
hepatic artery buffer response 64, 65t
hypnosis/immobility 218f
inducing effect on CYP2E1 197
regional effects on brain function 87f
response to surgery 128
halothane hepatitis 765
Hamburger shift 41
hand, forearm, and arm transplants 1171–2
hand surgery 1111–14
handovers, postoperative 700t
harm to patients 766
harmonic scalpel 858
harmonics 391
Harris—Benedict equation, resting energy
expenditure (REE) 1109
hazards in anaesthetic practice 729–67
body systems 749–54
drugs 738–40
global perspective 762–4
injury 737–8
occupational hazards 763–7
head and neck surgery
aesthetics 1112–18
postoperative management of the
airway 1132
regional anaesthesia 1134
Head’s paradoxical reflex 30
health informatics, history 565–6
Health Insurance Portability and Accountability
Act (US) 569
health-related quality of life (HRQL) 518–19
heart
action potentials and ECG 8f
anatomy 5, 6f
contractility, intrinsic/extrinsic factors 9
neonatal heart rate 1202
timeline of formation 1201f
see also cardiac
heart block 1440
heart disease see arrhythmias; cardiac;
congenital heart disease; hypertension;
ischaemic heart disease; valvular heart
disease
heart failure 1443
catecholamine inotropes 333
temporary mechanical support 949–50
heart rate 11, 1439
variability 453
heart transplantation 1168f, 1169
anaesthesia for 960
weaning from CPB and post-CPB period 961
heart–lung machine 944f
heat, gain and loss 396
heat illness, exertional 384
heat and moisture exchanger (HME) 423
heat of vaporization 396f–7
heat and work 394

HELLP syndrome 1152
Henderson and Hasselbalch equation 78, 726
Henry’s law 33, 398
heparin, reversal 945
heparin LMWH 755
hepatic, see also liver
hepatic disease 1162–3, 1469–74
Child–Turcotte–Pugh score 1472t
hepatic encephalopathy 1471t
hepatorenal syndrome 1471
liver failure
causes 1469t
restrictive lung disease pattern 1470
liver function tests and diagnostic
imaging 1472t
pathophysiology 1162–3
pulmonary hypertension 1470
hepatic physiology
‘adenosine washout theory’ 64
clearance of drugs, intrinsic 195
hepatic artery, buffer response 64, 65t
portal system 60, 63
synthesis of coagulation factors 1458
hepatic surgery 1044–6
transplantation 1162–3
hepatic system 1210–13
anatomy 1210
anatomy and embryology 59–60
blood flow, effects of anaesthesia on hepatic
blood 64
central lobular veins 60
development 1210, 1210–12
drug clearance 195, 1212f
effects of IADs 234
haemopoeisis 1211
pharmacology, paediatrics 1210
hepatitis, transmission 859
hepatitis C 853–4
hepatobiliary diseases, lung and 1425
hepatocellular necrosis 318
hepatocytes 59, 60
hepatopulmonary syndrome 1470
hepatorenal syndrome 1471
hepcidin, iron metabolism 854
hereditary haemorrhagic telangiectasia 1424
Hering–Breuer reflex 30
hexose monophosphate shunt (pentose
phosphate pathway) 166f
hiatus hernia, strangulated 1424f
Hickman line/port, removal 838
high dependency unit (HDU), provision and
need 1277
high spinal block 887–8t
high-reliability organization (HRO) 604
high-risk patient 799, 1511–20
identification 1514b
pre-surgical optimization 1511–20
Hill model, maturation of drug clearance 1194
hip, fractures 1087
hip surgery 1077–8
GDT 18
intra-articular injection of LA 932–3
revision 1077
Hirschsprung’s disease 1234–5t
histamine 155
history of anaesthesia 445–6, 529–50
airway, muscle relaxants, and
ventilation 538–40
CV physiology 3–5
drugs 545

index

early 551
epidural anaesthesia 537, 886
first reported death from 729
hypnotic component of anaesthesia 445–6
informatics 565–6
inhalation anaesthesia 529–33t
intravenous anaesthesia 532–5t
local anaesthesia 536t
mechanical devices 538–9
monitoring 542
neuromuscular blockade 538–40t, 543
operative management 544–5
regional anaesthesia 534–6
spinal anaesthesia 537
HIV infection, transfusion-related 853–4
Hofmann degradation or elimination 285, 289
hormones, stress response to surgery 123, 124b
human factors 579–84
attitudes to risk and safety 580
competence and performance 579
fatigue 581, 584b, 604
occupational hazards in anaesthetics 763–7
organizational 582–4
sleep deprivation vs fatigue 581
stress 581, 604
human immunodeficiency virus see HIV
infection
human leucocyte antigen (HLA) 171–2, 175
human platelet antigen (HPA) 175
human rights 562
human T-lymphotropic virus (HTLV) 176
humidity, relative (RH) 397–8
Huntington’s chorea 1398t
hyaluronidase 1035
hydralazine, dihydralazine 327, 330t, 999b
hydrocephalus 1014–15
hydrocortisone, supplementation 133t
hydrostatic pressure, capillaries 50
hydrothorax 835
20-hydroxyeicosatetraenoic acid
(20-HETE) 74, 75
hydroxyethyl starch (HES) 345
hyperaldosteronism 132
hyperalgesia, prevention 320
hyperammonaemia 350
hypercapnia 752
oxygen-induced in COPD 1414
hypercarbia, neonatal response 1207
hypercortisolaemia 133, 1362
hyperglycaemia 1362, 1364–7
failure to inhibit GH secretion 123
neonates 1225
stress response 127
hyperglycaemic hyperosmolar states 1368
hyperhomocysteinaemia 740
hyperkalaemia 56, 754
arrhythmias 1003
burns 284
hyperkalaemic periodic paralysis 1385
hypernatraemia 71
hyperparathyroidism 1358–9
hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels 138
hypersensitivity pneumonitis 1423
hypertension 754, 1433–6
classification 1433t
drugs 1437t
early postoperative, management 998
malignant hypertension 1436
markers 1435t
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index

hypertension (cont.)
target organ damage 1435b
treatment 1434–5t
hyperthermia 760
see also malignant hyperthermia
hypertrophic cardiomyopathy 15
hyperventilation 29
hypnosis
component of anaesthesia 445–51
history 445–6
and immobility, drug interactions 216, 218f
MACawake 216
hypnotics, oral, pharmacokinetics 359–60
hypnotics, i.v. 242
vs opioids interaction 366f
hypnotic–hypnotic interactions 366–7
hypoalbuminemia 126
hypocalcaemia 181
tetany and 57
hypocapnia 752
hypoglycaemia, control 131
hypoglycaemic agents 1365
hypokalaemia 754
chronic 56
hypokalaemic periodic paralysis 1386
hyponatraemia 71
acute/subacute/chronic 55–6
hypoparathyroidism 1358
hypotension 754
producing, pharmacological methods 861
hypotensive agents 325–6, 346
hypothalamic–pituitary–adrenal (HPA)
axis 128, 162
hypothermia 760, 945b
avoiding 1075
during surgery 350, 969
mild, physiological effects 1564b
neonates 1216
pH/ PCO2 management during 944–5
hypothyroidism 1356, 1372
hypovolaemia 12, 754
hypovolaemic shock 193
hypoxaemia 750–1
carotid bodies, chemoreceptor control 31
causes 751t
during OLV 972
hypoxia
acute hypoxic ventilatory response
(AHVR) 31f
deoxyhaemoglobin 167
increased respiratory volume and cardiac
output 281–2
neonatal response 1207
pulmonary vasoconstriction 39f
hysteresis 391
I
ibuprofen 317, 740
ideal gas law 465
IgA
airway 24
anaphylactic reactions 178
IHAST trial 627t
iliac arteries 7
ilioinguinal, iliohypogastric nerve
blocks 893–5f
imatinib, tyrosine kinase inhibitor 207
immobility
and hypnosis, drug interactions 218f
MAC 215
mediation 213

immune system
anaesthesia 161–2
cancer and 161
development 1213
disease mechanisms 161
glial cells 147
organ transplantation and 1161–2
physiology 153–64
immune thrombocytopenia (ITP) 175
immunocompromised patients 1423
immunomodulation 162
incretins 1365
indicator dilution technique 12
indocyanine green clearance 1044
inductance and capacitance gauges 440
induction of anaesthesia 691–7
airway management 695
awake vs sedated 823
cardiovascular stability 695
co-induction 694
equipment 691–2
inhalation induction 695
intravenous induction 128, 694
intravenous vs inhalation 693–4t
minimizing risks/time delays 696–7
muscle relaxation 694–5
opiates 823
pre-oxygenation 693
rapid sequence induction 695–6, 823
induction drugs, infant and older child 1242t
inductive resistance/reactance 406
infant and older child 1239–54
agitation and emergence delirium 1247
analgesia 1244
anxiety, coping-promoting and distress-
promoting behaviours 1251
cerebral palsy 1248
congenital heart disease 1247
cystic fibrosis 1248
day-case surgery 1241
fluids 1244
intraoperative care 1242
neuromuscular disorders in children 1249
perioperative anxiety 1251
premedication for anxiety 1240–1
preparation and assessment 1239–40
procedural sedation 1255–64
suggested post-anaesthesia care 1246t
see also neonates; preterm infant
infection
central line-associated bacteraemia
(CLAB) 761
and haematoma 760
hospital-associated 761–2
morbidity 790–1
surgical site infections (SSIs) 636
transmission of disease 764
inferior alveolar nerve blocks 1135
inferior vena cava 7
commonest variant 835
stenosis or thrombosis (IVC syndrome) 835
inflammation 143–4, 192
inflammatory bowel disease, treatment 1048b
inflammatory response 126, 142, 155
informatics 565–78
anaesthetic societies 566t
Arden Syntax 573
database models 567
education 577
in education 577
history 565–6

legal framework 568
infraclavicular block 899, 906–8
complications 908
indications, advantages, and
disadvantages 911t
surface landmarks and needle insertion 907f
infraorbital nerve block 1135
infusion fluids
efficiency and potency 55
volume change in response to fluid
loading 55f
volume loading 52
see also fluids
inguinal hernia(e), neonates 1234
inguinal herniorrhaphy 895
inhalation induction and rapid segment
induction, emergency anaesthesia 1127
inhalation of smoke 1105b
inhaled anaesthetics (IADs) 211–40
‘complete’ anaesthetics 214
history 529–33t
organ effects 233–5
pharmacodynamics 211–20
age, effect on MAC 219f
detecting awareness 216
FA as an estimate of response
suppression 220f
interactions between IADs and opioids 217f
levels of signalling processing 213f
mechanisms of action 211–15
mediation of immobility 213
minimal alveolar concentration
(MAC) 215–20
Myer–Overton hypothesis 214f
pharmacokinetics 220–30
agent consumption 226t
automated agent administration 227–9
factors affecting FA/FI 223f
FGF reduction (rebreathing) 225f
fresh gas flow (FGF) 211, 221t
induction and maintenance 220–1
Lowe’s general anaesthetic equation
(GAEq) 225–8f
quantitative aspects 228t
quantitative FA/FI 224f
recovery, termination of effect 228–30
response suppression probability 227–8
solubility, effect on FD–FI–FA
relationship 229f
technological innovations impact 221t
uptake models 224
vaporizer, and FA curves 221–3t
visual display of anaesthetic depth 221f
physicochemical and tissue
properties 211–12t
second gas effect 232f
see also desflurane; halothane; isoflurane
nitrous oxide 230–3
sevoflurane
xenon 233
inhaled foreign bodies 1128
inhibitory postsynaptic potential
(IPSP) 115–16
innate immunity 153–7
organ transplantation and 1161–2
white cells 171
innominate artery 6
inositol trisphosphate 25
inotropic drugs 330–1, 334–7, 950, 958
inotropic support 1517
input and output functions 390, 467f
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insulin 125b, 1362
insulin deficiency 1363f
insulin-like growth factors (IGFs) 124
insulinoma 1046t
integration of information hypothesis 83
intensive care unit (ICU)
anaesthesia and 552, 1545–7
provision and need 1277
interatrial septum 6
intercostal arteries 7
intercostal block 892–3
intercostal muscles 27
intercostobrachial nerve 899
interferon (IFN)-γ 155
intermittent apnoeic technique 1123–4
internal jugular vein, blocked, multiple
engorged collaterals 835f
international normalized ratio (INR) 856
International Statistical Classification of
Diseases (ISCD-10) 570
interscalene block 899–903
complications 903
indications, advantages, and
disadvantages 911t
surface landmarks and needle insertion 902f
interstitial fluid space 51
interstitial lung disease 1424
interstitial nephritis 76
interstitial pneumonias, non-specific 1421–2
interventricular septum 6, 15
intestinal, see also gastrointestinal
intestinal obstruction, neonates 1234–5t
intestinal transplantation 1171
‘Intocostrin’, Chondrodendron tomentosum
extract (curare) 275
intra-abdominal pressure (IAP), raised 1425–6
intra-aortic balloon pump (IABP) 940, 948–
50f, 1526, 1527f
intra-articular injection of local
anaesthetics 932–3
intracellular fluid (ICF) 49–50f
ions contributing to osmolality 56t
transport of ions 49–50
intracellular receptors 207
intraoperative cell salvage (ICS) 862–6
intraoperative monitoring see monitoring
intrapleural block 892–3
intrauterine growth retardation 1210
intravascular volume expansion 345
intravenous anaesthesia 241–74
benefits and disadvantages of TIVA 262–5
history 532–5t
induction agents 128, 694
new formulations/uses of existing agents 265–6
side-effects 243t
see also propofol
intravenous fluids see fluid therapy
intraventricular pressure, cardiac cycle 9
introducers 427–8
intubating laryngeal mask airway (ILMA) 429
intubation see tracheal intubation
intussusception 1282
investigational medicinal product/drug (IMP/
IMD) 516, 522, 525
ion channels 106–8f, 206
acid-sensing (ASICs) 138, 145
ATP-gated P2X 112
cys-loop ligand-gated 110–11, 112t
gated 106–8
ligand-gated (LGICs) 110–11, 206–7
voltage-gated 107f, 109t–10

iron
deficiency, preoperative interventions 854
oral vs i.v. 855
overload 170
postoperative 867
irrigating fluids 350–1
irritant receptors, airway 29
ischaemia–reperfusion injury 1162–3
ischaemic heart disease 1436–8
see also myocardial infarction
ISIS 2 trial 625t
islet cell transplantation 1171–2
isoflurane
air–oxygen volatile anaesthesia 64
characteristics 417t
hepatic artery buffer response 64, 65t
MAC values 218
isotonic saline 342–3
‘Ito cells’ 60
J
jaundice of newborn 1211
jet ventilation 1123
JM-1232(–) 260
jugular venous pulse 7, 9
juxtaglomerular apparatus, renin secretion 73
K
kainate receptors 95, 112, 141, 142t
glutamate-gated channels 112
ketamine 243, 244, 253–5, 319–20, 782
α-agonists 1241
amnesia 96
extravascular administration routes 255
functional residual capacity (FRC) and 37
induction side-effects 243t
molecular structure 248f
NMDA receptor-mediated synaptic
excitation 96, 782
oesophageal sphincter pressure 62
paediatrics 1271–2
pharmacokinetics 255
PK parameters and effective arterial
concentrations 256t
proposed metabolic biotransformation
pathways 254f
sedation 851
ketanserin 328, 330t
ketoconazole, enzyme inhibition 196
ketoprofen 317
ketorolac 317
kidney, see also renal
kidney injury molecule 1 (KIM1) 74
kidney transplantation 1167–9
kinemyography 280
kinins 155
kallikrein enzymes 145
knee surgery 1078
intra-articular injection of local
anaesthetics 932–3
Koller, Carl 535f
KOP, opioid receptors 208–10
Krogh cylinder analogy of tissue oxygen
gradients 44–5f
kyphoscoliosis 1426–7, 1428
L
labelling 743–4
labetalol 999b
labile factor 1459t
labour analgesia 1139–45

index

lactate, bicarbonate ions 57
Lambert–Eaton myasthenic syndrome 1396
laparoscopic surgery
appendicectomy 1050–1
cholecystectomy 1050
fluid clearance 51
inflammation and 128
pneumoperitoneum 162
vs open abdominal surgery 51, 162
laparoscopy, physiological effects 1040t
laparotomy, emergency 1052
large cell carcinoma 967
laryngeal compromise, suggested clinical
management 1135t
laryngeal mask airways (LMAs) 429f–30f,
812–13f
correct insertion 814f
ILMA 429
size 813
laryngeal tumours 1120
laryngoscopy 426f–8f
bougies 820
difficult direct 820
direct 815–16, 1133f
fibreoptic intubation 818
historical 816
McCoy type 816
Macintosh, Miller types 816, 821
Magill forceps 820
rigid indirect (videolaryngoscopy) 816–18
anatomically shaped blade with/without a
tube guide 817
risk of failing extubation 1132–3f
laryngospasm
infant and older child 1245–7
risk factors 825b
larynx
anatomy 21, 811
development 1204–5f
laryngeal compromise, signs and
symptoms 1135t
laser-resistant tubes 1122t
lasers 402–3, 858, 1127–8
airway fire 1128
Nd-YAG 973
resurfacing of face 1114
type and colour of protective eyewear 1128t
lateral femoral cutaneous nerve (LFCN)
block 920–2
law/legal aspects 555–6
Le Fort I-III osteotomies 1130t
learning see teaching
learning disabilities, children 1250
Lee Index (Revised Cardiac Risk Index,
RCRI) 659–61, 663, 676
left bundle branch block 754
left internal jugular vein, access 831
left ventricular function see ventricular function
legal hazards to anaesthetists 765
leucodepletion, blood components 177
leukotrienes 27t, 154
levobupivacaine, maximum safe doses 874t
levosimendan 333, 335–6, 948
LiDCO® 710
lidocaine
characteristics 874t
i.v. 779
LMX-4® for venepuncture, infant and older
child 1241
maximum safe doses 874t
ophthalmic surgery 1035

VOLUME 1 PP. 1–808   VOLUME 2 PP. 809–1570

13

14

14



index

lidocaine (cont.)
physicochemical, pharmacokinetic, dosing
maxima 299t
structure 296f
ligand-gated ion channels (LGICs) 110–11,
206, 207
ligand–receptor interaction 203–9
concentration vs dose 204b
radioligand binding curve 204f
response curve vs occupancy curve 204
specificity vs selectivity 204b
light scattering 443
light sedation, anxiolysis 851
light sources, bulbs, LEDs 427
line of identity 469
linear system 390
lingual nerve blocks 1135
lipopolysaccharide (LPS), endotoxin 155
liposuction 1115
lithotripsy 858
liver fatty-acid binding protein (L-FABP) 74
liver transplantation 1162–7
Liverpool anaesthetic technique 275–6
living donor, transplant surgery 1172, 1172–3
local anaesthetic agents 295–306, 871–3
adjuncts for peripheral nerve
blocks 285–6, 876t
baricity 885
basic structures 296f
characteristics 874t
clinical pharmacology of specific
agents 302–3
combinations 305–6
effects on drug disposition 360
ester and amide, toxicity mechanisms
873–4
factors affecting action 873
fractionation of doses 879
history 873
local anaesthetic agents 876
MLAC and MLAD 305
paediatrics 1272
pharmacodynamics 295–300
pharmacokinetics 300–1, 874t
pregnancy-enhanced toxicity 301–2
recommended doses 873–5, 874t, 885
with adrenaline 757t, 876
stereochemistry and enantiomerism 304–5
systemic toxicity (LAST) 301, 756–7
see also regional anaesthesia
locus coeruleus (LC) 90, 141
logarithm functions
natural 480f
properties 479
loop diuretics 14
loop of Henle 67
‘countercurrent multiplier’ 72, 73f
reabsorption of water and electrolytes 72
transport mechanisms 71f
lorazepam, regional effects on brain
function 87f
low-income areas, world 762
lower limb
acute ischaemia 1003
amputation 1004
bypass surgery 1000–1
embolectomy 1003
regional anaesthesia 915–38
Lowe’s general anaesthetic equation (GAEq),
IADs 225–8f
Luebering–Rapaport pathway 166f

lumbar epidural block, neonates 1237
lumbar plexus block 915–18
Lund and Browder chart, body surface
area 1102f
lung
circulations, pulmonary and bronchial 38
compression 1425
development 1205f–6
elastic resistance 34
epithelium, histology 22
expansion at birth 1207
one-lung ventilation 971–2
particle capture 23–4t
and pleura 32–8
recoil 26
regional blood flow 38
regional ventilation 39
ventilation–perfusion relationships 39
segmental division 964f
transplantation 976, 1169
V/Q ratios 40
maldistribution 40
Riley three-compartment model 39–40
West’s zones 38
see also bronchial; pulmonary
lung disease
abscess 974
cancer 966–7, 1409
carcinoid 1408
lung function, children and young
adults 1207t
lung injury (TRALI),
transfusion-related 179, 1453
lung isolation
complications 971
endobronchial blockers (EBBs) 970–1
endobronchial tubes 969–70b
lung resection 974
arrhythmias following 965–6
coronary artery disease 965
dyspnoea, risk assessment 964f
lung volume 24–5
alveolar dead space 40–1
compliance 34
surgical factors 17
diffusion capacity 399
dynamic 37f
effect on airway resistance and
conductance 25f
elastic resistance 34
resistance 25t
total lung capacity (TLC) 24
lymphatic system, oedema 51
lymphomas 975
lysine analogue antifibrinolytics 860
lysozyme 153
M
M3 receptor, Gq-protein 25
macrophages 155
Magill forceps 820
magnesium
as adjunct, effects and dose 876t
obstetrics 1145–6
magnesium sulphate 330t
magnetic resonance imaging 1324–6
CMR vs DSMR 680
hazards 1324–5
myocardial perfusion MRI 680
magnetism 404, 443
magnetoencephalography 84

maintenance of anaesthesia see monitoring
major histocompatibility complex
(MHC) 156–7
malarial parasites 177
malignancies, flap reconstruction 1129
malignant hypertension 1436
malignant hyperthermia 120, 234, 378–84, 760
associated conditions 383
diagnostic testing 381
exertional heat illness 384
rhabdomyolysis 384
malrotation 1235t
management of anaesthesia
choice of anaesthesia technique 690–2
outline of decision-making 691f
preoperative 659–60, 689–704
principles 689–90
see also induction; intraoperative monitoring;
outcomes
mandibular nerve block 1135
mandibulofacial dysostosis 1204
mannose-binding lectin 154
manual jet ventilator 428
Mapleson breathing systems 421f–2
‘Marsh’ pharmacokinetic model, TCI
system 247
mask ventilation, avoidance 697, 824
mass spectrometry 723–4
Massachusetts Utility Multi-Programming
System (MUMPS) 572–3
masseter muscle spasm 380
massive haemorrhage 1530–2
mass–spring system, simple harmonic
motion 481–3
mast cells 27t, 155
anaphylaxis 384
Master trial 625t
mathematical models 465–90
input–output principle 467
modelling cycle 466f
maxillary nerve block 1135
maxillofacial surgery 1130–6
anaesthesia 1132–3
mean systemic circulatory pressure 5t, 12
measurement and monitoring 437–44
mechanics, basic 389–91
mechanomyography 279
meconium ileus 1215, 1235t
medetomidine, see also dexmedetomidine
median nerve 899
forearm and wrist blocks 910–11
mediastinal tumours 975
medical devices
regulations 409
selection 409–10
medical programming languages 572–3
meglitinides 1365
Model for End-stage Liver Disease (MELD)
score 1162
membrane potential, Goldman field
equation 106
memory 93–7
anaesthetic drugs and 96–7
electrophysiological correlates 95
neuroanatomical basis 94f
receptors involved 95
signal detection theory model (SDT) 95–6
meningitis 878
bacterial 888
meningomyelocele repair 1230
mental nerve block 1135
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mepivacaine
characteristics 296f, 874t
clinical pharmacology 303
physicochemical, pharmacokinetic, dosing
maxima 299t
mesenteric arteries 7, 63
metabolic acidosis 344
metabolic disorders, paediatrics 1284–5
metabolic equivalents (METs) 658, 669,
676–7, 847
metabolic muscle diseases 1386
metabolic syndrome 131–2, 1495–6
methadone, paediatrics 1269
methaemoglobin reductase pathway 166f
methohexital
induction side-effects 243t
structure, properties 248f, 252–3
see also barbiturates
methylthioninium chloride 337
metirosine 337
metoclopramide, GI physiology 62
microcirculation, and oedema 51
microlaryngeal procedures 1127
microlaryngeal tubes 818
microprocessors 544
microwave scalpel 858
midazolam 256–8
benefits and risks 266
dosing requirements and drug
administration 258
effects and dose 876t
inhibition of adrenal steroidogenesis 128
interactions with CYP inhibitor 196
light sedation 851
regional effects on brain function 87f
rifampicin treatment 196
middle ear surgery 1125
military anaesthesia 1331–52
complex military anaesthesia (CMA) 1344–9
critical care 1342–4
pain management 1341–2
pre-hospital critical care 1336–40
paradigms 1339–40
wounds and blast injuries 1331–5
Miller’s Pyramid of Assessment 613f
milrinone 335, 949
minimally invasive cardiac output
monitors 968
minimum alveolar concentration
(MAC) 215–21
effect of age 219f
effect–site partial pressure 220
reduction by opioids 366t
towards response surfaces and real D/R
displays 221
translating into a target FA 218
minoxidil 327–8
Minto model, probability of multi-drug
response 362, 369
mitochondrial DNA 156
mitochondrial myopathies 1387
mitral regurgitation 15, 953, 955,
1441, 1442f
mitral stenosis 953, 1441f
mitral valve surgery, minimally invasive 954–5f
mivacurium 283f, 285
mobilization, early postoperative 804
monitoring 697–700, 705–28, 802
blood pressure measurement 705
depth of anaesthesia 697–8
history 542

intraoperative 705–28
and measurement 437–44
postoperative handovers 700t
variables in haemodynamics 17
MOP, opioid receptors 208–10
morphine 313–14
paediatrics 1269–70t
prolonged recovery time 128
vs epidural anaesthesia 63
mortality 601–2, 730–2
classification of perioperative deaths 731t
diagnosis of death 562
statistics, global perioperative mortality
surveillance 733t
motilin receptors 1216
motor end plate 117
motor neurone disease 1399, 1428
movement disorders 1398t
mucous membranes 153
mucus, flow to larynx 23–4
multiple endocrine neoplasia 132t, 1359
multiple sclerosis 1393–5, 1428
multi–minicore disease 383, 1384
muscle see cardiac muscle; skeletal muscle
muscle diseases 1380–6
lipid metabolism disorders 1386–7
muscular dystrophy 288, 1381–3
musculoskeletal disorders 1375–88
myasthenia gravis 288, 1395–6, 1428
thymectomy for 975–6, 1395
myelin 112–13f
Myer–Overton hypothesis 214f
myoadenylate deaminase deficiency 1386–7
myocardial computed tomography 690
myocardial infarction, perioperative 1437f,
1524t, 1528
myocardial ischaemia 7, 731–2
silent 861
myocardial perfusion MRI 680
myocardial perfusion scintigraphy 479
myocytes 5, 7
myofibres 7
myopathies 1427, 1428
carnitine deficiency 1386–7
core 1384
mitochondrial 1387
myotonic dystrophy 288, 1385
nemaline rod 1384
RYR1 associated with malignant
hyperthermia 383
myotonia congenita 1385
myotonias 1384t
myxoedema 1356
myxoedema coma 1372
N
N-acetyl-D-glucosaminidase (NAG) 74
N-methyl-D-aspartate (NMDA) receptor 112,
141–4f, 207
ketamine and 320
pain and 773–4
Na+–K+ ATPase pump 69, 114, 166
NADH, NADPH 166
naloxone 193
paediatrics 1271
Narcotrend® 449
nasal cavity
anatomy 21, 811
capture and disposal of inhaled particles 23
nasal surgery blocks 1135
nasociliary nerve block 1135
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nasopharyngeal carcinoma 1129
National Health Service (UK) 570
National Surgical Quality Improvement
Program (NSQIP, US) 789–90b,
794, 796
natural killer (NK) cells 154, 155
nausea and vomiting (PONV), infant and older
child 1247
Navigator® Application (advisory
display) 367, 368f–9
necrotizing enterocolitis 1215, 1233
needles, visualization under ultrasound 876
nefopam 319, 781
negligence 556, 766
nelfinavir, enzyme inhibition 196
nemaline rod myopathy 1384
neonatal alloimmune thrombocytopenia
(NAIT) 175
neonatal anaesthesia 1223–39
airway equipment 1228
fentanyl 1193, 1226
inhalation induction 1226
intravenous anaesthesia 1226
neurotoxicity to brain 1226–7
NMBDs 1226
regional anaesthesia 1236–7
respiratory drive 1224
neonatal surgery
congenital diaphragmatic hernia 1231
congenital lobar emphysema 1236
exomphalos and gastroschisis 1233
inguinal hernia(e) 1234
intestinal obstruction 1234–5t
necrotizing enterocolitis 1215, 1233
oesophageal atresia and tracheo-oesophageal
fistula 1231–2
patent ductus arteriosus 1236
pyloric stenosis 1234
VACTERL association 1232
neonates
anatomy and physiology 1223–5
cardiovascular physiology 1225
cardiac output 1226
circulation 1201–2f
heart rate 1202
creatinine production 1208
developmental issues 1200
fluids 1229
gastrointestinal transit time 1215
haematology 1225–6
hypoglycaemia risk 1225
monitoring of ventilation 1228–9
neurobehavioural physiology 1194
neurological development 1226
peripheral/central venous access 1229
persistent pulmonary hypertension 1225
pharmacology 1226–7
preterm infant 1191–2, 1229–30
renal function and fluid management 1225–6
resuscitation 1230–1
transition to extrauterine life 1224–5
see also paediatrics
neostigmine 289–90
distribution volumes 1215
neuromuscular blockade in neonates 1215
obstetrics 1145
pharmacodynamic variables 290t
structure, interactions 290f
nephrons 67–9
cortical and juxtamedullary 68f
water and key electrolytes reabsorption 70t
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Nernst potential 105, 106t
nerve blocks
adjuncts 876–7
central neuraxial 877–8
complications 877–8
management 877
methods of nerve identification 875
peripheral 878–9
nerve cells see neurons
nerve injury, peripheral changes 146
nerve stimulation patterns 277–8
double-burst (DBS) 278f
post-tetanic count (PTC) 278f
quantitative nerve stimulators 279
recommendations for use 279t
train-of-four (TOF) twitch response 277–8f
nesiritide 329
neural Darwinism, dynamic core
hypothesis 82–3
neuraxial blockade
analgesia techniques 861
combined spinal–epidural 887–8
contraindications to 883t
perioperative 803
see also epidural anaesthesia;
spinal anaesthesia
neuroblastomas 1013
neuroendocrine physiology 123–34
lung tumours, carcinoid 967
neurofibromatosis 1400
neurogenesis 1194
neurokinin A 27t
neurological emergencies and traumatic brain
injury, paediatrics 1282–3
neurological morbidity, postoperative 797–8
neuromuscular blocking drugs (NMBDs) 275–94,
1200, 1214–15
awareness issues 216–17
classification 280–1
degrees of block after a NDNMBA 280f
depolarizing agents 280–2
distribution volumes of neostigmine,
infants 1215
drug elimination 360
history 538–40t, 543
Hofmann degradation or elimination 285, 289
monitoring 276
muscle relaxation 695
non-depolarizing agents
(NDNMBAs) 276–81, 284–5
onset and duration of action 286t, 694
pharmacokinetics 286–7t
pharyngeal function 282
recovery, clinical signs 280
residual paralysis 281t–2
reversal 209, 289–93, 1214
special populations 287–8
critically ill 288–9
elderly/paediatric 287, 1214–15
hepatic/renal disease 287–8
morbid obesity 288
neuromuscular disorders 288, 1427
stimulation sites/test muscles 276–7f
train-of-four twitch response 277–8
neuromuscular disorders 288, 1427
children 1249
neuromuscular junction 115, 116, 1214
neuromuscular system
development 1214–15
physiology 105–22, 275

neuromuscular transmission (NMT) module 280
neurons 112–17
basic structure 112–13f
injury 146–8
motor units 120–1
sensory neurons 135–6
neuropathic pain 545
neuropeptide Y 147t
neuroradiology imaging 1323–4
acute stroke 1323
endovascular interventions 1323b
radiation protection 1323
neurosurgery 1009–28
awake 1013–14
brain tumour surgery 1011–12
cerebral aneurysms 1016–20, 1017f, 1018f
cerebral infarction 1016
electroconvulsive therapy 1025–6
epilepsy surgery 1020–1
fluid therapy 351
functional neurosurgery 1022
hydrocephalus 1014–16
infratentorial lesions 1013f
neurovascular procedures 1016–17
pituitary gland surgery 1021
posterior fossa surgery 1013
scalp block, sensory areas 1015f
spinal surgery 1024–5
stereotactic procedures 1023
traumatic brain injury 1023–4
venous air embolism 1013
neurotransmitters 115
acetylcholine receptors 117f
dorsal horn 141
spinal processing of nociceptive
information 142t
neutropenic sepsis 172
neutrophil elastase 23–4
neutrophil gelatinase-associated lipocalin
(NGAL) 74
neutrophils 154, 171
Newton’s laws of motion 389–90
nicotinic acetylcholine receptor (nAChR) 207
postjunctional 117
nifedipine retard 998, 999
nitric oxide 325
donors 330t
inhaled 1542
key mediator of gut blood flow 63, 65
nitrous oxide 230–3, 633–4, 740, 851
amnesic affects 96
day-stay surgery 1181
hypnosis/immobility 216, 218f
kinetics 231f
paediatrics 1271
nociceptin/orphanin 208
nociceptive pathways
pain expression and 1197
spinal flexion (RIII reflex) 455
nociceptors 136, 137f
node of Ranvier 114
non-accidental injury 1285
non-adrenergic non-cholinergic nerves 26
non-steroidal anti-inflammatory drugs
(NSAIDs) 315–17, 740, 779–81,
1072, 1081–2
history 545
inflammatory response to surgery 128
mechanism of action 779
paediatrics 1268–9

side-effects 780
NONMEM® 241
noradrenaline 331–2
effects on gut perfusion 63
vascular smooth muscle 209
Noxious Stimulation Response Index
(NSRI) 368, 369
nuclear factor kappa B 155
nucleus raphe magnus 141
null hypothesis 495–8, 500, 520, 624
Nuremberg Code (1947) 524
nurse anaesthetists 554
nutrition
preoperative 800
re-establishing enteral nutrition 804
O
obesity 1495–508
aspiration risk 1501
bariatric surgery 1498
BMI 1495
GA 1499–501
morbid, neuromuscular blocking drugs
(NMBDs) 288
obstructive sleep apnoea (OSA) 1119–20,
1415, 1497
pharmacological changes 1497–8
preparation for induction 1500
RA 1503
rhabdomyolysis 1502–3
trends, USA 1495f
venous thromboembolism 1503
WHO classification 1495t
obstetrics
anaesthesia and analgesia 558, 1139–61
atonic haemorrhage 1152
concerns over use of ICS 864–5
EXIT procedure 1230–1
motor blockade 1143–4
obstructive sleep apnoea (OSA) 1119–20,
1415
obesity and 1119–20, 1415, 1497
sleep naso-endoscopy 1128
obturator nerve block 921–2
occupational hazards in anaesthetic
practice 763–7
addiction 763
suicide 764
oculocardiac reflex 1030–1
oedema, pitting 51
oesophageal atresia and tracheo-oesophageal
fistula 1231–2f
oesophageal detector device (tracheal
intubation) 819
oesophageal intubation, unrecognized 819, 826
oesophagus
anatomy and embryology 59–60
sphincters 61–2
off-pump coronary artery bypass 858
Ohm’s law 404, 407
oil–gas partition coefficient 398
oligodendrocytes 112
oliguria 51
oncotic (colloid) osmotic pressure 49
Starling’s forces 50
open transurethral urological surgery 1057
operational amplifiers 437–8
ophthalmic surgery 1029–40
central spread 1036–7
drugs 1037
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eye trauma 1038
indications/contraindications to GA 1031
intraocular pressure (IOP) 1029–30
LA agents and adjuncts 1035–6
ocular physiology 1029
ophthalmic blocks 1032–3f, 1034
orbit 1033f, 1035f
orbital haemorrhage 1036
specific ophthalmic procedures 1038–9
opioid receptors 313–15
activation, analgesia 208–9
dorsal horn 141, 142t
G protein-coupled 313f
mixed 209–10
MOP, DOP, and KOP 208–10
opioids 209–10, 311–15
addiction, drug substitution therapy 193
classification 312
day-stay surgery 1181
demand doses for PCA 307–8, 777t
endogenous (endorphins and enkephalins) 313
GI motility 62
history 545
hypnosis/immobility 216, 218f
hypnotics, isobologram 366f
interactions with IADs 217f
limitations in anaesthesia 216
MAC reduction 366t
obstetrics 1145
in orthopaedic surgery 1080–1
paediatrics 1269
intermittent bolus doses 1273
partial agonists 204
prolonged recovery time 128
semi-synthetic 312
sparing 62
vs epidural anaesthesia 63
opioid–volatile anaesthetic interactions 365–6
opsonization 153
oral endotracheal intubation 1122
orbicularis oculi muscle 277
orbit, ophthalmic blocks 1033f
oropharyngeal airways 429–30f
orthopaedic and trauma surgery 1071–90
analgesia 1080–2
paediatrics 1078–9
positioning 1073–4
tumour surgery 1080
oscillations, damped/forced 484–6
oscillometry 705, 707f
osmoreceptors 73
osmotic pressure, osmolality 49, 399–400
osteoarthritis, pathology 1072
osteogenesis imperfecta 1379
osteotomies 1130t
otoplasty (pinnaplasty) 1113
outcomes of anaesthesia 631–49
blood transfusion 639–40
cancer recurrence 641–4t
cardiovascular outcomes 631–3
chronic postsurgical pain 644–5
data, mortality rates 601–2, 730–2
perioperative glycaemic control 640–1
postoperative cognitive dysfunction 644–5
pulmonary outcomes 633–9
summary level of evidence 646t
surgical outcome reporting 789
surgical site infections (SSIs) 636
oxycodone 314
paediatrics 1270–1t

oxygen
cascade 44
concentration during anaesthesia 741–2
absorption atelectasis 37, 742
delivery, defined 12, 1513
diffusing capacity 34
dissociation curve 43f
extraction ratio 12
hazards, toxicity 742
history 543
hyperoxia 742
postoperative 867
tissue barrier to diffusion 33
tissue oxygen 44
transport in blood 41–5
oxygen balance 12–14
demand/consumption 12
pathophysiology 14
oxygen cylinders 1542t
oxygen flush 419
oxygen fuel cells 418
oxygen gas supply 401, 412–13
air entrainment devices 433t
failure ‘Ritchie whistle’ 419
oxygen saturation, algorithm 753f
oxygenation, failure to secure an airway 826
P
P loop, voltage-gated ion channels 106, 107f
P wave, atrial depolarization 7
P2X ATP-gated ion channels 112
paediatric intensive care unit (PICU)
physiological criteria for PICU
referral 1286b
provision 1277–9f
paediatrics 1189–300
airway procedures 1127
anatomy and physiology 1191–3
assessing gestational age 1191t
child protection 1285, 1295–7
CV system, pharmacological aspects 1204
drug clearance 1194
drug errors 744
ECG changes from infancy to adolescence 1203
end of life care 1300
ethics, consent, and safeguarding 1295–304
face and upper airway, development 1204–5
heart rate and systolic blood pressure by
age 1202t
induction drugs 1242t
infant and older child 1239–54
neonates, anaesthesia 1223–38
orthopaedic surgery 1079–80
pain see pain, children
pharmacology 1193–4, 1198–9
preterm infant 1191–2, 1229–30
procedural sedation 1255–64
removal of foreign body 1328–9
respiratory system, development 1204–8
resuscitation, stabilization, transfer of sick
and injured children 1277–94
sedation 851–2
treatment limitation orders 1300
pain
acute
children see pain, children
management 773–87
adjunct therapies 308
central sensitization implications 144f
evaluation and measurement 775–6
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genetics 147, 148f
neuromatrix 143f
perioperative factors predisposing to 774–5
postsurgical 307–9, 773–802
chronic (CPSP) 146t, 309f, 644–5
intensity, age and sex 774–5
procedure-related factors 775
treatment 776–8
unidimensional pain intensity rating
scales 776t
pain, children
acute 1265-72
non-pharmacological management 1265-7
pain scales 1266f
pharmacological management 1267–72
procedural sedation 1255–64
see also specific drugs
analgesic medications and delivery
systems 1200
developmental neurobiology 1265
developmental pharmacology 1266
pain physiology 135–52
ascending pain pathway 310f
central processing 139–40
chronic pain syndromes 142, 146–7t,
309f, 783
history 545–6, 552
neuropathic pain 146f
pain transmission 308–10
peripheral processing 147
physiopathology 773–5
supraspinal and cortical processing 141–2
pancreas
anatomy 60–1
neuroendocrine tumours 1046t
surgery 1046–8
transplantation 1171
pancuronium 283f, 285–6
papillary muscles 6
paraaminobenzoic acid (PABA) 300
paracetamol 317–18, 780–1
children 1267–8
day-stay surgery 1183
hepatocellular necrosis 318
history 545
paracetamol, inducing effect on CYP2E1 197
paraesthesia 875
paraganglionoma 132, 999
paralysis, residual, pathophysiological
implications 281t–2
paramyotonia congenita 1385
parathyroid gland disorders 1358–9
paravertebral blockade 888–92
parietal cortex 84
Parkinson’s disease 1396t–7
partial pressure 211, 220, 393–4
partition coefficient 398
patent ductus arteriosus
later aortic coarctation 1282
neonates 1236
pathogen reduction systems, blood components
transfusion 177
pathogen-associated molecular patterns
(PAMPs) 155
patient blood management (PBM) 853, 854f
patient-controlled analgesia (PCA) 545, 776–7
epidural analgesia (PCEA) 779
opioids 307–8, 777t
paediatrics 1273
transdermal delivery of fentanyl 778
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patient-maintained sedation (PMS) 265–7
pattern recognition receptors (PRRs) 155
peak expiratory flow meter 720f
pectoralis muscles and block 28, 892
PEEP, auto-PEEP 419, 431, 634
peer review 601
pelvis, fractures 1088
penile block 896
pentose phosphate pathway 166f
pentraxins 154f
percutaneous coronary intervention
(PCI) 681–2
performance measurement, and
indicators 598f
peri-articular injection of local anaesthetics 933
perinatal adaptation, control of breathing 1207
perioperative period
anaemia 1454–5
arrhythmias 683–4
blood loss 857b
cardiac arrest 1558–60
cardiac events 675–80, 683–4
carotid artery surgery, risk 996t
critical Hb concentration 54
echocardiography 15–16
factors predisposing to pain 774–5
glycaemic control 640–1
mortality, classification 731t
myocardial infarction 1437f, 1524t, 1528
neuraxial blockade 803
pain, factors predisposing 774–5
pharmacokinetics, analgesics 308–12
steroid supplementation 133t
temperature control 803
tissue perfusion 17
peripheral arterial cannulation 839–41
peripheral arterial disease 840, 1000
peripheral intravenous cannulation 830
peripheral nerve blocks 778–9, 878–9
fractionation of doses 879
injuries following 876
neonates 1237
paediatrics 1274
safe principles 879
peripheral nerve injury 756
peripheral nerve stimulator 875
peripheral receptors, nociception 136
peripheral sensitization 137, 143, 145f, 146, 774
peripherally inserted central catheter
(PICC) 832
peristalsis 62
peritoneal cavity, anatomy 60
peritonsillar abscess 1127
peroneal arteries 7
persistent pulmonary hypertension of
newborn 1200, 1225
pethidine (meperidine) 314
paediatrics 1270–1
PF0713 260
phaeochromocytoma 999, 1360
catecholamine concentration 132
phagocytosis 154–6, 156f, 160–1, 171, 345
pharmacokinetics
interactions 193
mathematical analysis/modelling 191, 197
compartmental model 197
concentration vs time curves 198
covariate analysis 199
elimination clearance 197
non-compartmental model 199–200

recirculatory and physiologically based
models 199, 250–1
target-controlled infusion 200
population analysis 200–1
statistical analysis 200
pharmacology
applied 188–386
body size and 1193–4
pharyngeal (branchial) arches 1204–5
pharyngeal function, neuromuscular
blockade 282
pharynx, anatomy and embryology 21, 59, 811
phentolamine 328, 330t
phenylephrine 331–2, 1037
effects on gut perfusion 63
phlebotomy, and cell salvage 867
phosphate system 77
phosphodiesterase inhibitors (PDEs) 335
photoelectric transducers 440
phrenic nerve 27, 30, 901
phrenic nerve palsy 911t, 1427
physics 389–408
physiologically based pharmacokinetic (PBPK)
models 250–1
physiology, applied 1–188
PiCCO® 710
Pierre Robin sequence 1204
Pierre Robin syndrome 1097
piezoelectric gas analysis 724
piezoelectric production of ultrasound 400f
pinnaplasty 1113
pipecoloxylidines 295
piritramide 962b
pitot tube 718f
pituitary apoplexy 1371–2
pituitary gland disorders 1355–6
pituitary gland surgery 1021–2
pituitary hormones 123
PK/PD models 241–2
pKa (acid dissociation constant) 298
plasma 165
dissolved CO 241–2
protein concentration 192–3
plastic surgery
and burns 1091–119
cleft lip/ palate 1097–100
free flap 1091–7
platelet activating factor (PAF) 27t
platelet concentrates, bacterial
contamination 176
platelet count 1461
platelet function analyser 862
platelets 172–3f
ABH antigens 175
alloimmunization 175–6
amotosalen 175
corrected count increment 184
glycoproteins 172
human platelet antigen (HPA) 175
indications for use 184
intrauterine transfusions 175
leucoreduction of PCs 183
maternal antibodies 175
pre-transfusion compatibility testing 184
refractoriness to transfusion 175–6, 184, 185
RhD+ donors 184
storage time 183
transfusion 183
plethysmography 705–6f, 711, 718–19f
pleural anatomy/physiology 32

pleural biopsy 974
pleural effusions 975, 1426
pleurodesis 1426
pneumatic tourniquets 1075
pneumoconioses 1423–4
Pneumocystis carinii pneumonia 1423
Pneumocystis jirovecii 853
pneumocytes, alveolar surface 32, 33
pneumonia
acute interstitial 1422
cryptogenic organizing 1421–2
desquamative interstitial 1422
eosinophilic 1422
immunocompromised patients 1423
lymphoid interstitial 1422
non-specific interstitial 1421–2
Pneumocystis 1423
postoperative 797, 1405–6
ventilator-associated 62
pneumoperitoneum, laparoscopic surgery 162
pneumotachograph 717f
pneumotaxic centre 29
pneumothoraces 752–4, 1320, 1426
central venous cannulation
insertion-related 837
recurrent 975
POISE trials, β-blockers 627t, 631–3, 666, 675,
732, 758, 1438
Poiseuille equation 1279
polarography 724–5, 726f
poliomyelitis 1428
polyarthropathies 1375–7
polycystic disease of liver and kidneys 1425f
polycythaemia 166
polymorphonuclear cells (PMNs), priming 179
polymyositis/ dermatomyositis 1379–80
Pompe’s disease 1386
pontine respiratory group (PRG) 28
popliteal arteries, veins 7
popliteal nerve block 927–9
porphyria 375–7t
acute intermittent 740
portal system 60, 63
positioning, errors of 737
positive end-expiratory pressure (PEEP) 419,
431, 634
post-anaesthesia care unit (PACU)
early postoperative hypertension 998t
infant and older child 1245, 1247
postoperative complications 1245–6
post-dural puncture headache (PDPH) 887
post-surgical see postoperative
post-tetanic potentiation 278
posterior cingulate cortex (PCC) 84, 88f
posterior tibial nerve/flexor hallucis brevis
muscle 276–7
Postoperative Morbidity Survey 791t, 794
postoperative recovery rooms, history 544
postoperative/post-anaesthesia
analgesia 773–88
cell salvage 866–7
handovers 700t
nausea and vomiting (PONV) 1185–6, 1247
see also infant and older child; neonates
postoperative/post-anaesthesia
complications 789–806
cognitive dysfunction (POCD) 644–5, 758–9
determinants of long-term survival 793f
discharge status and prevalence of overall
morbidity 794t
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early recognition and treatment 800–4
fatigue 127
incidence across eight operations 792t
incidence and associated outcomes 793t
novel future strategies 804–5
NSQIP analysis 789–90b, 794, 796
perioperative triggers 795f
prevention 799–804
risk factors 604t
specific complications 790–9
post-transfusion purpura (PTP) 175, 179
potassium 56–7
nerve action potential 114
renal handling 72
potassium channels, voltage-gated 107–8f,
110t, 114
potassium ionophore 297–8
potassium-aggravated myotonias 1386
power 390, 404
PR interval 7
pre-deposit autotransfusion 860–1
pre-eclampsia 1152
pre-hospital care 1307–22
acute care common stem (ACCS)
training 1314
advanced airway interventions 1314–15
advanced analgesia 1314
equipment 1310, 1315–16b
history 1307
isolation from support 1311–12
pre-oxygenation 1317
principles 1308–10
rapid sequence induction (RSI) 1308
specific interventions 1312–15
structured handovers 1320–1
pre-surgical optimization
high-risk patient 1511–20
history 1511
prednisolone, supplementation 133t
pregabalin 318–19, 781
pregnancy
enhanced LA toxicity 301–2
multiple sclerosis 1394
physiological changes 1139
pregnane steroid anaesthetics 261–2
preload see ventricular preload
premedication, history 544
preoperative assessment/
investigations 552–3, 657–88
CV screening and ECG 657–8
evaluation 676–8
historical 544
history-taking 657
informed consent 658
left ventricular function 677–9
pharmacological therapy, β-blockers 662–4
pulmonary function tests 658
risk avoidance 658–9
risk factors 604t
risk stratification 675
preoperative management of
anaesthesia 659–60, 689–704
pressure 390, 393–5
pressure gauge 418
pressure–volume loop
single cardiac cycle 9f
systolic dysfunction 14
preterm infant 1191–2, 1229–30
prilocaine
characteristics 296f, 874t

clinical pharmacology 303
maximum safe doses 874t
ortho-toluidine metabolite toxicity 874
physicochemical, pharmacokinetic, dosing
maxima 299t
prion diseases, decontamination of blood 177–8
pro-opiomelanocortin (POMC) 124
procaine
characteristics 298f, 874t
clinical pharmacology 302–3
maximum safe doses 874t
physicochemical, pharmacokinetic, dosing
maxima 299t
procedural sedation in children 1255–64
contraindications 1258t
CVC placement 1261
definitions 1256t
dental treatment 1260
fasting protocol 1257
gastrointestinal endoscopy 1260
important problems 1261
monitoring standards 1261–2
painless imaging 1258
‘patient journey’ recommendations of
NICE 1257
perception of risk 1255–6
training and personnel 1255
proconvertin 1459t
prohaemostatic therapy 1462
prolactin 125
propofol
awareness 264
benefits and risks 266
co-morbidities 246
day-stay surgery 1180
drug interactions 193, 194f
formulations
analogues and pro-drugs 259
dosing and concentration–effect
relationships 247–8
new 258
and new uses of existing agents 265–6
induction of anaesthesia
side-effects 243t
vs sevoflurane 694t
infusion syndrome (PRIS) 263–4
moderate-to-deep sedation 851
molecular structure 248f
oesophageal sphincter pressure 62
patient-controlled analgesia (PCA) 266–7
pharmacokinetics 244–7
alfentanil elimination clearance 247
compartmental mammillary models 245–6t
‘context-sensitive half-time (CSHT)’ 246
distribution models 243
PK/PD model, transfer to effect site 247
recirculatory model 247
TCI 247
regional effects on brain function 87f
propofol glucuronide 244
prostaglandins 154, 315, 328, 330t
aerosolized 949
E2 27t
production from EFAs 315f
prostacyclin (PGI2) 27t
protamine 945
protease enzymes, neutrophil elastase 23–4
protease inhibitors, enzyme inhibition 196
protease-activated receptors (PARs) 145
protein binding, and ‘free fraction’ 192
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protein C and S, vitamin K activity 856
protein kinase A, cAMP sensitivity 208
proteins, transmembrane 213
prothrombin 1459t
prothrombin time (TT) 856, 1461
PROVHILO trial 635
PROXI trial 627t, 635
psoas compartment block 915–99
pulmonary, see also lung
pulmonary arteries 7
hypertension 1416–19
wedge pressure 543
pulmonary artery catheter (PAC) 13t, 709,
968, 1512
monitoring preload pressures 940
pulmonary capillary wedge pressure 14
pulmonary circuit 5f, 6
pulmonary circulation 5t, 38
pulmonary diffusing capacity 34
pulmonary disease 1405–32
alveolar proteinosis 976–7
aspiration 822b, 825–6
carcinoids 1370
embolism 755, 1528–9
hypertension 976, 1446, 1470
idiopathic fibrosis 33–4, 1419–21
liver disease 1470
oedema 33, 825
postoperative pneumonia 797, 1406
valvular disease 1442–3
ventilation and anaesthesia 1406
pulmonary function tests 658
pulmonary muscles, neuromuscular blockade
and 281
pulmonary stretch receptors 29
pulmonary vascular resistance (PVR) 38
pulmonary vasoconstriction, hypoxic 38–9f
pulmonary vasodilation 39
pulmonary veins 6
pulse contour analysis (PCA) 13t, 940b
pulse oximetry 348, 544, 711
Global Oximetry Project 763
Lifebox® oximeters 752–3f
management 752
monitoring moderate-to-deep sedation 849
pulse plethysmography amplitude 452–3, 711
pulse pressure, waveform 11f
pulsed waved (PW) Doppler 940–1
pupillary reflex dilation 451–2f
purinergic receptors 138, 145
Purkinje cells 112
Purkinje fibres 5, 8f
pyloric stenosis 1234
pyridostigmine 289–90t
Q
QRS complex 7
QT interval 7
quality assurance see safety and quality
assurance
quality of life, health-related (HRQL) 518
quantitative nerve stimulators 279
R
radial artery
ultrasound image 840f
venae comitantes 840f
radial nerve, forearm and wrist blocks 910–11
Raman spectroscopy 443, 724
randomization 514
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Rankin scale, assessment of handicap in
stroke 1566b
rapacuronium 286
rapid sequence induction (RSI) 62, 695–6, 697t,
823, 1314–15
data to be recorded after 1320
pharmaceutical agents 1319t
pre-hospital care 1308
rapidly adapting stretch receptors (RARs) 29
Rayleigh refractometry 721–2
re-breathing see alveolar ventilation and PaCO2
Read Codes 571
REASON study 731
receptor theory of drug effect 361
receptors, types 206–9
recombinant human factor VIIa 860
record-keeping
electronic patient record (EPR)
system 567b, 573–4t
minimum dataset for anaesthetic charts 600b
security and confidentiality 575
suggestions 576b–7b, 600–1
recovery of patient
‘decrement times’ 247
inhaled anaesthetics 228–30
‘mean effect time’ 247
neuromuscular, clinical signs 280
prolonged 128
sedation, moderate-to-deep 850
recovery rooms, history 544
rectus sheath block 893
recurrent laryngeal nerve monitoring 1358
red blood cells (erythrocytes) 165–8
alloimmunization causing DHTR 179
antigens and immunological aspects 169, 175
Embden–Meyerhof and accessory metabolic
pathways 166f
erythropoiesis 166
formation of antibodies against neoepitopes 176
from riboflavin plus UV light-treated whole
blood 176
laboratory measurements 167–8
normal values 168t
packed red blood cells 181–2
transfusion criteria 53
refractometry 721–2f
regional anaesthesia 871–938
continuous epidural blocks 778
continuous peripheral nerve blocks 778–9
effects on respiratory control 28, 32f
elderly patients 32, 1488
general principles 873–81
methods of identification of nerves 875–6
history 534–6, 873
HPA axis and 128
immunosuppression and 162
lower limb 915–38
paediatrics 1274–6
related morbidity 603
specific drugs see local anaesthetic agents
trunk 881, 881–8
upper limb 899–914
regional blood flow 193
regulations, equipment 409
remifentanil 311f, 314
closed-loop control 267
light sedation 851
paediatrics 1270
propofol pharmacokinetics 247, 851
remimazolam (CNS 7056) 260
remote locations, transport and 1323–30

renal disease
acute kidney injury 74, 76b, 795, 1474–8
secondary to rhabdomyolysis 1476
biomarkers of renal function 74, 1475t
chronic kidney injury 1478–81
conduct of anaesthesia 1481
dialysis disequilibrium syndrome 1478
peritoneal dialysis 1479
postoperative morbidity 795–6
pre-renal and renal failure 1477t
standard blood tests 1477t
renal physiology 67–80
acid–base regulation 77
effects of IADs 234
functional anatomy 67
functions 68b, 74
neuroendocrine regulation 73
renal blood flow
arterial blood pressure 51
glomerular filtration rate 69f
ischaemia 76
renal development 1207–10
tubule
‘countercurrent multiplier’ 72
transport mechanisms 71f
water and key electrolytes reabsorption 70t
see also renal disease
renin 52
secretion by juxtaglomerular apparatus 73
renin–angiotensin–aldosterone system 15, 73
research 619–30
agenda setting 619
basic/translational/clinical 620
bottom-up vs top-down models 619–20
confirmation bias 628
practicalities 622
priorities establishment 622
publication 628
surrogate outcomes 628
translational gaps 620–1f
see also clinical trials
reservoir bags 418
residual paralysis, pathophysiological
implications 281t–2
resistive strain gauges 440
resonance 485–6
and damping 440–1, 481
respiratory emergencies, paediatrics 1279–82
respiratory gas analysers 720–1
respiratory physiology 21–47
accessory muscles 28
chemoreceptor control 30–1
control 29–30
effect of IADs 28, 233–4
reflexes 23, 28, 30
respiratory muscles 26–9
total resistance 24–5t
response surface model, effect-site
concentration 364f, 367
responsibilities of anaesthesiologist 551–4
restrictive cardiomyopathy 15–16
resuscitation orders 561
resuscitation and stabilization,
paediatrics 1285–8
general principles 1285–8
neonates 1230–1
reticuloendothelial system 60
reversal agents, neuromuscular
blockade 209, 289–93
Rexed’s laminae, spinal cord 141f
Reynolds’ number 391

rhabdomyolysis 384, 1380t, 1502–3
AKI and 1476
obesity and 1502–3
statins 666
rheumatoid arthritis
biological agents 1377t
disease-modifying therapies 1376t
DMARDs 1073
extra-articular manifestations 1071t
rheumatoid disease 1423–4
rhinoplasty 1112–13
rifampicin, treatment, CYP inducers and 196
right internal jugular vein, cross-sectional
ultrasound image 831f
RIII reflex 455–6f
Ringer fluids 57, 341–2t
risk/risk factors
attitudes to risk and safety 580
avoidance 658–9, 696–7
blood components transfusion 177, 181
cardiac management 670b, 676
clinical risk score revisions 659
equipment cross-infection 410
high-risk patient 799
Lee Index (Revised Cardiac Risk Index,
RCRI) 659–61, 663, 676
perioperative stroke 758t
preoperative assessment 604t, 658–62
preoperative factors 602f
stratification 675
time delays in induction of anaesthesia 696–7
‘Ritchie whistle’ 419
rivaroxaban 939
rocuronium 283f, 286, 697t
-induced block, reversal with sugammadex 209
encapsulation by sugammadex 292f
high-dose 823
ropivacaine
characteristics 296f, 874t
clinical pharmacology 304
maximum safe doses 874t
physicochemical, pharmacokinetic, dosing
maxima 299t
Rosenthal factor 1459t
rotameters, flow measurement devices 392–3f,
414–15, 720
ROTEM® graphs 863f, 946f, 1461
ryanodine receptors 119, 207
S
sacrum, anatomy 887
SAFE trial 626t
safety checks, equipment 434, 737
safety and quality assurance 586–7, 595–610
domains 596t
drug preparation 692t, 743
high-reliability organization (HRO) 604
human factors 579–84
human and team aspects 604
improving quality 597–8, 601
injury 737
International Standards 762
large-scale publications on adverse events 602t
medication errors 603
organizational aspects 603–4
preoperative risk factors 602f
responsibilities of anaesthesiologist 551–4
safety initiatives 803
stress and 581, 604
tools for prevention: Helsinki Declaration 606
tools for quality improvement 598, 605–6
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saphenous nerve block 923–4
saphenous veins 7
scavenger receptors 155
scavenging system 419
Schwann cells 112
schwannoma 1013f
sciatic nerve block 924–7
scoliosis 1078t
secretin 61t
sedation, light 851, 877
see also procedural sedation in children
sedation, moderate-to-deep 845–52
changes in resting state network
connectivity 88f
children 851–2
conscious 845–52
definitions 846
emergency interventions and resuscitation 850
fasting/risk of aspiration 847
history 845
hypoxaemia 849
metabolic equivalents (METs) 847
monitoring
capnography 849
depth of sedation 850
ECG 849
pulse oximetry 849
morbidity, mortality, and safety 846
patient-controlled 265–7
preparing patient 847
protocols and training 845
recovery of patient 850
restoration of consciousness 851
routine oxygen administration 850
screening of patients 847
techniques and drugs 850–2
see also procedural sedation in children; sleep
sedation practitioners
consent issues 849
qualifications 848
responsibilities 848–9
seizures and status epilepticus 1283, 1390t
Seldinger devices 820
semilunar valves 6
semiotic triangle 571f
sepsis/septic shock 351, 1522–4
diagnostic criteria 1522b
neutropenic 172
noradrenaline administration 334
oxygen consumption 14
paediatrics 1285
pulse pressure variation 17
vasopressor support 63, 333–4
septa, pulmonary circuit 6
septal hypertrophy 15
serine protease inhibitors 859
serotonin syndrome/toxicity 374–5b
serratus anterior 28
serratus anterior block 892
sevoflurane
characteristics 417t
day-stay surgery 1181
GAEq 229f
hepatic artery buffer response 64, 65t
induction of anaesthesia, vs propofol 694t
long-term memory
attenuation of hippocampal and
basolateral amygdala activity 97
thalamic activity suppression 97
MAC values 218
regional effects on brain function 87f

‘Sheldon’ dialysis catheter 960b
shock
haemorrhagic shock 53
trauma-related shock 352
shoulder surgery 1078
shunt
physiological 40–1
procedures in hydrocephalus 1014–15
SI units 389–90t
sick sinus syndrome 1439
sickle cell disease 1422f–3, 1456
signal processing, block diagram 438f–9f
simple harmonic motion, mass–spring
system 481
simulation 584–91
adverse effects 591
classification of simulators 586b
computer-based systems 586–7
indications for simulation 590b
scenario-based simulation 587–8
simulated patients 587
simulation centre 589–90
see also education; teaching
simvastatin, rifampicin treatment 196
sine-wave generator 440–1f
single input, double output (SIDO) 470–3f
single input, single output (SISO) 267, 467
sinoatrial node 8f
sinus arrhythmias 1439
sinusoidal functions 480, 482
complex waveforms 485–6
situs inversus 835
skeletal muscle 117–21f
excitation–contraction coupling 120
fibre types 28, 117–18f
graded contraction 120
membrane ion channelopathies 1384–5
protein catabolism 127
proteoglycan scaffold 1381f
release of calcium 119f
sarcomere 118f, 119
thick/thin filaments 119
skin, thermoregulation in neonates 1216–17
Skin Conductance Algesiometer® 452–3f
skin incision 216–17
sleep 87–93
and anaesthesia 88–9
arousal from 90
central sleep apnoea 1416
comparison with anaesthesia 92
EEG changes 88
neurotransmitter systems 90
obstructive sleep apnoea (OSA) 1119–20,
1415, 1497
pathways (neural/nuclear level) 89f
physiology, vs EEG 450–1
regional decreases in cerebral blood flow 91f
‘REM flip-flop switch’ 90
sleep naso-endoscopy 1128–9
sleep-disordered breathing 21, 29
slowly adapting stretch receptors (SARs) 29
small cell lung cancer 967
small intestine
anatomy 60–1
transplantation 1171
SmartPilot View® (advisory display) 366f–8
smoke inhalation 1105b
smoking 1414–15
cessation 967
drug elimination and 196–7
respiratory epithelium, histology 22

index

risk of postoperative complications 800
synergistic inducing effect on CYP2E1 197
SNARE proteins 115, 116
SNOMED CT 571
Snow, John 531f
sodium 55–6
ionophore 295–7f
Na–Cl symporter 71f
nerve action potential 114
reabsorption, Na–K ATPase 69
renal handling 69–71
urinary concentration (FENa) 75–6
sodium channelopathies 1385
sodium channels 106–8f, 206
voltage-gated 106–8f, 114, 137
α and β isoforms 108t, 139f
sodium nitroprusside 327, 330t, 957
sodium–potassium ATP-dependent membrane
pump 69, 114, 166
solubility, molecules in liquids 398–9
somatomedins 124
somatosensory system 135
somatostatin 147t
sotalol 948
specific heat 396
spectral entropy 267
spectroscopy 443, 721
speech patterns 29
sphenopalatine ganglion block 1135
spinal anaesthesia 881–8
combined spinal–epidural anaesthesia 887
contraindications to 883
day-stay surgery 118–22
high spinal block 887–8t
history 537, 881
indications 882
neonates 1236–7
patient position 885
post-dural puncture headache (PDPH) 887
procedure 884–5
side-effects 885
spinal cord
anatomy 881–3
delayed myelination 1197f
direct injury from needle 877
perfusion pressure (SCPP) 990
protection during aortic surgery 990
Rexed’s laminae 141f
and spinal nerves, anatomy 881–3
spinal disease
abscess 760
muscular atrophy 1399t
spinal fractures 1088
spinal injury 1427–8
spinal nerves, anatomy 881–3
spinal processing 139–40, 142t
spinal surgery 1024–5, 1078–9
spinothalamic, spinomesencephalic tracts 140
spirometry 716–17f, 968–9
spironolactone 14
splanchnic blood flow 63, 64, 65
splenectomy 1051
spondyloarthropathies 1378–9
squamous cell carcinoma 967
squamous epithelial cells 32
square wave and its frequency components 391
ST segment 7, 14
St John’s wort, effects on drug disposition 359
Starling’s forces
fluid exchange across capillary membrane 50
pleural space 32
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statins 664–6, 1438
rhabdomyolysis 666
statistics, descriptive and inferential 491–502
steady states 467–70
transition between 479
unsteady states, time-dependent
functions 470–3
stereotactic cerebral radiosurgery 1023
sternocleidomastoid muscles 28
steroid receptors 207
steroids
glucocorticoids 1376t
perioperative supplementation 133t
stethoscope, history 543
Stewart–Hamilton principle 12
stomach, anatomy and embryology 59–60
strabismus surgery 1038–9
STRATAGEM trial 667
stress 581, 604
stress agents 678
stress response 123–8, 307, 455t
hyperglycaemia 127
initiation 123
protein loss after surgery 127
to major surgery 128, 1049t
stridor, postoperative 1246
stroke
algorithm for decision-making after 995t
assessment of handicap, Rankin scale 1566b
carotid endarterectomy 993–1000
cerebral infarction/aneurysm 1016–17
Cerebral Performance Category Scale 1566b
cerebrovascular disease and 757–8,
993–1000, 1397–9
long-term risks of major, after TIA 994t
risk factors
perioperative stroke 758t, 1529
transient ischaemic attack 994t
stroke volume 9, 11, 14, 18
oesophageal Doppler 348
optimization, oesophageal Doppler 18
Structured Query Language (SQL), databases 567
Stuart–Prower factor 1459t
stylets 427
stylets and bougies 819
subarachnoid haemorrhage
grading 1018t
and traumatic brain injury 304
subarachnoid space 883t
subclavian arteries 7
aneurysm 1004
subclavian vein
access during anaesthesia 832
cannulation 832
ultrasound imaging 832
submental endotracheal intubation 1122f
substance P 27t, 142t, 143, 147
succinylcholine see suxamethonium
sufentanil 311f
paediatrics 1270
sugammadex
allergic responses 293
encapsulation of rocuronium 292f
neonates 1215
pharmacokinetics 293
rocuronium-induced block reversal 209
side-effects 293
structure 291f–2
suicide rates 764
superior vena cava 6
anatomy 834f

commonest variant 833, 834–5
stenosis or thrombosis (SVC syndrome) 835
supraclavicular block 903–6
complications 906
indications, advantages, and
disadvantages 911t
surface landmarks and needle insertion 904f
supraglottic airway devices 429, 813b, 820,
825, 1122
advantages/disadvantages 813b, 814f
failure rate of insertion 815b
removal 824
supraorbital and supratrochlear nerve block 1134
supraspinal processing 141–2t
surface tension law 9, 11
surfactant, secretion 32
surgical complications see postoperative/post-
anaesthesia complications
surgical fires 738
Surgical Pleth Index (SPI) 454–5
surgical site infections (SSIs) 636
surgical stress index 455t
suxamethonium 282–3f, 697t
apnoea 378
GI physiology 62
increase of IOP 1030
neonates 1214
side-effects 284
swallowing, laryngeal stage 61
Sydenham’s chorea 1398t
sympathoadrenal response 123–4
synapse 114–16
presynaptic events, neurotransmitter
release 116f
synaptic vesicles 114–15
synaptogenesis, cause of apoptosis 1196
systemic circulation
anatomy 5f, 6–7
blood flow 193
overload (TACO) 181
pressure 5t, 12
systemic inflammatory response 126, 142
systemic lupus erythematosus 1379, 1423–4
systemic sclerosis 1379
systole 9
tension time index (TTI) 731
systolic dysfunction 14–15
systolic pressure
respiratory variation 17
waveform 10, 11f
T
T cells 157–9
activation 157–8f
antigen presentation 156–8
central tolerance 159
clonal selection and expansion 157
cytotoxic T cells 158
T-cell receptors 157–8, 162
T-helper (Th) cell subsets 159f
tolerance to self HLA 171
T tubules 119
T wave
low-voltage or inverted 14
ventricular repolarization 7
tachycardias, treatment algorithm 1559f
tamoxifen, synergistic effect on CYP2E1 197
tapentadol 314–15, 781
target-controlled infusion (TCI) systems 241–2
‘Marsh’ pharmacokinetic model 247
Tarui’s disease 1386

TCRE 350
TD4756 (AZD3043) 261
teaching 558, 611–18
assessment 615
clinical teaching 614–15
consent 558
direct observation of procedural skills 615
methods 614
multi-source feedback (MSF) 616
strategy 613–14
underperformance of trainees 616f–17
temperature management
body 760
perioperative control 803
cooling 380–1
external system 1564f
temperature scales 396
history 543
temporary mechanical support, failing
heart 949–51
terbutaline, hyperkalaemia 56
terfenadine, induction of QT interval
prolongation 196
terlipressin 332, 333
tetanic stimulation, post-tetanic count (PTC) 278
tetracaine
characteristics 874t
clinical pharmacology 303
physicochemical, pharmacokinetic, dosing
maxima 299t
structure 298f
tetracaine, maximum safe doses 874t
tetrahydrofolate production 740
tetrodotoxin (TTX) 137
thalamus 84
Thebesian veins 6
thermal and electrical injury 738
thermodilution, indicator dilution
technique 12
thiazolidinediones 1365
thiopental 241, 242–3, 248–9
compartmental models 249t
induction dose requirements 251
induction side-effects 243t
molecular structure 248f
neonates 1193t, 1213
oesophageal sphincter pressure 62
pharmacokinetics 252t
properties and formulation 248–9
protein binding and distribution 249
transfer to effect site 251
thirst 73
thoracic aorta 7
thoracic aorta surgery 955–9
De Bakey/Stanford classifications 956, 957f
pleural effusions 975
thoracic epidural anaesthesia
elderly patients 32
gut blood flow 65
increase in NO 65
neonates 1237
thoracic outlet syndrome 1000
aneurysm of subclavian artery 1004
thoracic paravertebral anatomy 889f
thoracic paravertebral blockade,
indications 888–92
thoracic surgery 963–83
cardiac risk assessment 965t
co-morbidities 966–7
monitoring 968–70
postoperative analgesia 977
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preoperative assessment 963f–5, 1409
tracheal surgery 973–5
thoracic sympathetic chain surgery 1000
thoracoabdominal aortic aneurysms 990, 991f
Thoracoscore 963b
thoracostomy 1319
thoracotomy for pneumonectomy 974
thrombin time (TT) 856, 1461
thrombocytopenias 184
drug-induced 175t
thromboelastography/ometry 862–4, 1461
thromboembolism 346
thrombomodulin 1459
thrombopoietin 172
thrombotic morbidity, postoperative 798
thromboxane-specific prostanoid receptor 27t
THRX-918661 (AZD3043) 261
thymomas 975
thymus, T cells 171
thyrohyoid membrane 811
thyroid gland, compressing trachea 1407f
thyroid gland disorders 1356–8
goitre 975
thyroid hormones 125
thyrotoxic crisis 1371
tidal volumes
fluid responsiveness 17
neonates 1207
time-dependent functions, apnoeic
oxygenation 470–3
timolol 1037
tissue factor pathway inhibitor (TFPI) 174, 1460
tissue plasminogen activator (tPA) 174
tissue resistance, respiratory system 24–5t
Toll-like receptors (TLRs) 155
tongue, development 1204–5
tonicity, and osmolality 49
tonsillectomy 1126–7
topical anaesthesia 301
total artificial heart 957–8
coagulation and anticoagulation 959
GA for non-cardiac surgery 959
see also ventricular assist devices
total intravenous anaesthesia (TIVA) see
intravenous anaesthetics; propofol
total peripheral resistance 10, 11
totally implantable axial flow LVAD 959f
tourniquets 737, 861
pre-hospital care 1313
tracers 50t
trachea
anatomy 21, 811
compression by thyroid 1407f
coronal and sagittal diameters 1407
tracheal extubation 824, 1132–3f
tracheal intubation 217, 815b–20
30 s drills 1318b
advantages/disadvantages 815
aids to 819–20
anticipated or known 824
awake, advantages 823
‘can’t intubate, can’t oxygenate’ (CICO) crisis 749
confirmation of correct intubation 819
difficult 428–30, 749–55, 820–3, 826
failed intubation drill 1319b
‘hold-up’ 818, 820
kit 1318
oesophageal detector device 819
paediatrics 1280
retrograde intubation 820
trauma and 824

tracheal surgery 973–5
tracheal transplantation 1172
tracheal tubes 424f–6, 818
armoured or reinforced 818
children 818–19, 1280–1
cuffed vs uncuffed 818, 1280–1
double-lumen tubes and bronchial
blockers 818
Eschmann tracheal tube intubator 819–20
polar tubes (RAE tubes) 818
resistance 431
size 818
tip design 818
tracheitis 1281
tracheo-oesophageal fistula 973–4, 1408
tracheobronchial tree and lungs,
development 1205f–6
tracheomalacia 1408
tracheostomy 1125
indications 815
tracheostomy tubes 428
train-of-four (TOF)
ratio 281t
twitch response 277
training see teaching
TRALI see blood components transfusion
tramadol 314, 781
effects and dose 876t
paediatrics 1270–1t
tranexamic acid 860
transcatheter aortic valve replacement
(TAVI) 954
transducers 439–40
calibration 440
chemical 440
photoelectric 440
piezoelectric 440
transfer staff
professional indemnity 1545
training 1542–3
transformers 407
transforming growth factor (TGF)-β 158
transfusion see blood components transfusion
transfusion-related acute lung injury
(TRALI) 179
transient ischaemic attack, risks of major
stroke 994t
transient receptor potential (TRP)
channels 137–8, 141t, 207
transjugular intrahepatic portosystemic
shunting (TIPSS) 1470
transmembrane proteins 213
transoesophageal echocardiography (TOE)
intraoperative 940, 968
20 cross-sectional views 942f
transplant surgery 562, 1161–76
donation 1565
living donor 1172–3
immunosuppression and 1161–2
transport, critically ill patient 1537–50
drugs 1288
equipment 1288, 1540–1
terminology 1537–8
transfer staff 1542–5
types and risks 1538–40
transport, paediatrics 1285–92
documentation 1285, 1291
inter-hospital transport 1287
mode of transportation 1289–91
referral to a transport team 1286
transthoracic electrical impedance 711

index

‘transurethral resection (TUR) syndrome’ 56, 350
transversus abdominis plane (TAP) 895f
block 894
trauma surgery 1083–7
coagulopathy 1084
damage-control surgery 1083–4
haemorrhage algorithm 1085f
scoring systems 1086
trauma-related shock 352
traumatic brain injury, paediatrics 1282–3
Treacher Collins syndrome 1097t, 1204
Treg cells 159
‘triangle of Petit’ 894, 895f
triazolam, rifampicin treatment 196
tricuspid and pulmonary valve disease 1442
tricuspid regurgitation 953, 955
trimethaphan 327, 330t
troponin T, mortality rate 732
troponin–tropomyosin system 7
trunk, regional anaesthesia 881–8
tubeless spontaneous respiration, and jet
ventilation 1123–4
tuberomammillary nucleus (TMN) 90
tubocurarine, d-tubocurarine (dtc) 275–6
tubuloglomerular feedback 67
Tuffier’s line (level of iliac crests) 877
tumour antigens 161
tumour necrosis factor (TNF) 126
‘TUR syndrome’ 56, 350
TURP 350
twin–twin transfusion syndrome 1230
TXA 957
tyrosine kinase receptors 207
U
ulnar arteries 840
ulnar nerve 899
adductor pollicis muscle 276
forearm and wrist blocks 910–11
ultrasound 400–2
guidance
arteries vs veins 842
principles 841–2
period and wavelength 400f
piezoelectric crystal 400f
visualization of needle 876
see also Doppler
unconsciousness 213–14
ensuring 216–17
Unified Medical Language System (ULMS) 570
upper limb 899–908
arm veins, PICCs 832–3
dermatomal maps 900f
hand, forearm, and arm transplants 1171
ischaemia 1004
surgery 1078
upper respiratory tract infections (URTIs) 1406–7
urapidil 328, 330t
urea
and creatinine concentration 74
reabsorption 73
uridine (UGT) 1211
urinary excretion 51–2
fluid clearance, laparoscopic vs open
surgery 52
in relation to infused volume 52f
urine
maximal osmolality 72
regulation of tonicity 72
standard tests for AKI 1477
urological surgery 1057–70
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V
VACTERL association 1232
vagal block 30
vagus nerve, parasympathetic activity 61–2
valvular heart disease 683–4, 953–5, 1441–3
minimally invasive 954–5f
weaning from CPB 954
vanilloid receptors 137
vaporizers 396–7, 415–16
history 541
vascular access
blocked central veins, long-term venous
access 835f
pre-hospital care 1313–14
see also arterial access
vascular anatomy 5f, 6–7
vascular emergencies 1002–4
vascular smooth muscle, noradrenaline 209
vascular surgery 985–1008
preoperative risk assessment, investigations,
and management 985–6
vascular/thrombotic morbidity,
postoperative 798
vasoactive agents, effects on cardiac
contractility 332f
vasoconstrictors 300–1
vasodilation
catecholamines 3
NO system 325
signalling pathway NO-donors 326f
vasopressin 52, 330–1, 332–3
vasopressin analogue 1464–5
vector-borne bacteria and parasites, blood
components transfusion 177
vecuronium 283f, 286
vein anatomy, layers 6
venae cavae 6, 7
compression syndrome 1150
venous access during anaesthesia 829–44
access site vessels 829
alternatives to venous access 830
central venous catheterization 830–1
consent 829
external jugular vein 832
intraosseous injection 830
peripheral intravenous cannulation 830
routes of access 831
short-vs long-term 838
subclavian vein 832
ultrasound guidance 832
venous admixture and shunt 40–1
venous air embolism 756
neurosurgery 1013
venous collaterals, engorged 835
venous obstruction, positioning avoiding 861
venous pulse, cerebral veins 6
venous return 12
venous thromboembolism 755, 1074–5
obesity and 1503
ventilation
continuous positive airway pressure (CPAP) 431
during OLV 972
positive end-expiratory pressure (PEEP) 419,
431, 634
rescue 826
see also breathing; ventilators
ventilation–perfusion relationships 39
ventilators

anaesthetic ventilator 430–1
associated pneumonia (VAP) 62
care bundles 62
domiciliary 431
factors affecting performance 431
manual jet 428, 826
mechanical devices 17, 390
history 538–9
perfusion and 38–41
pressure-regulated 431
self-inflating bag and mask 431, 433f
avoidance 696–7t
synchronized intermittent mandatory 431
volume-controlled 431
waveforms 432f
ventricular arrhythmias 1440
ventricular assist device (VAD) 948–9
coagulation and anticoagulation 959
extracorporeal pneumatic biventricular
(BVAD) 957–8f
GA for non-cardiac surgery 959
haemodynamic management 960b
implantation 957–8f
laminar flow LVAD 959–60
totally implantable axial flow LVAD 959f
ventricular compliance 15
ventricular contractility
altered 14
ejection fraction 10, 141–2, 938–9
index of 10
intrinsic/extrinsic factors 9
LV end-diastolic volume 10–11, 14–15
stroke volume 9, 11, 14, 18
see also Frank–Starling
ventricular contractility, preoperative
investigations 14, 677–85
biomarkers 678
dobutamine stress echocardiography 679
ECG
continuous (Holter) monitoring 684
exercise ECG 683
functional capacity 676–7
invasive testing 680–1
LV echocardiography 677–8
myocardial computed tomography 690
myocardial perfusion magnetic resonance
imaging 680
myocardial perfusion scintigraphy 479
prophylactic coronary
revascularization 681–3
valvular heart disease 683–4
ventricular failure
left/right, treatment 948–9
post cardiotomy 948
temporary mechanical support 949–50
ventricular function
ejection fraction 10, 141–2, 938–9
evaluation 939
LVEDP 939
ventricular preload 10–17, 940
defined 16
dependent/independent 16–17
fluid responsiveness 53
monitoring 940
surrogate assessment 16
ventricular volume/pressure 8f, 9f, 11
ventricular wall stress 11
ventriculoarterial valve 9f

Venturi flowmeter 392–3f
verapamil
increased midazolam concentrations 53
rifampicin treatment 196
vertebral artery 901
vertebral canal abscess 887
vertebral column
anatomy 881f–3
paravertebral anatomy 889f
villus, blood flow, and anaesthesia 63
violations 733b
viruses, transfusion-transmitted 176
VISION study 683, 732
vitamin B12 deficiency 856
vitamin K dependent factors 1459t
vitreoretinal surgery 1038
volatile anaesthetic agents
bronchospasm and 825
characteristics 417t
depression of response 31f
effects on drug disposition 361
occupational exposures 765–7
vs intravenous hypnotic, interaction 367
vs neuromuscular blocking agents 367
voltage 403–4, 405f
voltage-gated ion channels 106–8f, 206
volume of distribution (Vd) 191
volume kinetics 55
volume loading 52
von Willebrand factor 172, 1459t
von Willebrand syndrome, acquired 939
W
wall motion abnormalities 14
warfarin
antithrombotic effect 856
clot formation 856
and international normalized ratio
(INR) 856
wash-in and wash-out exponential
functions 476f
water
fluid compartments 49–50
insensible loss 49
and key electrolytes, reabsorption 70t
newborns 49
renal handling 72
triple point 396
West’s zones, lung 38
Wheatstone bridge 405f
white cells 170–2
antigens and immunological aspects 172
leucocyte antibodies 179
leucoreduction 183
WHO Surgical Safety Checklist 736, 762, 803
withdrawal of treatment 561
Wolff–Parkinson–White syndrome 1439
wound infiltration, local anaesthesia 895
wrist blocks 910–13
complications 913
wrong compartment 888
X
xenon 233
hypnosis/immobility 216, 218f
Y
Young–Laplace law 9
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